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ABSTRACT 
 Cancer cell metabolism is often characterized by a shift from an 

oxidative to a glycolytic bioenergetic pathway, a phenomenon known as 

the Warburg effect. miR-378* is embedded within PPARGC1b which 

encodes PGC-1β, a transcriptional regulator of oxidative energy 

metabolism. We show that miR-378* acts as a molecular switch involved 

in the orchestration of the Warburg effect in breast cancer cells via 

interference with the PGC-1β/ERRγ bioenergetics transcriptional pathway. 

Moreover, we identify that the expression of miR-378* is regulated by the 

breast cancer oncogene ERBB2, and that its expression in human breast 

cancer correlates with disease progression. Furthermore, we uncover that 

CAMKK2, the upstream kinase of the cellular energy sensor AMPK, is a 

functional direct target of miR-378* in breast cancer cells, through which 

miR-378* represses AMPK pathway activity. 

 We have identified that modulation of the relative availabilities of 

the Estrogen-Related Receptor (ERR) isoforms ERRα and γ is capable of 

inducing the Warburg effect. We then turned to an in-vivo system to further 

investigate the role of ERR in breast cancer. We found that the absence of 

ERRα delays ERBB2-induced mammary tumor onset but accelerates 

disease progression after onset. Moreover, tumor bearing ERRα-/- mice 

exhibit signs of cancer cachexia, including failure to maintain normal body 

weight, heightened inflammation, and metabolic derangements such as 

elevated serum amino acids, molecular markers in the skeletal muscle and 

adipose tissue, and reduced adipose mass. Together, we identify that 

systemic ablation or inhibition of ERRα may render the host more 

susceptible to cancer cachexia, a disease characterized by elevated 

inflammation, metabolic derangements and tissue atrophy.  

 The absence of mir-378 mouse models limited such in-vivo study of 

the functionally-related miRNA. Therefore, we produced mir-378 

conditional and total knockout mouse models, which revealed 

thermogenesis-related phenotypes in the brown adipose tissue (BAT). 
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RÉSUMÉ 
 Le métabolisme des cellules cancéreuses est souvent caractérisé 

par une utilisation préférentielle de la voie de la glycolyse, au détriment de 

la phosphorylation oxydative, un phénomène connu sous le nom d’effet de 

Warburg. Le microARN miR378* est situé dans le gène PPARGC1b, qui 

code pour la protéine PGC-1β, un régulateur transcriptionel du 

métabolisme oxidatif. Nous avons démontré que le miR378*, en interférant 

ERRγ, est impliqué dans l’orchestration de l’effet de Warburg dans les 

cellules tumorales du sein. De plus, nous avons identifié que l’expression 

du miR378* est régulée par l’oncogène ERBB2 et corrèle avec 

l’agressivité du cancer du sein chez l’humain. Nous avons aussi établi que 

CAMKK2 est une cible directe du miR378* dans les cellules cancéreuses 

du sein, via laquelle miR378* réprime l’activité d’AMPK. 

 Nous avons observé que la disponibilité relative des isoformes α et 

γ du récepteur associé au récepteur des estrogènes (ERR) était capable 

d’induire l’effet de Warburg. Ceci nous a amené à explorer le rôle d’ERR 

dans le développement du cancer du sein.  Nous avons observé, dans un 

modèle de tumeur mammaire, que l’absence d’ERRα ralentissait 

l’apparition du cancer, mais augmentait la vitesse de la croissance 

tumorale une fois la tumeur établie. De plus, les souris knock-out pour 

ERRα ayant une tumeur montre des signes cachexie, incluant une perte 

de poids, la présence d’inflammation et des désordres métaboliques tels 

qu’un niveau élevé d’acides aminés dans le sérum et une réduction de la 

masse adipeuse. Dans l’ensemble, nos résultats démontrent que 

l’inhibition d’ERRα rend les animaux plus susceptible à la cachexie 

cancéreuse, une maladie caractérisée par un niveau élevé d’inflammation, 

des dérangements métaboliques et une atrophie tissulaire. 

 Finalement, nous avons développé un modèle de souris knock-out, 

total ou conditionnel, pour le mir378. Nos résultats suggèrent notamment 

une implication pour le mir378 dans des tissus adipeux bruns. 
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CHAPTER I: Introduction 

 
1.1 The Nuclear Receptor Superfamily 

 Nuclear receptors are a group of transcription factors which are 

typically inducible by small lipophilic hormones, vitamins and metabolites 

to directly regulate their target gene expression (Evans, 1988). Forty eight 

receptors comprise the human nuclear receptor superfamily, and these 

can be separated into subgroups based on the current understanding of 

each receptors’ ligand: receptors with known ligands, receptors discovered 

without any known endogenous ligand correspondingly named Orphan 

Receptors, and the Adopted Orphan Receptors for which ligands were 

identified after the receptors’ original discovery (Mangelsdorf et al., 1995). 

Nuclear receptors in all groups have been implicated in an extensive 

range of physiological functions and disease states including, of particular 

interest throughout this thesis, metabolic function. One major group of 

nuclear receptors implicated in metabolic regulation and control are the 

Estrogen-Related Receptors, or ERRs, a subfamily of orphan receptors 

comprised of ERRα (NR3B1), ERRβ (NR3B2) and ERRγ (NR3B3) 

(Giguere, 2008b).  
	
  

1.2  Estrogen-Related Receptors 
  

1.2.1 Fundamentals 
 The ERRs, as their name implies, are members of the superfamily 

of nuclear receptors that share close structural kinship with estrogen 

receptors α (ERα, NR3A1) and β (ERβ, NR3A2) (Giguere, 2002; Giguere 

et al., 1988; Tremblay and Giguere, 2007). However, the ERRs do not 

bind natural estrogens nor do they recognize ER binding sites in the intact 

chromatin (Deblois et al., 2009b; Giguere et al., 1988). So far, regulation 

of the transcriptional activity of the ERRs has not been associated with 

any endogenous hormones or metabolites and the three ERR isoforms are 



 2 

still considered orphan receptors. Nonetheless, several synthetic 

compounds have been identified or developed that possess the ability to 

influence the function of the ERRs as transcription factors (Busch et al., 

2004; Chao et al., 2006; Coward et al., 2001; Duellman et al., 2010; 

Takayanagi et al., 2006; Tremblay et al., 2001a; Tremblay et al., 2001b; 

Yu and Forman, 2005; Zuercher et al., 2005). These compounds, as most 

ligands of nuclear receptors, modulate the transcriptional activity of the 

ERRs by either promoting or inhibiting the interaction of the ERRs with 

specific coactivator or corepressor proteins. In particular, the ERRs have 

been shown to serve as a primary conduit for the action of the members of 

the PPARγ coactivator-1 (PGC-1) family (Gaillard et al., 2006; Huss et al., 

2002; Kamei et al., 2003; Laganiere et al., 2004a; Mootha et al., 2004; 

Schreiber et al., 2004). In this respect, PGC-1α and β are often considered 

as protein ligands for the ERRs. The interaction of the ERRs with the 

PGC-1s and other coregulatory proteins are discussed in more detail 

below. 

 

1.2.2 Patterns in tissue expression: hinting at a role in 
energy metabolism 

 While ERRα is ubiquitously expressed, its transcript generally 

displays high expression levels in tissues with elevated metabolic 

demands such as the heart, kidney, skeletal muscle, intestine, and brown 

adipose tissue (Giguere et al., 1988; Sladek et al., 1997b). Similarly, the 

ERRβ transcript can be found predominantly in the heart and kidneys as 

well as in the eye but at lower levels in a few other tissues that include the 

trophoblastic lineage in the developing placenta, mouse embryonic stem 

cells and the inner ear (Chen and Nathans, 2007; Luo et al., 1997; Onishi 

et al., 2010; Pettersson et al., 1996; Xie et al., 2009). ERRγ is also 

selectively expressed, its relevance in metabolic contexts confirmed by its 

high expression in tissues such as the embryonic and adult heart, stomach 

and kidneys (Alaynick et al., 2007a; Alaynick et al., 2010). Both ERRα and 
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ERRγ are also expressed in the brain, although their roles in that context 

are largely unexplored. Extensive expression profiling for all members of 

the superfamily of nuclear receptors in 39 mouse tissues validated the 

preferential expression of the three ERRs in metabolic tissues (Bookout et 

al., 2006). 

 

1.2.3 ERRs interact with coregulatory proteins 
involved in metabolic control 

 Coregulator proteins have the ability to impart specific 

transcriptional properties to their nuclear receptor partners and this 

molecular mechanism of action is exceptionally pertinent to the biological 

functions of the ERRs (Feige and Auwerx, 2007). In particular, the 

transcriptional activity of the ERRs has been extensively linked to the 

members of the PGC-1 family of coactivators (Hock and Kralli, 2009). 

Members of the peroxisome proliferator activated receptor (PPAR) γ 

coactivator-1 (PGC-1) family (PGC-1α, PGC-1β and PPRC1) of 

transcriptional coactivator proteins are themselves essential regulators of 

cellular energy metabolism (Lin et al., 2005). The coactivation of the ERRs 

by the PGC-1 proteins has been studied to varied degrees, with most 

focus to date on PGC-1α. The PGC-1 proteins not only display similar 

tissue expression patterns to that of the ERRs, mostly in tissues with high 

metabolic demands, but have also been directly implicated in the control of 

energy homeostasis including mitochondrial functions such as OXPHOS, 

FAO, ROS production and mitochondrial biogenesis (Arany et al., 2005; 

Knutti et al., 2001; Leone et al., 2005; Lin et al., 2005; Lin et al., 2004; 

Mootha et al., 2004a; Rodriguez-Calvo et al., 2006; Rohas et al., 2007; 

Sonoda et al., 2007c; Sonoda et al., 2007d; Uldry et al., 2006). Indeed, 

much of the function of the PGC-1s depends on the presence of one or 

more ERR isoform which physically interact with PGC-1 through a specific 

nuclear receptor interaction motif (Gaillard et al., 2007; Gaillard et al., 

2006; Huss et al., 2002; Ichida et al., 2002; Kamei et al., 2003; Laganiere 
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et al., 2004b; Schreiber et al., 2003; Sonoda et al., 2007a).  

 Important differences between the PGC-1s have also been 

uncovered. PGC-1α was originally identified from brown fat as a nuclear 

receptor coactivator dramatically elevated upon cold exposure of mice 

(Puigserver et al., 1998), and later found to be induced by other short-term 

physiological stimuli including exercise (Baar et al., 2002; Goto et al., 

2000; Norrbom et al., 2004) and fasting (Lehman et al., 2000). Intriguingly, 

despite the largely parallel basal tissue expression of PGC-1α and PGC-

1β (Kressler et al., 2002), while PGC-1β was induced in the liver upon 

fasting in parallel to PGC-1α induction (Lin et al., 2002), PGC-1β was not 

found to respond to cold exposure (Lin et al., 2002) or exercise 

(Mortensen et al., 2007) in a manner similar to the PGC-1α response. This 

suggests that, at least in certain physiological contexts, PGC-1α may be 

responsible for carrying out more short-term responses, whereas the 

relative stability of PGC-1β levels may indicate more of a role in the 

maintenance of longer-term metabolic homeostasis. Furthermore, studies 

of skeletal muscle cells have demonstrated precise differences in PGC1-α 

and -β function within the same physiological context. These two proteins 

were shown to have both overlapping and different effects on the 

expression of genes important for skeletal muscle fiber transition 

(Mortensen et al., 2006). Functionally, PGC-1α and -β were shown to 

increase mitochondrial metabolism, but PGC-1β, which uniquely induces 

the expression of several genes involved in reactive oxygen species 

scavenging, does not induce proton leak to the same extent as PGC-1α 

(St-Pierre et al., 2003b). Together, this evidence suggests different 

physiological functions for these two PGC-1 family members, although the 

thorough investigation of these differences has yet to be completed.  

 Other coactivators including steroid receptor coactivators (SRC)-1, -

2 and -3 also associate with the ERRs in order to regulate hepatic 

metabolism, fat storage and energy balance (Jeong et al., 2006; Louet et 
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al., 2006; Picard et al., 2002; Wang et al., 2006) and these proteins also 

directly interact with the ERRs (Hong et al., 1999; Xie et al., 1999). 

Receptor interacting protein 140 (RIP140) is an ERR corepressor which 

interacts with ERRα (Augereau et al., 2006; Castet et al., 2006; Debevec 

et al., 2007; Sanyal et al., 2004) and regulates important metabolic 

pathways including OXPHOS (Christian et al., 2006; Leonardsson et al., 

2004; Seth et al., 2007). More recently, Yang et al. (Yang et al., 2009) 

identified Bcl3 as a coactivator of ERRα, and showed that it interacts with 

and synergizes with ERRα and PGC-1α on the PDK4 promoter in cardiac 

myocytes. Our group has recently identified the homeobox protein 

prospero-related homeobox 1 (Prox1) as a factor that can counteract the 

action of PGC-1α on the transcriptional activity of ERRα (Charest-Marcotte 

et al., 2010a). Prox1 physically interacts with both ERRα and PGC-1α, 

occupies the promoter regions of metabolic genes on a genome-wide 

scale, and inhibits the activity of the ERRα/PGC-1α complex on these 

promoters. As expected from these observations, ablation of Prox1 and 

ERRα was shown to have opposite effects on the respiratory capacity of 

liver cells. The biological relevance of Prox1 in metabolic control was 

further validated by the concurrent finding from a large genetic study of 

glycemic traits that identified Prox1 as type 2 diabetes risk loci (Dupuis et 

al., 2010). 

  

1.2.4 Post-transcriptional regulation 
 Activity of the ERRs is also controlled by post-translational 

modification. ERRα is a heavily phosphorylated protein (Sladek et al., 

1997b). Phosphorylation of ERRα has been shown to promote selective 

regulation of target genes (Barry and Giguere, 2005; Tremblay et al., 

2008). Furthermore, ERRα and γ are sumoylated in a phosphorylation-

dependent manner (Tremblay et al., 2008; Vu et al., 2007). ERRα also 

interacts with and is acetylated by p300 coactivator associated factor 

(PCAF). Coexpression of PCAF reduced the transcriptional activity of 
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ERRα and, reciprocally, the histone deacetylase 8 (HDAC8) and sirtuin 1 

homolog (Sirt1) enhanced ERRα transcriptional function (Wilson et al., 

2010). These results showed that ERRα is an acetylated protein and 

demonstrated the existence of a dynamic acetylation/ deacetylation switch 

involved in the control of ERRα transcriptional activity on the promoters of 

genes such as Got1 and Cycs. Altogether, post-translational modifications 

provide a mechanism through which different signaling events can 

promote unique and precise target gene regulation programs through the 

ERRs. However, despite action on individual metabolic genes, it remains 

to be investigated how these post-translational modifications could 

influence broad ERR-dependent metabolic gene programs. 

 miRNAs are short endogenous RNAs which inhibit protein 

translation of their mRNA targets (expanded upon below) and have 

recently been shown to play a role in ERR-dependent genetic programs. 

ERRγ has been shown to control the expression of two miRNAs known as 

miR-433 and miR-127 (Song and Wang, 2008, 2009). A role for miR-433 

and miR-127 in metabolic control remains to be investigated. Two further 

studies, published after Chapter II of this thesis, extend the knowledge of 

miRNA direct control of ERRγ (Belleannee et al., 2012) and ERRα (Zhao 

et al., 2012), the former in the context of the human epididymis, the latter 

in the context of breast cancer cells. While it is clear that miRNA play an 

important role in the regulation of ERR activity, it is also evident that our 

current understanding of the miRNA/ERR molecular networks leave much 

to be revealed.  

 

1.2.5 ERRs in metabolic regulation 
 

1.2.5.1 Phenotypes of knock-out mouse models 
implicate ERRs in metabolic regulation 

 ERR-null mice have allowed for the identification of the biological 

relevance of the ERRs as well as the identification of several isoform-
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specific functions. Indeed, ERRα-null mice are viable and fertile (Luo et al., 

2003b), ERRβ-null mice are embryonic lethal (Luo et al., 1997) and ERRγ-

null mice die shortly after birth (Alaynick et al., 2007a). In-depth studies of 

these mouse models with a focus on specific tissue contexts have 

solidified the importance of the ERRs for metabolic function. 

 ERRα-null mice were first reported to display reduced body weight 

and peripheral fat deposits, and to be resistant to high-fat diet-induced 

obesity (Luo et al., 2003b). However, no differences in food consumption, 

energy expenditure, or blood chemistry were observed. Upon closer 

examination of white adipose tissue, reduced lipogenesis was identified. 

Furthermore, ERRα-null mice were found to be unable to maintain body 

temperature in response to cold exposure (Villena et al., 2007). This was 

attributed not to an impaired thermogenesis transcriptional response but to 

a failure of mitochondrial biogenesis and oxidative capacity, and a 

corresponding inadequate supply of the energy necessary for 

thermogenesis in brown adipose tissue. This effect was attributed to 

ERRα's regulation of mitochondrial gene expression both directly and 

through other transcription factors including NRF-1 and GABPA. Intestinal 

epithelial cells from ERRα-null mice exhibited decreased β-oxidation 

activity relative to their wildtype counterparts, and fat malabsorption was 

observed in ERRα-null pups (Carrier et al., 2004). ERRα-null hearts 

subjected to pressure overload also exhibit signs of heart failure including 

chamber dilation and reduced left ventricular fractional shortening, in 

addition to abnormal phosphocreatine depletion and maximal ATP 

synthesis rates (Huss et al., 2007). Studies with ERRα-deficient 

macrophages showed that the receptor is required for induction of 

mitochondrial reactive oxygen species (ROS) production and efficient 

clearance of bacteria in response to interferon γ (IFN-γ) (Sonoda et al., 

2007c). Consequently, mice lacking ERRα are susceptible to bacterial 

infection, a phenotype that can be traced to bone marrow-derived cells. 

Furthermore, it was found that IFN-γ-induced activation of ERRα depends 
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on PGC-1β. 

 Phenotypic analyses of the ERRβ-null mice have yet to 

demonstrate a direct role for this receptor in metabolic control. This is 

primarily due to the fact that ERRβ plays a crucial role in placental 

development resulting in early lethality of ERRβ-null embryos (Luo et al., 

1997). However, ERRβ-null mice generated by aggregation of Esrrb 

mutant embryos with tetraploid wild-type cells, which contribute exclusively 

to extra-embryonic tissues, were shown to be viable (Luo et al., 1997; 

Mitsunaga et al., 2004). An inducible ERRβ knock-out mouse is now 

available and analyses of these mice have already shown an important 

role for ERRβ in inner ear and eye function (Chen and Nathans, 2007; 

Onishi et al., 2010). This model will offer the opportunity in the near future 

to study whether ERRβ cooperates with ERRα and ERRγ in the control of 

metabolic functions in the heart and kidneys, two tissues expressing 

relatively high levels of ERRβ. 

 ERRγ-null mice die shortly after birth due to a spinal cord 

dysfunction and to the inability of the heart to switch from a dependence 

on carbohydrates to a reliance on oxidative metabolism (Alaynick et al., 

2007a). Before death, ERRγ-null mice exhibit lactatemia, 

electrocardiographic abnormalities and impaired mitochondrial function. 

Interestingly, since ERRα is also expressed in the embryonic heart, direct 

compensation by ERRα is not sufficient to produce the metabolic shift 

necessary after birth suggesting that ERRα, as a transcription factor, does 

not perform the same function as ERRγ. 

 

1.2.5.2 Functional genomics links ERR target 
genes to metabolic pathways 

 The development of powerful chromatin immunoprecipitation 

(ChIP)-based techniques during the last decade has allowed for genome-

wide discovery of nuclear receptor target genes (Deblois and Giguere, 

2008). In the absence of specific/high affinity pharmacological tools to 



 9 

study the ERRs, application of this approach was particularly effective in 

order to associate biological functions with the orphan ERRs in several 

tissues. One common trend emerging from these studies is that the 

primary role of the ERRs is to regulate metabolic gene networks, including 

those associated with mitochondrial biogenesis and function. Although 

other more indirect approaches have been used to identify ERR target 

genes (Gaillard et al., 2006; Mootha et al., 2004; Schreiber et al., 2004; 

Stein et al., 2008), we limited the next sections to the review of studies 

that allowed for the identification of large numbers of direct targets. 

 Location analyses by ChIP-on-chip across different metabolic 

tissues that include mouse heart (Dufour et al., 2007a), macrophages 

(Sonoda et al., 2007c), kidney (Tremblay et al., 2010a) and liver (Charest-

Marcotte et al., 2010a) well as human breast cancer cells (Deblois et al., 

2010; Deblois et al., 2009b) have identified a very large set of genes which 

implicate ERRα as a master regulator of metabolism. In particular, this 

network of metabolic genes includes a common set of mitochondrial genes 

implicated in all aspects of mitochondrial functions from energy production 

to amino acid metabolism and nucleotide biosynthesis. Perhaps the most 

dramatic finding was the discovery that, in the mouse liver, ERRα 

occupies the extended promoter region of all genes encoding enzymes 

and proteins participating in the TCA cycle, pyruvate metabolism and 

OXPHOS/ electron transport, thus defining a rare eukaryotic 

transcriptional regulon (Charest-Marcotte et al., 2010a). In addition, the 

ERRα regulon also includes all genes encoding enzymes involved in the 

glycolytic pathways, thus integrating two main energy-generating 

pathways under the control of a common transcription factor.  

 ERRα also recognizes the promoter regions of genes central to lipid 

metabolism (including ACADM, FASN, DECR1, CPT1A, and HADHA), 

heme synthesis (FECH) and AMPK signaling (including ACC2, AK2, and 

CPT2) implicating the receptor in an extensive range of metabolic 

functions. ERRα also binds the promoters of genes involved in free radical 
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scavenging (e.g. UCP2 and SOD2), DNA replication, recombination and 

repair such as POLG and POLDIP2, protein synthesis, particularly 

ribosomal proteins such as RPL10A and RPS14, protein trafficking 

including several members of the family of translocase of inner 

mitochondrial membrane proteins (TIMM8B, TIMM9, etc.), calcium 

handling/apoptosis, represented by SLC16A1 and BAK1 as well as 

propanoate metabolism (MCEE). Together, these findings illustrate the 

wide range of mitochondrial pathways controlled by ERRα. 

 Given that ERRβ is essential for proper trophoblast stem cell 

differentiation and can function as a reprogramming factor in stem cell 

biology (Feng et al., 2009), genome-wide identification of ERRβ target 

genes has recently been performed using ChIP-sequencing technology on 

chromatin isolated from mouse embryonic stem cells (Chen et al., 2008), a 

rare cell type that expresses the receptor in vitro. While the focus of the 

study was to identify gene networks involved in the reprogramming of 

fibroblasts into induced pluripotent cells, examination of the datasets 

generated by this group revealed that ERRβ most likely regulates the 

same metabolic gene networks as the two other ERR isoforms. Indeed, 

our own assessment of the ERRβ bound DNA segments in the chromatin 

of mouse embryonic stem cells reveals that a large fraction (71%) of 

mitochondrial genes identified as ERRα targets in the studies cited above 

are also targeted by ERRβ. In fact, our analysis of this dataset using a cut-

off of +/−10 kb from the transcriptional start site revealed that, of the 

~1100 proteins localized to the mitochondrion, 580 were bound by ERRβ 

in this context, indicating the vast regulation of mitochondrial programming 

imparted by this factor. One caveat to this study is that the authors used 

an antibody raised against the entire ligand binding domain of ERRβ. 

Thus, this antibody likely recognizes all three ERR isoforms. However, 

ERRβ is expressed at a much higher level than ERRα and ERRγ in mouse 

embryonic stem (Xie et al., 2009). 

 ERRγ not only binds the same regulatory sites as ERRα within 
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target promoters but also can do so as both homo- or heterodimeric 

species with ERRα (Dufour et al., 2007a). Therefore, the repertoire of 

ERRγ direct target genes has been shown to be essentially the same as 

that of ERRα in the tissue studied to date, the mouse heart (Alaynick et al., 

2007a; Dufour et al., 2007a). However, the functional output of the ERRs 

binding the same genomic regions has yet to be thoroughly investigated.  

 

1.2.5.3 Integrated control of metabolism by the 
ERRs 

 By also regulating the expression of transcription factors 

themselves implicated in metabolic control, ERR can influence the activity 

of metabolic gene networks in an integrated manner. In particular, the 

nuclear receptors PPARα and PPARγ, implicated in the expression of 

uncoupling proteins as well as in the control of fatty acid oxidation and lipid 

and glucose metabolism, were shown to be direct targets of ERRα, thus 

imparting regulation of various PPAR-dependent pathways on ERRα 

(Charest-Marcotte et al., 2010a; Cresci et al., 2010; Dufour et al., 2007a; 

Huss et al., 2004). Furthermore, the α subunit of NRF-2 (GABPA), is also 

directly regulated by ERRα and γ (Deblois et al., 2009b; Dufour et al., 

2007a; Mootha et al., 2004). ERRα was also found to occupy the promoter 

regions of the gene encoding TFB2M, an initiation factor required for 

transcription of genes encoded within the mitochondrial genome (Charest-

Marcotte et al., 2010a), and ChIP-sequencing results show ERRβ binding 

to the genomic region encoding the mitochondrial transcription factor 

TFAM (Chen et al., 2008). Thereby, ERRα has the ability to control in both 

direct and indirect manners the entire complement of the mitochondrial 

gene expression program. Fig. 1.1 outlines the transcription factor 

regulatory hubs which are ERR direct targets and themselves directly 

regulate genes responsible for major mitochondrial functions. 
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Figure 1.1 

Fig. 1.1. The ERR regulatory hub of major mitochondrial functions. 
Transcription factors known to be involved in controlling the expression of 

mitochondrial genes and shown to be direct targets of ERR are 

represented by yellow boxes, and major mitochondrial functions are 

represented by gray circles. Solid lines radiating from the hub indicate 

direct regulation of mitochondrial functions by ERR while dashed lines 

indicate the action of ERR on these functions through other transcription 

factors. FAO — fatty acid oxidation, OXPHOS — oxidative 

phosphorylation, and TCA cycle — tricarboxylic acid cycle. (Figure from 

Eichner and Giguère, Mitochondrion, 2011) 



 13 

 

1.2.5.4. Linking gene regulation and function 
 Studies of metabolic function and organization indicate that the 

regulation of mitochondrial gene expression by the ERRs does in fact 

translate into alterations of metabolic function. For example, C2C12 cells 

treated with XCT790, a synthetic ERRα inverse agonist, exhibit a blunted 

increase in total cellular respiration and uncoupled respiration in response 

to the addition of PGC-1α (Mootha et al., 2004). Others have reported a 

decrease in both basal and maximal cellular respiration in response to 

XCT790 alone, which is accompanied by an alteration of the metabolic 

organization measured by oligomycin sensitivity, as well as a decrease in 

COX and citrate synthase activity (Mirebeau-Prunier et al., 2010). Another 

group has shown that XCT790 increases ROS production and basal 

glucose uptake, and decreases mitochondrial membrane potential (Chen 

and Wong, 2009). Correspondingly, HepG2 cells with siRNA-depleted 

ERRα display impaired mitochondrial function in that their maximum 

respiratory capacity is lower than that of control cells (Charest-Marcotte et 

al., 2010a).  

 PDK4, a negative regulator of glucose oxidation which promotes a 

switch to fatty acid oxidation, is regulated by ERRα and ERRγ, indicating 

the ability of ERR to control metabolic substrate selectivity and pyruvate 

metabolism (Araki and Motojima, 2006; Wende et al., 2005; Zhang et al., 

2006). Additionally, ERR has been implicated in the repression of 

gluconeogenesis through its negative regulation of PEPCK (Herzog et al., 

2006; Ichida et al., 2002). ERRα was shown to affect lipid accumulation in 

cardiac myocytes and to promote palmitate oxidation, providing evidence 

that ERRα directly influences mitochondrial fatty acid oxidation (Huss et 

al., 2004). It was also shown that the expression of the lipid droplet protein 

CIDEA, a regulatory factor in adipose cell function and obesity, is 

regulated by ERRα in a manner modulated by the corepressor RIP140 

and PGC-1α (Hallberg et al., 2008). As a last example, ERRα is also 
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responsible for controlling the mitochondrial network through its control of 

mitofusin 2 (Mfn2), a protein that regulates mitochondrial biogenesis and 

architecture (Cartoni et al., 2005; Soriano et al., 2006). 

 Taken together, functional genomic studies have revealed that, 

collectively, the three ERR isoforms recognize the proximal regulatory 

regions of genes encoding 705 unique proteins which have been reported 

to be functional components of the mitochondrion proteome. Indeed, these 

genes encode proteins involved in all aspects of mitochondrial biogenesis 

and function. A schematic representation of a mitochondrion with 

examples of genes associated with some of these functions is shown in 

Fig. 1.2. Given that most of these studies have been limited to the 

promoter regions of genes, it can be safely assumed that the ERR-

controlled mitochondrion gene set is far from complete. Therefore, the 

recently described ERR regulon that comprises all genes encoding 

enzymes at every step in the glycolytic pathway, pyruvate metabolism, 

and TCA cycle is just the tip of an iceberg representing a huge metabolic 

gene network (Charest-Marcotte et al., 2010a). This undoubtedly positions 

the three ERRs as genuine master regulators of energy metabolism. 

 

1.2.6 ERR-dependent transcriptional pathways and 
metabolic diseases 

 Mitochondrial dysfunction has been implicated in a wide array of 

human pathologies including insulin resistance and cardiomyopathies 

(Huss and Kelly, 2005; Morita et al., 2005). Interestingly, single nucleotide 

polymorphisms in the ERR coregulator protein PGC-1α are linked to 

susceptibility to insulin resistance and diabetes (Andrulionyte et al., 2004; 

Ek et al., 2001; Hara et al., 2002; Oberkofler et al., 2004). In muscle of 

diabetic patients, PGC-1α-responsive OXPHOS genes are downregulated 

in human diabetes (Mootha et al., 2004), and this gene expression 

modulation is attributed to the transcriptional regulation imparted by ERRα  
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Figure 1.2 

 
Fig. 1.2. Schematic representation of a mitochondrion illustrating 
that the three ERR isoforms have the potential to regulate all aspects 
of mitochondrial biogenesis and function. 
Examples of functions and associated genes whose regulatory regions are 

directly targeted by one or more ERR isoforms are shown within boxes 

that are associated with diverse biological functions. To date, 705 nuclear-

encoded mitochondrial genes have been shown to recruit one or more 

ERRs near their transcriptional start site. (Figure from Eichner and 

Giguère, Mitochondrion, 2011) 
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(Mootha et al., 2003). Furthermore, ERRα mRNA expression in human 

adipose tissue correlates with energy expenditure and insulin sensitivity 

(Rutanen et al., 2010). ERRγ and ERRα, and their regulation of 

mitochondrial functions, are required for proper cardiac bioenergetics and 

adaptation to pressure overload in mice (Alaynick et al., 2007a; Huss et 

al., 2007). Recently, it was reported that PGC-1α and ERRα target gene 

down-regulation, including the expression of ERRα itself, is a signature of 

the failing human heart (Sihag et al., 2009). Interestingly, the role of the 

PGC-1/ERR mitochondrial metabolism pathway in the heart could be 

downstream of inflammatory cascades (Palomer et al., 2009; Sonoda et 

al., 2007c; Yang et al., 2009), suggesting that ERR could play a role not 

only in basic transcriptional maintenance but also in the inflammatory 

response implicated in cardiac disease. In addition, ERRα regulation of 

mitochondrial function has been implicated in osteoclastogenesis, 

suggesting a role for ERRα in bone diseases such as osteoporosis and 

arthritis (Teyssier et al., 2009; Wei et al., 2010).  

 

1.2.7 ERRs in cancer 
 While the Estrogen-Related Receptors (ERRs) are predominantly 

known for their role in regulating metabolic function and related gene 

expression programs (Eichner and Giguere, 2011; Giguere, 2008a), 

important roles for the ERRs in cancer have become increasingly 

apparent. In fact, the ERRs have been linked to many cancers including 

endometrial (Gao et al., 2006; Watanabe et al., 2006), lung (Wang et al., 

2010), cervical (Mori et al., 2011), ovarian (Fujimoto et al., 2007; Permuth-

Wey et al., 2011; Salzman et al., 2011; Sun et al., 2005), prostate 

(Fujimura et al., 2010; Fujimura et al., 2007; Yu et al., 2008a), and uterine 

(Fujimoto and Sato, 2009) cancers. However, a large body of research 

linking ERR to cancer has come from breast cancer research (Deblois and 

Giguere, 2011).  
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 Breast cancer has been established to be a heterogeneous disease 

which can be subdivided into at least four different sub-types based on 

gene expression profiles, including two luminal-like, one basal-like and 

one ERBB2-overexpressing subtype (Sorlie et al., 2003), and these 

subtypes correlate with different predictions about patient outcome. ERRα 

and ERRγ were identified to correlate as unfavourable and favourable 

biomarkers, respectively (Ariazi et al., 2002b), immediately suggesting 

fundamentally different roles for these receptors in this disease. Multiple 

studies went on to confirm and expand upon the role of ERRα as a marker 

of poor prognosis (Deblois et al., 2009b; Fradet et al., 2011; Heck et al., 

2009; Suzuki et al., 2004b). Furthermore, ERRα target gene expression 

was identified to predict clinical outcome, and to recapitulate the 

established breast cancer subtype classifications (Deblois et al., 2009b). 

ERRα expression correlates with the aggressive ERBB2-overexpressing 

sub-type of breast cancer (Suzuki et al., 2004b), which describes 20-30% 

of primary human breast cancer cases, and corresponds to poor patient 

survival (Slamon et al., 1989). ERRα activity was also shown to be 

modulated by the epidermal growth factor (EGF)/ERBB2 signalling 

pathway (Ariazi et al., 2007; Barry and Giguere, 2005), placing ERRα 

activity downstream of this oncogenic signalling. The role of ERRα as an 

oncogene contributing to the onset of ERBB2-induced mammary 

tumorigenesis was further validated using a mouse model of this disease 

(Deblois et al., 2010). Another indicator of ERR activity is the presence of 

the PGC-1 coactivators. Two studies have shown that low expression of 

PGC-1α in breast cancer corresponds to poor outcome (Jiang et al., 2003; 

Watkins et al., 2004), whereas PGC-1α expression was found to promote 

the growth of ERBB2-induced mammary tumors by regulating nutrient 

supply (Klimcakova et al., 2012). These studies yet again point to the 

complexity underlying PGC-1/ERR involvement in breast cancer signalling 

and regulation, and highlight the need for further study of this molecular 

intersection between cancer and metabolism.   
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 Although functional studies in cell culture and animal models have 

unmistakably shown that the ERRs play key roles in controlling cellular 

metabolism, the exact contribution of each ERR isoform to the expression 

of each individual target gene remains to be demonstrated. In particular, a 

close examination of these studies suggests that, while targeting the same 

gene set, ERRα and ERRγ may have opposite effects on cellular 

bioenergetics in cell- and context-specific manners. It will be particularly 

important to decipher the molecular mechanisms and signaling pathways 

underlying these observations, especially if the goal of current research 

endeavors is to convert the ERRs into effective therapeutic targets against 

metabolic diseases or even cancer.  

 

1.3  Metabolism and Cancer 
 Warburg observed long ago that, even under normal oxygen 

conditions, cancer cells rely more on glycolysis than OXPHOS to meet 

their cellular energy demands (Warburg, 1956a). This shift from aerobic, 

oxidative metabolism to glycolytic metabolism is now a well-recognized 

hallmark of cancer cells called the Warburg Effect. To utilize glucose for 

energy, cells metabolize glucose to pyruvate, which, under normal oxygen 

conditions, is processed by the tricarboxylic acid (TCA) cycle to reducing 

equivalents. Oxidative phosphorylation then produces ATP from the 

reducing equivalents, resulting in the production of cellular energy. In 

hypoxic conditions, pyruvate does not enter the TCA cycle, but instead is 

converted to lactic acid. This process of glycolytic metabolism produces 

much less energy per molecule of glucose consumed, but occurs more 

rapidly than OXPHOS. Under normal oxygen conditions, cancer cells 

exhibit a heavy reliance on glycolysis despite its energetically less efficient 

nature, favoring instead the faster energy source.  

 As the idea of oncogenes and tumor suppressors took hold, the 

metabolic component to cancer was put on the sidelines and, if 

considered, was attributed as a downstream side effect of oncogenic 
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transformation rather than a central component of this disease. 

Meanwhile, 18F-deoxyglucose positron emission tomography (FDG-PET) 

scans established themselves as powerful clinical tools for cancer 

diagnosis and monitoring, extending the application of Warburg’s 

observation concretely into the modern day and providing solid evidence 

that cancer cells are fundamentally metabolically different from normal 

cells. Furthermore, recent work indicated that targeting metabolic 

pathways could be a powerful method to inhibit cancer growth and 

progression, suggesting that metabolic pathways could have value as 

therapeutic targets. Indeed, inhibiting lactate dehydrogenase A (LDH-A), 

the enzyme which mediates the processing of pyruvate to lactate, the final 

step of glycolysis, enhanced oxidative phosphorylation and respiration 

while it suppressed cell growth and tumorigenicity in ERBB2-initiated 

mammary epithelial tumor cell lines (Fantin et al., 2006). This directly 

linked cellular proliferative ability to the switch between oxidative and 

anaerobic metabolism, and indicates the significance of the regulation of 

glucose metabolism for cancer cell maintenance and progression. 

 Recent work has established that the metabolic alterations 

observed in cancer also serve as an important avenue through which 

cancer cells are able to meet the anabolic requirements corresponding to 

rapid growth and division (Ward and Thompson, 2012). Metabolic 

reprogramming in cancer allows the cell to procure sufficient nucleotides, 

proteins and lipids for proliferation. These cells need materials for 

biosynthetic reactions more so than efficient ATP production and, 

therefore, exhibit mitochondrial reprogramming that allows for the 

redirection of enzymes involved in oxidative metabolism pathways away 

from ATP production and into roles in biosynthetic reactions. Different 

variations of how cancer cells hijack metabolic pathways in this fashion 

have already started to come to light, and the complexity and extensive 

impact of deregulating such key pathways is quickly becoming apparent. 

Key examples will be discussed below.  
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 Several important molecules with established roles in cancer have 

been shown to directly regulate cancer cell metabolism. Dominant 

examples of this include PI3K/Akt and Myc. PI3K/Akt activation has been 

established in many cancers, and the result of this activation includes 

enhanced glucose uptake and glycolysis (Buzzai et al., 2005; Elstrom et 

al., 2004) as well as promoting glucose flux into biosynthetic pathways. 

Akt does so directly by phosphorylating ATP-citrate lyase (ACL) with the 

effect of diverting citrate from the TCA cycle by transforming it into acetyl-

CoA (Ward and Thompson, 2012). The oncogenic transcription factor Myc 

promotes gene expression and mitochondrial biogenesis (Li et al., 2005) 

and this was attributed at least in part to its transcriptional control of PGC-

1β (Zhang et al., 2007), yet it also promotes glutamine utilization by 

increasing glutaminase (GLS) expression, suggesting that myc contributes 

to mitochondrial reprogramming which promotes glutamine addiction 

(DeBerardinis et al., 2007; Fan et al., 2010; Gao et al., 2009; Wise et al., 

2008; Yuneva et al., 2007).  

 The AMPK pathway is a well-recognized junction between 

metabolism and cancer cell development. A Ser/Thr kinase, AMPK acts as 

a cellular energy sensor to regulate glucose and lipid metabolism in 

response to nutrient availability and metabolic stress. When the AMP:ATP 

ratio is high, AMPK undergoes a conformational change that enables its 

activation by phosphorylation on the α subunit (Thr-172) by an AMPK 

kinase (Luo et al., 2005). The activity of AMPK is largely considered to be 

conferred by Liver Kinase B (LKB1) (Shackelford and Shaw, 2009), 

however the Calmodulin-Dependent Protein Kinase Kinase 2 (CAMKK2) 

also functions as an important upstream AMPK kinase (Hawley et al., 

2005; Woods et al., 2005). The role of LKB1 as a tumor suppressor, which 

is inactivated in some cancers, functionally links AMPK activity to cancer 

(Ollila and Makela, 2011). Repression of AMPK activation leads to a series 

of effects on downstream networks, including stimulation of the mTOR 

pathway (Shaw, 2009) and reduced cell cycle regulation by p53 and p21, 
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thus promoting cell proliferation and survival (Motoshima et al., 2006). 

Reduced AMPK activity also induces upregulation of fatty acid and lipid 

synthesis through Acetyl-Coenzyme A Carboxylase Alpha (ACC) and 

Fatty Acid Synthase (FAS) activity, a metabolic change increasingly 

associated with cancer development (Swinnen et al., 2006). 
 There is accumulating evidence of the involvement of metabolic 

genes themselves in the progression of cancer. Studies have identified 

specific genes within the TCA cycle whose expression is important for 

inhibiting cancer cell proliferation. Succinate dehydrogenase (SDH) and 

fumarate hydratase (FH) were reported not only to be necessary for 

normal OXPHOS but also to possess tumor suppressor activity (Cervera 

et al., 2008; King et al., 2006), thus providing evidence that the oxidative 

metabolic switch is not only correlated with rates of cell proliferation but 

that these pathways are linked at a molecular level. Loss-of-function 

mutations in these genes were found to occur in various cancers, and the 

understanding of the impact of the TCA cycle truncation induced by these 

mutations was soon after expanded. In fact, accumulation of the 

metabolites, succinate and fumarate, just upstream of these two mutated 

enzymes leads not only to reduced TCA cycle function but also to the 

inhibition of α-ketoglutarate-dependent dioxygenases, resulting in the 

alteration of epigenetic modifications (Xiao et al., 2012).  

 Several other metabolic enzymes were also found to be mutated or 

amplified in cancer. For example, phosphoglycerate dehydrogenase 

amplification in breast cancer and melanoma allows for greater flux 

through the serine/glycine synthesis pathway (Locasale et al., 2011; 

Possemato et al., 2011). The enzyme isocitrate dehydrogenase 1, IDH1, 

was found in glioma and acute myeloid leukemia to exhibit a specific 

heterozygous missense mutation at arginine 132 (Mardis et al., 2009; 

Parsons et al., 2008). This modification is a loss-of-function mutation for 

isocitrate and α-ketoglutarate interconversion, and instead causes α-

ketoglutarate to be converted into 2-hydroxyglutarate (2HG) (Dang et al., 
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2009). IDH2 mutations at R140 or R172 also induced 2HG production 

(Gross et al., 2010; Ward et al., 2010). Correlation with tumor production 

of 2HG and IDH mutations identified 2HG as an oncogenic metabolite with 

clinically-relevant potential. Moreover, 2HG functions to inhibit TET family 

enzymes, which participate in DNA methylation, extending the range of 

function of this small onco-metabolite to the regulation of DNA methylation 

(Figueroa et al., 2010; Turcan et al., 2012; Xu et al., 2011).  

 Furthermore, pyruvate kinase (PK), the enzyme that produces 

pyruvate from phosphoenolpyruvate (PEP), was shown to be alternatively 

spliced by cancer cells. The M1 isoform of (PK) is the predominant form in 

non-proliferating cells, but cancer cells exhibit dominant expression of the 

M2 isoform (Mazurek, 2011). The M2 isoform displays a growth 

advantage, which corresponds to its reduced enzymatic activity forcing the 

accumulating upstream glycolytic intermediates into alternative anabolic 

pathways (Mazurek, 2011).  

 Taken together, it has become evident that metabolic 

reprogramming is a central component of cancer. Cancer cells reprogram 

cellular metabolism to shift away from catabolic, energy-efficient oxidative 

metabolism and promote instead reliance on glycolysis and related 

anabolic pathways. This modulation can be induced through modulation of 

metabolic enzymes or their upstream regulators, including through 

preferential isoform selection, mutation or amplification, resulting in 

modulation of corresponding metabolite levels. Considering their control of 

epigenetic programs, it is already evident that the consequences of 

metabolite misregulation on cellular metabolic networks are vast. To 

properly understand and treat cancer, it will be crucial to better understand 

cancer cell metabolism.  

  

1.4 miRNA 
 

1.4.1 Fundamentals 
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 MiRNA are short, endogenous non-coding RNAs of ~22nt in length 

which post-transcriptionally regulate their mRNA targets, with the 

functional output of controlling target protein levels (Fabian and 

Sonenberg, 2012). miRNA, which are found in eukaryotes from plants to 

mammals, typically recognize their targets through imperfect sequence 

base-pairing to the 3’ untranslated regions (UTRs) and function to 

suppress their specific mRNA targets by inhibiting translation initiation or 

promoting mRNA degradation (He and Hannon, 2004).  

 miRNA are transcribed from the genome by RNA polymerase II first 

as longer primary transcripts called pri-miRNAs (Lee et al., 2004), which 

have a 5’ cap and a 3’ poly-A-tail (Cai et al., 2004). The primary transcript 

folds to allow the formation of miRNA stem-loop structures, where the 

mature miRNA comprises the imperfectly paired double-stranded stem 

region of the structure. A multi-protein processing complex recognizes 

these stem-loop structures and cleaves them out of the primary transcript 

(Denli et al., 2004; Gregory et al., 2004; Landthaler et al., 2004; Lee et al., 

2003). The double-stranded RNA binding protein, DGCR8, binds to the 

base of the stem-loop in order to guide Drosha, the catalytic RNase III 

enzyme, to the proper location for cleavage (Han et al., 2006). After 

Drosha cleavage, the hairpin, now 70-100bp long and called a pre-miRNA, 

exhibits a two nucleotide (nt) overhang at the 3’ end (Gregory et al., 2004; 

Han et al., 2006). Pre-miRNAs are then exported into the cytosol by 

Exportin 5 (Bohnsack et al., 2004; Lund et al., 2004; Yi et al., 2003), where 

the RNase III enzyme, Dicer, binds to the 3’ overhang of the pre-miRNA 

and cleaves the pre-miRNA into a double-stranded RNA 22nt long with 2nt 

overhangs on each 3’ end (Bartel, 2009; Grishok et al., 2001). One of 

these strands, that which accumulates to a higher steady-state level, is 

considered the dominant miRNA of the hairpin and to be preferentially 

incorporated into Argonaute complexes, and the other miRNA is labeled 

as the (*) strand, which can also be functionally active. While Chapter II of 

this thesis was one of the first studies to attribute physiological relevance 
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to a miRNA*, regulatory activity of vertebrate miRNA* species was 

elegantly proven in a systematic fashion by Yang et al., 2011. This study 

identified transcriptome-wide miRNA* target regulation signatures and 

detected miRNA* seed conservation among vertebrate 3’UTRs. 

Furthermore, this study identified that small RNAs which 

immunoprecipitate with mammalian Argonaute proteins include substantial 

quantities of miRNA* species. Taken together with studies of individual 

miRNA* functions, this systematic study proves that miRNA* activity 

functionally contributes to the active miRNA target network.  

The miRISC complex, containing Dicer, Argonaute (Ago), and 

TRBP, then interacts with the single-stranded mature miRNA and its target 

mRNA to mediate miRNA-mediated regulation (Chendrimada et al., 2005; 

Gregory et al., 2005; Haase et al., 2005). Human Argonaute binds 

preferentially to 5’ U or A, likely contributing to the selective pressure for 

miRNA which are functionally loaded into the RISC complex to start at 

their 5’ end with these nucleotides. miRNA* exhibit predominance for 5’ A 

or C, which could account for a lesser predominance toward active RISC 

loading of these miRNA* molecules, whereas both miRNA and miRNA* 

exhibit an aversion to G at their 5’ end (Yang et al., 2011). The miRNA 

selects its target by sequence complementarity of its nucleotides 2-8, the 

seed sequence, to its target mRNA usually within the 3’UTR region 

(Bartel, 2009). An A residue across from the start of the miRNA can 

strengthen the targeting, as can an A or U across from position 9, and 

loose complementarity of the 3’ end of the miRNA functions to stabilize the 

targeting. In mammals, the miRNA will typically bind with partial 

complementarity to its targets and causes repression of translation or 

degradation of the mRNA target transcript (Krol et al., 2010).  

 

1.4.2 miRNA in metabolism 
 miRNA have been implicated in essentially all physiological 

processes and a large range of diseases (Osman, 2012), including 
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metabolism and metabolic disorders (Rottiers and Naar, 2012). A key 

example is miR-122, which was shown to regulate hepatic cholesterol and 

lipid metabolism. Its expression in the liver allowed in-vivo targeting early 

on, and inhibition of endogenous miR-122 in-vivo was found to reduce 

plasma cholesterol levels (Krutzfeldt et al., 2005), circulating triglycerides, 

hepatic cholesterol, fatty acid biosynthesis, and high-fat diet-induced 

hepatosteatosis (Esau et al., 2006). The SREBP family of transcription 

factors are major regulators of cholesterol and fatty acid biosynthesis and 

uptake. SREBF1 regulates predominantly lipogenic genes, whereas 

SREBP2 more dominantly regulates genes implicated in cholesterol 

synthesis (Horton et al., 2002). Human SREBF1 encodes for mir-33b in 

intron 17, whereas SREBF2 contains mir-33a in intron 16, and both of 

these miRNAs are coexpressed with their host genes (Gerin et al., 2010b; 

Horie et al., 2010; Marquart et al., 2010; Najafi-Shoushtari et al., 2010; 

Rayner et al., 2010). These miRNAs work together and in concert with 

their host genes to regulate cholesterol and lipid homeostasis. Examples 

include direct targeting by miR-33 of ABCA1 (Horie et al., 2010; Marquart 

et al., 2010; Najafi-Shoushtari et al., 2010; Rayner et al., 2010), the ATP-

binding cassette transporter subfamily A member 1 which regulates 

cholesterol transport from the cell and is required for HDL formation (Tang 

and Oram, 2009). miR-33 was also implicated in the direct control of 

genes necessary for fatty acid oxidation, including CROT, CPT1A, and 

HADHB (Davalos et al., 2011; Gerin et al., 2010b; Rottiers et al., 2011). 

Other metabolic regulatory factors targeted by miR-33 include AMPKα1 

(Davalos et al., 2011; Rottiers et al., 2011). Together, miR-33 acts in 

concert with its host genes, extensive yet precise modulators of the 

cholesterol and lipid homeostasis network. Regulation of adipose tissue 

has also been attributed to miRNA function, as a list of miRNA implicated 

in adipocyte differentiation and white adipocyte function have been 

identified (Romao et al., 2011). This includes miR-143, miR-204, miR-141, 

miR-200a, miR-200b, miR-200c, miR-429, miR-17-92 cluster, miR-130, 
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miR-27a, miR-27b, miR-378 and miR-378*. Brown adipose tissue also has 

implicated miRNA function, including the miR-193b-365 cluster (Sun et al., 

2011). Throughout the course of this thesis work, the mir-378 hairpin has 

been shown to be implicated in a range of metabolic settings including 

adipogenesis (Gerin et al., 2010a), cardiac function (Knezevic et al., 2012; 

Tranter et al., 2011), muscle function (Davidsen et al., 2011) and liver 

regeneration (Song et al., 2010b), indicating an expansive range of 

diverse functions possible for one miRNA depending on the physiological 

context. mir-378 is located within the first intron of its host gene Ppargc1b, 

which encodes for the metabolic co-activator, PGC-1β, and should, 

therefore, be co-expressed together with this gene.1 The co-expression of 

mir-378 with the well-established metabolic gene PGC-1β, by extension, 

further strengthens the connection between mir-378 and metabolic 

contexts and functions. Altogether, it is evident that miRNA are integrated 

components of metabolic homeostasis across varied physiological 

contexts.  

 There are also examples of miRNA misregulation in metabolic 

diseases. For example, adipose miRNA were linked to obesity (Xie et al., 

2009). Another example is hepatic miR-34a, which is elevated in non-

alcoholic fatty liver disease (Cheung et al., 2008) and patients with type 2 

diabetes (Kong et al., 2011). Considering their roles in metabolic 

homeostasis, it follows that disease states in metabolic tissues would 

induce misregulation of miRNA expression and their downstream 

pathways.  

 

 1.4.3 miRNA in cancer 

                                            
1 It should be noted that, recently, after the bulk of this thesis work was completed, other 
mammalian miRNA with nearly identical sequences to mir-378, differing by one or two nucleotides, 
were identified in different locations throughout mammalian genomes. These miRNA were also 
named mir-378, and are distinguishing from each other by a lower case letter; “a” through “j” in 
human and “a” through “d” in mouse. The work throughout this thesis studies the originally-
identified mir-378, now named mir-378a. This is the only mir-378 hairpin which encodes for miR-
378*. This thesis uses the nomenclature “miR-378” to refer to the molecule currently renamed miR-
378a-3P, and “miR-378*” to refer to the molecule currently renamed miR-378a-5P.  
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 miRNA are now considered essential regulators of development 

and physiological processes (Ma and Weinberg, 2008), and extensive 

studies have demonstrated a correlation between aberrant miRNA 

expression with tumor formation, progression, and metastasis (Garzon et 

al., 2009). About 50% of the known miRNAs are located in fragile regions 

of the genome, which are often found to be deleted or multiplied in cancer 

(Calin et al., 2004). The first example of miRNA in human cancer came 

from B-cell chronic lymphocytic leukemia (CCL), where the chromosomal 

region 13q14 which is often deleted was found to contain miR-15a and 

miR-16-1 (Calin et al., 2002). These miRNA were later shown to repress 

the expression of the pro-apoptotic factor, Bcl-27. Since then, miRNA 

expression profiling using miRNA microarrays and sequencing 

approaches have identified aberrant miRNA expression in a multitude of 

different cancers, clearly implicating miRNA misregulation in this disease 

and, furthermore, suggesting the potential for these molecules to serve as 

diagnostic tools (Calin and Croce, 2006). The first study of miRNA in 

breast cancer identified 29 miRNAs significantly deregulated in breast 

cancer tumors as compared to normal mammary tissues, including the 

downregulation of miR-10b, miR-125b, and miR-145 and the upregulation 

of miR-155 and miR-21, implicating miRNA as both oncogenes and tumor 

suppressors in the same cancer context (Iorio et al., 2005). Subsequent 

study of these miRNA demonstrated involvement in breast tumor 

formation, progression, and metastasis (Iorio et al., 2011). 

 Breast cancer is a leading cause of death of women worldwide 

(Iorio et al., 2005). Hyperproliferation is often caused by mutations, either 

inherited or acquired. Common genomic aberrations include mutation of 

the TP53 tumor suppressor gene, loss of heterozygosity from 

chromosomes 8p, 13q, 16q, 17p and 17q, mutation of the BRCA1 and 

BRCA2 genes, and amplification of oncogenes, such as MYC15. Notably, 

in ~30% of breast cancer cases, the oncogene ERBB2, encoding the 

human epidermal growth factor receptor 2 (HER2), is amplified (Revillion 
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et al., 1998). miRNA expression profiling of different breast cancer 

subtypes, including estrogen receptor (ER), progesterone receptor (PR) 

and HER2 status, has extended the understanding of the molecular 

differences between these types of breast cancer (Iorio et al., 2005). 

Blenkiron et al. identified unique sets of miRNA associated with five 

specific subtypes of breast cancer, each group corresponding to a 

different prognosis (Blenkiron et al., 2007). It has become clear that 

miRNA expression provides valuable information about breast cancer (Lu 

et al., 2005). 

 miRNA implicated in breast cancer classify by function as either 

oncogenes or tumor suppressors. Oncogenic miRNA, or oncomirs, 

promote cell proliferation and/or inhibit apoptosis, often by repressing the 

expression of tumor suppressor genes. miR-21, a well-studied oncomiR, 

was shown to induce tumor growth in a variety of cancers including breast 

cancer. Knockdown of miR-21 in MCF-7 cells decreased cell growth in 

vitro and in a xenograft mouse model, and increased apoptosis (Si et al., 

2007). Programmed cell death 4 (PDCD4), phosphatase and tensin 

homolog (PTEN), tropomyosin 1 (TPM1), and maspin were identified as 

miR-21 targets (Zhu et al., 2008). miR-27a was found to down-regulate 

Myt-1, a component of the G2M checkpoint and an inhibitor of cdc2/cyclin 

B, in order to regulate cell cycle progression (Mertens-Talcott et al., 2007). 

miR-27a, miR-96, and miR-182 were found to inhibit the transcription 

factor, FOXO1, which is also a putative tumor suppressor, in MCF-7 

breast cancer cells (Guttilla and White, 2009). Oncogenic miR-155 inhibits 

the suppressor of cytokine signaling 1, SOCS1, itself an inhibitor of 

oncogenic STAT3. Correspondingly, expression of miR-155 was found to 

increase cellular proliferation in vitro and in a xenograft model (Jiang et al., 

2010). Expression of the miR-378*/miR-378 hairpin was reported to 

enhance cell survival and promote tumor growth and angiogenesis in a 

pooled cell line through targeting the transcription factor SuFu and Fus-1, 

suggesting that miR-378* and/or miR-378 possesses oncogenic potential 
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(Lee et al., 2007). After the publication of Chapter II of this thesis, this 

hairpin was shown to be downstream of oncogenic Myc (Feng et al., 

2011). However, little else is known about the molecular mechanisms 

underlying miR-378* or miR-378 function in cancer cells.  

 miRNA with functions as tumor suppressors have also been 

identified in breast cancer. One example is miR-125a/b, which was found 

to be downregulated in breast tumors. miR-125a/b expression in SKBR3 

cells decreased anchorage-dependent growth, likely mediated through the 

ERK1/2 and AKT pathways. ERBB2 and ERBB3 were identified as direct 

targets of miR-125a/b (Scott et al., 2007). Interestingly, genetic variants of 

bone morphogenic receptor type 1 B (BMPR1B) were found to functionally 

interact with miR-125b. The T allele disrupts miR-125b regulation, leading 

to increased BMPR1B expression which is associated with proliferation 

and poor prognosis, whereas the C allele is functionally targeted by miR-

125b (Saetrom et al., 2009), demonstrating a correlation between breast 

cancer risk and miRNA target binding site variation. Other tumor 

suppressor miRNA have been shown to regulate the cell cycle. miR-126 

represses progression form G1/G0 to S phase, decreasing cell 

proliferation, through targeting the insulin receptor substrate 1 (IRS-1). 

IRS-1 is constitutively active in many tumors, including breast cancer, and 

exerts its proliferative effects though the PI3K/AKT pathway (Zhang et al., 

2008). miR-17-5p/miR-20a expression was found to suppress cell 

proliferation through down-regulation of cyclin-D1, a regulator of the G1/S 

transition. Interestingly, cyclin-D1 is also required for induction of miR-

17/20 expression, suggesting a mechanistic regulatory feedback loop (Yu 

et al., 2008b). Furthermore, the chromosomal region 13q31, which 

contains miR-17-5p, is often lost in breast cancer cells (Hossain et al., 

2006). miR-17-5p was found to directly target AIB1, a gene amplified in 

beast cancer.  

 miRNA implicated in estrogen receptor-regulated pathways include 

miR-206 and miR-145. Mir-206 represses ERα protein levels (Adams et 
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al., 2007; Kondo et al., 2008), in a manner involving the steroid receptor 

co-activators, SRC-1 and SRC-3, as well as the GATA-4 transcription 

factor (Adams et al., 2009). miR-145 also represses ERα at the post-

transcriptional level and indirectly activates the TP53 tumor suppressor 

gene. TP53, in turn, induces miR-145 expression, resulting to an overall 

increase in apoptosis (Spizzo et al., 2010).  

 Several miRNA have been implicated in the self-renewal of cancer 

cells. Differential expression of let-7 was identified from a screen of self-

renewing breast tumor initiating cells (BT-IC). Let-7 expression was 

reduced in BT-IC, and its levels were found to increase with differentiation. 

Repression of H-RAS and HMGA2, known targets of let-7, led to 

decreased self-renewal and increased differentiation, respectively 

(Bussing et al., 2008). miR-30 expression is also reduced in BT-IC cells. 

The reduction in miR-30 results in reduced apoptosis and contributes to 

self-renewal, perhaps in part through its regulation of ubiquitin-conjugating 

enzyme 9 (Ubc9) and integrin β3 (ITGB3). Furthermore, let-7 and miR-30 

function synergistically in the regulation of cancer cell renewal (Yu et al., 

2010a).  

 Cancer metastasis is a complex, multi-step process that usually 

begins with a small fraction of cells undergoing the epithelial-

mesenchymal transition (EMT), a process characterized by the loss of E-

cadherin and the acquisition of mesenchymal characteristics. Subsequent 

cell invasion occurs, then intravasion and survival in circulation, 

extravasion into the distant site and, finally, colonization into a secondary 

tumor. In breast cancer, metastasis patterns typically involve migration to 

local lymph nodes, liver, or lung (Shi et al., 2010). Roles for miRNA in 

these processes have also recently begun to be elucidated. Oncogenic 

miR-21 was found to promote cell metastasis by repressing several 

invasion-related tumor suppressor genes, including tropomyosin 1 

(TPM1), PDCD4, and maspin. Inhibition of miR-21 expression in 

metastatic MDA-MB-231 cells decreased invasion and lung metastasis 
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(Zhu et al., 2008). Other evidence expanded the known miR-21 targets to 

include metalloproteinase-3 (TIMP3), a peptidase involved in ECM 

degradation (Song et al., 2010a). Expression of miR-10b in the non-

metastatic human breast cancer cell line, SUM159, induced lung 

metastasis when orthotopically transplanted into mice (Ma et al., 2007). 

Evidence of direct regulation of EMT by miRNAs has also been 

uncovered. One example of this is miR-9, which directly inhibits CDH1, the 

gene encoding E-cadherin, inducing the activation of the β-catenin 

pathway. Expression of miR-9 was found to promote metastatic potential 

of cells in vivo, whereas inhibition of miR-9 induced the opposite effect 

(Ma et al., 2010). Another example is miR-103/107, whose expression in 

breast cancer is associated with metastasis and poor outcome. Tumor 

cells expressing miR-107 exhibit decreased Ecadherin levels and an 

increase in mesenchymal markers including vimentin and fibronectin 

(Martello et al., 2010). The miR-200 family also suppresses metastasis by 

targeting ZEB1 and ZEB2, transcriptional repressors of E-cadherin (Korpal 

et al., 2008). The miR-200 family, along with miR-205, was also found to 

regulate transforming growth factor β (TGF-β)-induced EMT, and re-

expression of miR-200 was sufficient to prevent this transition (Gregory et 

al., 2008). miR-335 is capable of inhibiting breast cancer metastasis 

through SOX4, a transcription factor implicated in regulating progenitor cell 

development and migration (Tavazoie et al., 2008). miR-7 suppresses 

metastasis by targeting directly Pak1, a p21-activated kinase which is 

involved in cell mobility and invasion (Reddy et al., 2008). Finally, miR-31 

regulates several downstream targets involved in cell invasion and 

mobility. Inhibition of miR-31 in non-metastatic MCF-Ras cells, when 

orthotopically implanted into mice, induced lung metastasis. It has been 

suggested that miR-31 functions through predicted targets including RhoA 

and, in fact, the re-introduction of RhoA partially reversed miR-31-induced 

metastasis suppression (Valastyan et al., 2009). This body of evidence 

clearly identifies miRNA as functional components of metastasis.  
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 Finally, miRNA function in cancer metabolism has yet to be 

thoroughly explored. One of the first examples of miRNA in cancer 

metabolism came from the identification that miR-23a and b target 

glutaminase (GLS), the enzyme which converts glutamine to glutamate, 

thereby contributing to the catabolic reactions necessary for proliferation. 

In fact, the oncogenic transcription factor, Myc, represses miR-23a and 

miR-23b, such that a miRNA is the molecular signal connecting oncogenic 

signaling to the regulation of glutamine metabolism (Gao et al., 2009). 

After the publication of Chapter 2 of this thesis, another study expanded 

the function of miR-23 regulation by myc. Liu et al. uncovered that miR-23 

targets proline dehydrogenase (POX/PRODH), which is the first enzyme in 

proline catabolism and functions as a tumor suppressor (Liu et al., 2012). 

Glutamine is converted to glutamate by GLS, and this glutamate can be 

further processed to proline. Therefore, Myc repression of miR-23 

functions to regulate glutamine metabolism via GLS but also via control of 

downstream proline catabolism. The combination of these two studies 

indicates the complexity and relevance of metabolic control in cancer cells, 

and the level of integration of miRNA in those pathways. However, much 

remains to be learned about the role of miRNA in cancer cell metabolism. 

While the relevance of miRNA in breast cancer is clear, the molecular 

understanding of how these small molecules integrate into breast cancer 

signaling pathways such that they could be manipulated for clinical and 

therapeutic applications remains to be fully elucidated.  

 

1.5 Rationale and objectives of the research 
 ERRs have been identified as master regulators of metabolic gene 

expression programs. The expression of the ERRs is relevant in breast 

cancer, yet their function within that disease context is largely unknown. 

Furthermore, the contribution of miRNA to the function of the PGC-1/ERR 

pathway was entirely unexplored. The general goal of this thesis was to 
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elucidate the role of the PGC-1/ERR pathway in breast cancer cell 

metabolism.  

 In Chapter II, we identified a direct molecular link between PGC-1β 

and ERRγ, miR-378/378*, which allowed us to uncover a relevance to the 

metabolic function of both ERR and miR-378* in breast cancer cells. 

Chapter III is the extension of the study of the metabolic function of the 

mir-378 hairpin in breast cancer cells which allowed us to further expand 

our understanding of the metabolic molecular network under the control of 

this miRNA. As mouse models of mammary tumorigenesis are a powerful 

tool for the study of breast cancer, we turned to such a model in Chapter 

IV in order to study the metabolic function of ERRα in breast cancer in-

vivo. The absence of mouse models available for the parallel study of miR-

378/378* in-vivo drove us to generate the necessary conditional and total 

knockout mouse models. The generation and subsequent study of these 

models are the focus of Chapter V.  
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CHAPTER II: miR-378* Mediates Metabolic Shift in 

Breast Cancer Cells via the PGC-1β /ERRγ  

Transcriptional Pathway 
 
 

PREFACE 
 
As I undertook this study, miRNA regulation of ERR had not been 

established, nor had miRNA or ERR involvement in cancer cell 

metabolism. This chapter describes the identification of the molecular 

network connecting PGC-1β, miR-378* and  ERRγ. We identify that this 

pathway is downstream of oncogenic ERBB2 signaling in breast cancer 

cells, and functions to induce the metabolic shift inherent to cancer cells 

known as the Warburg effect. In such, we revealed important functional 

differences between the ERR isoforms. Furthermore, we establish that 

miR-378* expression correlates with breast cancer progression in the 

human disease.  

  
 
 

This chapter is a manuscript that has been published in the journal Cell 

Metabolism.
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ABSTRACT 
Cancer cell metabolism is often characterized by a shift from an oxidative 

to a glycolytic bioenergetic pathway, a phenomenon known as the 

Warburg effect. miR-378* is embedded within PPARGC1b which encodes 

PGC-1β, a transcriptional regulator of oxidative energy metabolism. Here 

we show that miR-378* expression is regulated by ERBB2 and induces a 

metabolic shift in breast cancer cells. miR-378* performs this function by 

inhibiting the expression of two PGC-1β partners, ERRγ and GABPA, 

leading to a reduction in tricarboxylic acid cycle gene expression and 

oxygen consumption as well as an increase in lactate production and in 

cell proliferation. In situ hybridization experiments show that miR-378* 

expression correlates with progression of human breast cancer. These 

results identify miR-378* as a molecular switch involved in the 

orchestration of the Warburg effect in breast cancer cells via interference 

with a well-integrated bioenergetics transcriptional pathway. 
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INTRODUCTION 
 The shift from aerobic, oxidative metabolism to anaerobic, glycolytic 

metabolism is a characteristic feature of cancer cells. To utilize glucose for 

energy, cells metabolize glucose to pyruvate which, under normal oxygen 

conditions, is processed by the tricarboxylic acid (TCA) cycle to reducing 

equivalents. Oxidative phosphorylation (OXPHOS) then produces ATP 

from the reducing equivalents, resulting in the production of cellular 

energy. In hypoxic conditions, pyruvate does not enter the TCA cycle, but 

instead is converted to lactic acid. This process of anaerobic glucose 

metabolism produces much less energy per molecule of glucose 

consumed, but occurs more rapidly than OXPHOS. Warburg observed 

that even under normal oxygen conditions, cancer cells rely more on 

glycolysis than OXPHOS, a now well recognized hallmark of cancer cell 

metabolism (Warburg, 1956a). 

 Recent work indicates that targeting metabolic pathways could be a 

powerful method to inhibit cancer growth and progression. Inhibiting 

lactate dehydrogenase A (LDH-A), the enzyme which mediates the 

processing of pyruvate to lactate, the final step of glycolysis, enhanced 

oxidative phosphorylation and respiration while it suppressed cell growth 

and tumorigenicity in ERBB2-initiated mammary epithelial tumor cell lines 

(Fantin et al., 2006). This directly links cellular proliferative ability to the 

switch between oxidative and anaerobic metabolism, and indicates the 

significance of the regulation of glucose metabolism for cancer cell 

maintenance and progression. Other studies have identified specific genes 

within the TCA cycle whose expression is important for inhibiting cancer 

cell proliferation. Succinate dehydrogenase (SDH) and fumarate hydratase 

(FH) were reported not only to be necessary for normal OXPHOS but also 

to possess tumor suppressor activity (Cervera et al., 2008; King et al., 

2006), thus providing evidence that the oxidative metabolic switch is not 

only correlated with rates of cell proliferation but that these pathways are 

linked at a molecular level. 
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 Members of the peroxisome proliferator activated receptor (PPAR) γ 

coactivator-1 (PGC-1) family (PGC-1α, PGC-1β and PPRC1) of 

transcriptional coactivator proteins are essential regulators of cellular 

energy metabolism (Lin et al., 2005). The PGC-1s work in concert with 

different transcription factors involved in regulating cellular energy 

metabolism, most notably the estrogen related receptors (ERRα, β and γ), 

a family of orphan nuclear receptors, and GA-binding protein α (GABPA), 

which have been shown to orchestrate cellular programs of oxidative 

phosphorylation (OXPHOS) and mitochondrial biogenesis (Dufour et al., 

2007b; Giguere, 2008a; Mootha et al., 2004b; Schreiber et al., 2004b). 

 miRNAs are short, endogenous, non-coding RNAs known to inhibit 

the translation of their target transcripts. miRNAs are now considered 

essential regulators of development and physiological processes (Ma and 

Weinberg, 2008) and, by modulating oncogenic and tumor suppressor 

pathways, miRNAs might also play significant roles in cancer (Ventura and 

Jacks, 2009). Recently, expression of the miR-378*/miR-378 hairpin was 

reported to enhance cell survival and promote tumor growth and 

angiogenesis in a pooled cell line through targeting the transcription factor 

SuFu and Fus-1, suggesting that miR-378* and/or miR-378 possesses 

oncogenic potential (Lee et al., 2007). However, little else is known about 

the molecular mechanisms underlying miR-378* or miR-378 function in 

cancer cells. Herein, we report that miR-378*, a miRNA embedded within 

the PPARGC1b locus whose expression is under the control of the 

oncogene ERBB2 and increases during breast cancer progression, targets 

mRNAs encoding two important regulators of energy metabolism, ERRγ 

and GABPA, and induces the Warburg effect in breast cancer cells. 
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RESULTS 
miR-378* is co-expressed with PPARGC1b in human breast cancer 
cells 
The PGC-1-driven transcriptional network is subject to significant amounts 

of regulation, including at the transcriptional and post-translational levels, 

but a role for miRNAs in controlling this network has yet to be described 

(Lin et al., 2005). Scanning the genomic locations of known miRNAs 

revealed that the first intron of PPARGC1b (PGC-1β) contains a miRNA 

hairpin with the potential of generating two miRNAs, miR-378* and miR-

378 (Fig. 2.1A). We also noticed that the Pictar miRNA prediction 

algorithm (http://pictar.mdc-berlin.de/) predicts miR-378* to target ESRRG 

(ERRγ), one of the nuclear receptors co-activated by PGC-1β. GABPA, a 

transcription factor directly downstream of the ERRs in the PGC-1 

pathway, was also a predicted target of miR-378* according to both Pictar 

and Targetscan (http://www.targetscan.org/) algorithms. Because of miR-

378*’s functional relationship to its host gene, PPARGC1b, and the 

observation that miRNAs located within introns are commonly co-

transcribed with their host genes (Kim and Kim, 2007a), we hypothesized 

that miR-378* could be implicated in the regulation of a transcriptional 

network with PGC-1β at its nexus. 

 We first sought to determine whether the predicted miRNA genomic 

hairpin is processed into mature miRNAs in breast cancer cells. BT-474 

cells, an ERBB2 positive cell line of human origin that also expresses 

PGC-1β, ERRα, ERRγ and GABPA, were chosen for further study. BT-474 

cells were infected with an adenovirus containing the miR-378*/miR-378 

genomic sequence, and qRT-PCR was used to detect the mature forms of 

the miRNAs. The expression data show that both mature miR-378* and 

miR-378 were produced from the genomic sequence (Fig. 2.1B). These 

results indicate that the genomic sequence does not promote the 

processing of one miRNA over the other, and that both mature miRNAs 

are formed in the context of breast cancer cells. 



 64 

 In contrast to PGC-1α, little is known about factors and pathways 

regulating the expression of PGC-1β. However, it has recently been 

shown that PGC-1β expression is up-regulated by c-Myc in renal 

carcinoma cells (Zhang et al., 2007), demonstrating that PGC-1β 

expression can be regulated by oncogenic signals. We next investigated 

whether PGC-1β expression could be influenced by manipulating the 

oncogenic ERBB2 pathway that plays a preeminent role in tumors of the 

breast. Indeed, siRNA knockdown of ERBB2 expression in SkBr3 human 

breast cancer cells led to a parallel decrease (~50%) in PPARGC1b and 

mature miR-378* and miR-378 expression (Fig. 2.1C). This regulatory 

pathway is also operational in the BT-474 breast cancer cell line (Fig. 

2.1D). These results show that PPARGC1b and its intronic miRNAs are 

co-regulated, in addition to linking the expression of these genes to 

changes in ERBB2 levels. 

 

miR-378* targets endogenous ESRRG and GABPA 
Human ESRRG is predicted to be targeted by miR-378* at two regions 

within its 3’UTR (Fig. 2.2A) while a single sequence within the GABPA 

3’UTR is predicted to be recognized by the miRNA (Fig. 2.2B). Target site 

locations are numbered relative to the start of the 3’UTR. To validate 

ESRRG and GABPA as bona fide targets of miR-378*, we cloned the miR-

378* predicted target regions within each gene’s 3’UTR downstream of a 

Renilla luciferase reporter gene. These reporter plasmids were then co-

transfected with either control miRNA or miR-378* and cell extracts 

monitored for luciferase activity. Repression of luciferase activity, as 

compared to control, was observed for all predicted target sites (Fig. 2.2, 

C and D) and completely abolished for all targeted regions by the mutation 

of one base at position 4 of the seed sequence within the ESRRG target 

sequence and at position 3-6 of the GABPA target sequence, indicating 

the specificity of the interaction between miR-378* and its target regions. 

The same result was obtained for the mouse genes indicating that the 
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targeting functions of miR-378* are conserved between species (Fig. 2.3). 

To determine if miR-378* could target endogenous ESRRG and GABPA, 

we measured RNA levels of ESRRA, ESRRB, ESRRG and GABPA in BT-

474 cells transfected either with control miRNA or miR-378*. We found 

that introduction of miR-378* decreases the levels of ESRRG and GABPA 

transcripts at 2, 4, and 6 days post-transfection, but that the levels of 

ESRRA, which is not a target of miR-378*, were unaffected (Fig. 2.2E). 

ESRRB transcripts were not detected. We confirmed this result at the 

protein level by testing BT-474 cells transfected with control miRNA or 

miR-378* either 2 days or 7 days after transfection by Western blotting. 

Again there was no noticeable change of ERRα levels, while both ERRγ 

and GABPA levels were decreased upon miR-378* expression (Fig. 2.2F). 

To further verify the specificity of interactions between miR-378* and its 

targets, we used a miRNA inhibitor to specifically block miR-378* action. 

Upon transfection of BT-474 cells with the miR-378* inhibitor, we detected 

a statistically significant increase (~30%, p≤0.01) in endogenous transcript 

levels of both ESRRG and GABPA, indicating that inhibiting endogenous 

miR-378* alleviates the repressive effect on its targets (Fig. 2.2G). 

Similarly, the reduction in endogenous transcript levels of ESRRG and 

GABPA in response to miR-378* expression is rescued when miR-378* is 

co-transfected with the miR-378* inhibitor (Fig. 2.2G). Inhibition of 

endogenous miR-378* also causes an increase in endogenous ERRγ and 

GABPA proteins (Fig. 2.2H). Finally, knock-down of ERBB2 leads to an 

increase in mRNA levels of both ESRRG and GABPA (Fig. 2.2I). Taken 

together, these results indicate that ESRRG and GABPA are genuine 

endogenous ERBB2 and miR-378* targets in breast cancer cells and that, 

notably, the regulatory effect of miR-378* upon ERR family members is 

specific to ESRRG. 

 

miR-378* regulates metabolic genes via its target, ERRγ  
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We next asked what role miR-378* would have in regulating the PGC-

1β/ERR pathway in cancer cells. Recent genome-wide location analyses 

by ChIP-on-chip have identified ERRα and γ as direct regulators of TCA 

cycle genes (Alaynick et al., 2007b; Charest-Marcotte et al., 2010b; 

Deblois et al., 2009a; Dufour et al., 2007b; Sonoda et al., 2007; Tremblay 

et al., 2010b), suggesting that changes in ERRγ levels could have a direct 

impact on the expression of metabolic genes in breast cancer cells and 

thereby inducing a push toward the anaerobic, glycolytic pathway by 

affecting OXPHOS. Using a ChIP-based assay, we first established that 

ERRγ binds to regulatory regions located in the vicinity of TCA cycle genes 

in BT-474 cells. ERRγ binds to promoters or proximal enhancers of genes 

encoding enzymes participating in nearly all steps of the TCA cycle (Fig. 

2.4A). Table 2.1 outlines the conservation between human and mouse of 

the ERR response elements (ERREs) found within the ERRγ-bound 

regions. The expression of most of these target genes is down-regulated 

via knock-down of ERRγ by a specific siRNA, further validating a major 

role for ERRγ in the control of TCA cycle gene expression (Fig. 2.4, B and 

D). ERRγ also controls the expression of a subset of glycolytic genes as 

LDHA levels are increased in response to siESRRG treatment whereas 

LDHB expression is decreased (Fig. 2.4C). Since the LDHA isoform has 

been shown to play a major role in neu-initiated mammary tumorigenesis 

(Fantin et al., 2006) and considering that its expression is the highest of 

the LDH isoforms in BT-474 cells, it is possible that repression of LDHA by 

ERRγ mediates an inhibition of glycolysis. 

 We next tested the hypothesis that the expression of these 

metabolic genes could be affected by the presence of miR-378*. qRT-PCR 

data indeed shows that miR-378* expression causes a decrease in 

transcript levels of key TCA cycle genes while inhibition of endogenous 

miR-378* using a specific inhibitor causes an increase in the expression of 

many TCA cycle genes (Fig. 2.4D). Of the glycolytic genes, miR-378* 

decreases HK2 levels and increases LDHD levels (Fig. 2.4C). 
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 Interestingly, not all of the known TCA cycle ERR target genes 

were downregulated in response to miR-378*. It should be noted that 

ERRα is present in abundance in these cells, and ERR isoforms are 

known to compensate for each others’ absence (Dufour et al., 2007b). 

This indicates that the direct ERRγ target genes which are downregulated 

in response to miR-378*, CS, SDHB and FH, could be specific genes for 

which ERRα cannot compensate in response to downregulation of ERRγ. 

We validated this hypothesis by using a siRNA specific for ERRα (Fig. 

2.4B and D) and found that, while some ERR target genes respond in the 

same way to depletion of either ERRα or γ, ERRα is not capable of 

compensating for the loss of control of CS, SDHB or FH by ERRγ. Of note, 

SDHB and FH have recently been reported to act as tumor suppressors 

(King et al., 2006), further implicating the function of this pathway 

simultaneously in regulation of both metabolism and cancer. Of the 

glycolytic genes tested in these conditions, LDHA responded in an 

opposite manner to ERRα and γ depletion, while LDHB levels decreased 

in response to depletion of both ERRs (Fig. 2.4C). Furthermore, these 

experiments suggest that GABPA is downstream of ERRγ, as it is down-

regulated in response to miR-378* and similarly so in response to ERRγ 

knock-down (Fig. 2.4D). Notably, GABPA increases slightly in expression 

in response to ERRα knock-down, indicating that it could be regulated by 

the ERRs in an isoform-specific fashion. Taken together, these results 

suggest that miR-378* regulates gene expression in a manner that 

represses oxidative metabolism and, in so doing, favors glycolysis. 

 

miR-378* induces a metabolic shift in cancer cells 
We next sought to determine if miR-378* was capable of inducing a 

metabolic shift in cancer cells. First, short term exposure to miR-378* by 

transient transfection slightly but significantly increases cell proliferation of 

BT-474 breast cancer cells (Fig. 2.5A). Furthermore, induction of miR-378* 

caused an increase of cellular lactate (Fig. 2.5B) and a reduction of total 
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cellular respiration (Fig. 2.5C). Knock-down of ERRγ expression using a 

siRNA generated a similar reduction in total cellular respiration (Fig. 2.5D). 

Cellular respiration is composed of non-mitochondrial and mitochondrial 

components. In BT-474 cells, we did not detect any non-mitochondrial 

respiration. Mitochondrial respiration is comprised of coupled and 

uncoupled respiration. Coupled respiration is linked to ATP turnover while 

uncoupled respiration is linked to proton leak. Introduction of miR-378* 

decreased coupled respiration by approximately a third (Fig. 2.5E). ATP 

levels were stable in cancer cells expressing miR-378* (Fig. 2.5F), 

indicating that the overall energy homeostasis was maintained.  

 We then confirmed that miR-378* induces a metabolic shift by 

measuring cellular bioenergetic outputs in response to inhibition of 

endogenous miR-378* in BT-474 cells using a miRNA inhibitor. Inhibition 

of miR-378* caused a decrease in cell number (Fig. 2.5G), a reduction in 

lactate production (Fig. 2.5H), and an increase in cellular respiration (Fig. 

2.5I). Mitochondrial content of BT-474 cells treated with either miR-378* or 

the miRNA inhibitor was not significantly different from control cells (Fig. 

A.2.1). Taken together, both gain and loss of function studies validate that 

miR-378* regulates the Warburg effect. These data indicate that miR-378* 

displays the oncogenic characteristic of promoting cell proliferation while 

simultaneously inducing a metabolic shift away from oxidative metabolism. 

In order to validate our model of miR-378* function in a different 

model of breast cancer, we used parental mouse mammary epithelial 

cells, NMuMG, as a control cell line and the NT2196 cell line as an ex-vivo 

model of ERBB2-induced mammary tumorigenesis (Ursini-Siegel et al., 

2007a). Endogenous miR-378*, miR-378 and Ppargc1b expression was 

upregulated in the NT2196 cells expressing high levels of ERBB2 as 

compared to the parental NMuMG mammary cells (Fig. 2.5J). We next 

measured the endogenous levels of the miR-378* downstream targets in 

both cells lines (Fig. 2.5K and L). Interestingly, Gabpa mRNA levels were 

unchanged between the two cell lines (Fig. 2.5K) but GABPA protein was 
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remarkably decreased in the NT2196 cells as compared to NMuMG cells 

(Fig. 2.5L). Esrrg mRNA expression was too low to quantify accurately but 

ERRγ protein was decreased in NT2196 cells as compared to NMuMG 

cells (Fig. 2.5L). These results show that ERRγ and GABPA are direct 

targets of endogenous miR-378* across different cell lines of mouse and 

human origin. In addition, two of the three miR-378*- and ERRγ-controlled 

TCA cycle genes, Fh1 and Sdhb, were significantly downregulated in 

NT2196 cells as compared to NMuMG cells (Fig. 2.5K), thereby 

recapitulating much of the effect of miR-378* on TCA cycle genes 

identified in human breast cancer cells. Correspondingly, NT2196 cells 

display the Warburg effect in comparison to NMuMG cells, in that NT2196 

cells produce more lactate (Fig. 2.5M) and have a decreased rate of 

respiration (Fig. 2.5N). Importantly, while both miR-378* and Ppargc1b 

expression is increased by similar amounts in NT2196 cells compared to 

NMuMG cells, the ERBB2 expressing cells display a shift toward the 

Warburg effect, thereby overriding the ability of Ppargc1b to promote 

oxidative metabolism. 

 

miR-378* expression and breast cancer progression 
To determine the physiological relevance of miR-378* in breast cancer, we 

performed in situ hybridization on sections of normal breast tissue, tumors 

and lymph node metastases with a probe directed against miR-378*. 

Representative miR-378* staining on a tissue microarray (TMA) containing 

160 cores of tissue classified as normal, ductal carcinoma in situ (DCIS), 

tumor or metastatic lymph node is shown on Fig. 2.6A. We scored miR-

378* expression in each core on a scale from 0 (no expression) to 3 (high 

expression) based on colorimetric signal intensity (Fig. 2.6B). The mean 

score of normal tissue was significantly lower than that of DCIS, tumor or 

lymph node tissue, indicating that miR-378* expression increases as 

tissue progresses from a normal to a cancerous state. Indeed, ~60% of 

the normal tissue cores scored 0, suggesting that in most cases miR-378* 
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is only expressed after the onset of cancerous progression. In addition, the 

mean score of metastatic lymph node tissue was significantly higher than 

that of both DCIS and tumor tissue. To analyze the data by matched 

samples, cores from the same patient but with different pathologies were 

grouped and the corresponding scores were compared (Table 2.2). A 

similar trend was recapitulated as with the unmatched samples; the mean 

score of normal cores was significantly lower than that of any other type of 

core. The mean score of tumor cores was significantly higher than that of 

matched DCIS cores, indicating that within a patient, as a cancer 

progresses from DCIS to tumor, miR-378* expression increases. The 

means of matched DCIS and tumor cores are smaller than that of the 

corresponding lymph node cores, but the differences are not significant 

due to the small sample size of these groups. 
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DISCUSSION 
The molecular mechanisms that govern a shift in energy metabolism to the 

advantage of cancer cells are complex and only partially understood. In 

this study, we demonstrate that a specific miRNA, miR-378*, plays an 

important role in reprogramming breast cancer cells such that TCA cycle 

activity is reduced and the cells are less dependent on OXPHOS to fulfill 

their energy demands. miR-378*, whose expression is regulated by the 

ERBB2 signaling pathway, achieves this metabolic shift by suppressing 

the expression of two key regulators of energy metabolism, ERRγ and 

GABPA. This study shows that a miRNA can be both a component and a 

regulator of a well integrated transcriptional pathway, and that cancer cells 

can specifically exploit the PGC-1β/ERR/GABPA bioenergetics pathway 

for growth and proliferation (Fig. 2.7A). 

 Since miR-378* affects cellular respiration in an opposite manner 

from PGC-1β, it can appear that these two co-transcribed molecules 

function in a contradictory manner. However, when taken together with 

knowledge regarding the function of these two molecules and recent 

literature on transcriptional feedback loops, the miR-378*/PGC-1β 

relationship can be integrated in a cohesive mechanism. First, miR-378* 

causes a decrease in cellular respiration and an increase in lactate 

production in breast cancer cells. Overexpression of PGC-1β has been 

shown to induce cellular respiration (St-Pierre et al., 2003a), yet its effect 

on lactate production has not been shown. Studies based on PGC-1β 

knockout mice are limited in terms of their contribution to what we 

understand about the relationship between miR-378* and PGC-1β as miR-

378* is still expressed in these mice (Fig. 2.8). To shed light on the role of 

PGC-1β in breast cancer cells, we knocked down its expression in breast 

cancer cells using siRNA. We observed a decrease in genes required for 

cellular respiration and glycolysis (Fig. 2.9), indicating that PGC-1β is 

required for both metabolic processes. Thus, the function of PGC-1β is not 
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to inhibit the Warburg effect but to maintain overall metabolic gene 

expression. This would make miR-378* the ‘decision maker’ in terms of 

which metabolic pathway is used most dominantly, while not diminishing 

the importance of PGC-1β for allowing cellular metabolic function. Second, 

since miR-378* is able to modulate the relative levels of PGC-1β partners, 

it can directly influence the metabolic function of PGC-1β. In essence, the 

role of PGC-1β as a co-activator only allows it to dictate cellular programs 

that its available transcriptional binding partners are capable of mediating. 

By targeting and regulating specific partners of PGC-1β, miR-378* 

amplifies its ability to choose which metabolic pathways dominate under 

specific physiological cues. This hypothesis is supported by our data from 

the NMuMG/NT2196 ex-vivo cell system (Fig. 2.5J-N) in which the 

Warburg effect is induced in a context where both miR-378* and 

PPARGC1B expression levels are endogenously elevated in response to 

Neu expression. Third, feedforward loops are the most common network 

motifs in transcription networks (Alon, 2007). In particular, the incoherent 

type-1 feedforward loop motif (Fig. 2.7B), which describes the miR-

378*/PGC-1β/ERRγ relationship (Fig. 2.7C), functions as a pulse 

generator and response accelerator in biological systems. It has been 

demonstrated that the incoherent type-1 feedforward loop motif network 

response can be dependent on the fold-change in the input signal, and not 

on its absolute level, a trait important for cellular signaling (Goentoro et al., 

2009). Taken together, the type of feedback loop in which miR-378* and 

PGC-1β participate in is not only very common in biology but the 

seemingly contradictory functions of two molecules within this same loop 

actually allows for a specific type of network response. 

 The observation that decreased cell respiration in response to miR-

378* is accompanied by increased cell number suggests that other 

biochemical pathways could be activated to allow for sufficient 

anapleurosis. For example, miR-378* could promote aerobic glycolysis 

and simultaneously increase glutaminolytic flux (Jones and Thompson, 
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2009). However, we did not observe any major changes in the expression 

of key enzymes involved in glutamine metabolism in response to 

modulation of miR-378* levels (Fig. A2.2). These results indicate that the 

remaining mitochondrial function may be adequate to support the 

anapleurotic reactions necessary for enhanced cell proliferation. 

 It had previously been shown that a genomic construct co-

expressing the miR-378*/miR-378 sequence causes an increase in cell 

survival and a decrease in Caspase 3 activity in U87 cells, and injection of 

these cells into nude mice induces tumor formation, indicating the ability of 

this hairpin to promote oncogenesis (Lee et al., 2007). Our TMA data 

quantifies miR-378* expression in breast cancer, and shows that miR-378* 

expression increases with tumor progression in a statistically significant 

manner (Fig. 2.6B). In addition, ERBB2 positivity status of the DCIS 

samples showed a trend (p = 0.0996) of increased miR-378* expression. 

The mean miR-378* expression within the ERBB2 positive samples is also 

higher in normal and tumor tissue of patients whose cancer recurred 

compared to those whose cancer did not recur. Small sample size limits 

statistical significance as matched samples are rare, but these results 

indicate another interesting trend of miR-378* expression in breast cancer. 

 The observation that miR-378* specifically targets ERRγ provides a 

possible mechanism to account for the correlative opposing roles that 

ERRα and γ play as negative and positive breast cancer biomarkers, 

respectively (Ariazi et al., 2002a; Suzuki et al., 2004a). ERR regulation of 

target genes can depend on many factors including tissue context and the 

presence of cofactors. In this respect, our results suggest that 

ERRα/PGC-1β favors activation of the glycolytic pathway while 

ERRγ/PGC-1β promotes oxidative metabolism in cancer cells, and that 

modulation of ERR isoform levels by miR-378* allows it to promote one 

pairing over the other. Less well studied are the differences between the 

ERR isoforms with respect to regulation of target gene levels. While 

Dufour et al. (2007) have shown that ERRα and ERRγ can regulate the 
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same direct target genes, the SHP promoter is activated by ERRγ but not 

ERRα or ERRβ (Sanyal et al., 2002). In breast cancer cells, we also 

observed different responses of specific metabolic genes to ERRα and 

ERRγ. This suggests that the transcriptional output of each ERR is not 

equivalent, thus adding to the complexity of their function. Taken together 

with their opposing roles in breast cancer, it will be important to further 

elucidate the functional differences between these two isoforms in breast 

cancer and metabolic diseases. 
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MATERIALS AND METHODS 
Cell Culture 
In general, cells were maintained in 5% CO2 at 37oC. Unless stated 

otherwise, BT-474, SkBr3 and COS-1 cells were grown in DMEM 

supplemented with 10% fetal bovine serum (Sigma), 1 mM sodium 

pyruvate (GIBCO), 200 Units/mL penicillin (GIBCO), 200 µg/mL 

streptomycin (GIBCO) and 4 mM l-glutamine (GIBCO). NMuMG and 

NMuMG NT2196 cells were grown in DMEM supplemented as above but 

instead with half the antibiotics, plus the addition of 20 mM Hepes and 10 

µg/mL insulin. 1 mg/mL puromycin was added to media used for NT2196 

cells.  

 To harvest, cells were washed with 1X PBS and centrifuged at 5,000 

rpm for 15min. The cell pellets were flash-frozen and stored at -80°C.  

 
Adenovirus Generation and Infection 
The human miR-378* genomic sequence with ~150 bp on either side of 

the miRNA hairpin was cloned into an adenovirus vector. The human miR-

378* genomic sequence was obtained from the UCSC genome browser 

database, and cloned from human genomic DNA (Roche) using PCR with 

primers forward:  

5’-TGGAACTAAGCTTATGAGCTTTGAGCCGC-CCCTAGAAGG  

and reverse: 

 5’-GAACTTGATATCATCTCACATGCAAACACTGCTCACCC (underlined 

bases were added for restriction enzyme recognition and cleavage) into 

the HindIII and EcoRV sites of the Dual-CCM plasmid. Clones were 

sequenced by Genome Quebec. Qbiogene generated and amplified 

adenovirus expressing this miR-378* genomic sequence. Cells were 

infected at MOI=25.  

 BT-474 cells were plated at 100,000 cells/mL 24hrs before infection. 

Cells were infected with either control adenovirus expressing GFP 

(Qbiogene) or miR-378*-expressing adenovirus. Media was replaced 
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24hrs after infection, and cells were harvested 48hrs post-infection. RNA 

was isolated and Taqman miRNA qRT-PCR was performed as described 

below. The experiment was independently repeated twice. 

 
siRNA experiments: 
Cells were transfected using HiPerFect according to the reverse-

transfection protocol. For optimal protein knockdown, cells were harvested 

48 h post-transfection for siERBB2 and siESRRA, 60 h post-transfection 

for siPPARGC1b experiments, and 6 d post-transfection for siESRRG 

experiments.  

siERBB2 experiment 

Cells (supplemented with 25U/mL penicillin and streptomycin) were 

transfected with SMARTpool ERBB2 siRNA or scramble siRNA 

(Dharmacon) using HiPerFect transfection reagent (Qiagen). Typically, 

transfections were performed in a 24-well format using 4.5 µL of HiPerFect 

reagent at 0.5 X 105 cells per well. The concentration of siRNA was 50 nM 

in a final volume of 600 µL. The same RNA sample was used for reverse 

transcription using polyA primers (to make standard cDNA) and Taqman 

miRNA qRT-PCR. cDNA was tested by Real-Time PCR in triplicate, and 

the entire experiment was repeated at least twice. 

siESRRA experiment 

Cells were transfected with ERRα siRNA or scramble siRNA (IDT) at 

50nM in a final volume of 600 µL. Typically, transfections were performed 

in a 24-well format using 4.5 µL of HiPerFect reagent at 1.5 X 105 cells per 

well. Transfection was otherwise carried out as for the siErbB2 experiment 

(see above).  

Duplex sequences of siRNA against human ERRα: 

5’-/5Phos/rArGrArGrGrArGrUrArUrGrUrUrCrUrArCrUrArArArGrGCC-3’ 

and  

5’-rGrGrCrCrUrUrUrArGrUrArGrArArCrArUrArCrUrCrCrUrCrUrCrG-3’ 

Duplex sequences of siRNA human scramble: 
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5’-/5Phos/rCrUrUrCrCrUrCrUrCrUrUrUrCrUrCrUrCrCrCrUrUrGrUGA-3’ 

and  

5’-rUrCrArCrArArGrGrGrArGrArGrArArArGrArGrArGrGrArArGrGrA-3’ 

siESRRG and siPPARGC1b experiments 

Unless stated otherwise, cells were transfected with SMARTpool ESRRG 

siRNA, siPPARGC1b or scramble siRNA (Dharmacon) at 100 nM in a final 

volume of 5 mL. Typically, transfections were performed in 6cm plates 

using 37.5 µL of HiPerFect reagent and 800,000 cells per plate. For 

siESRRG, media was changed 2 days after transfection. The experiments 

were otherwise carried out as for the siErbB2 experiment (see above).  
 
Reporter Construct Cloning and Transfection 
Regions of the human ESRRG and GABPA 3’UTRs (sequences from 

http://genome.ucsc.edu database, human March 2006 assembly) 

predicted to be targeted by miR-378* (by Pictar, http://pictar.bio.nyu.edu/) 

were cloned into the phRL-TK(Int-) vector (Promega) at the 3’UTR position 

relative to the Renilla luciferase gene. Mutants were generated the same 

way. Primers are listed in Appendix Table A.2.1. Data shown is based on 

cloning done by annealing oligos containing miR-378* target regions ± 16 

nucleotides of endogenous flanking region sequence on either side of the 

miR-378* binding site. The same experiment was performed with the 

mouse miR-378* target regions in the Gabpa and Esrrg 3’UTRs (Figure 

2.3). Human miR-378* target regions of these genes were also cloned with 

± 150 nucleotides of endogenous flanking region sequence on either side 

of the miR-378* binding site (selected by PCR), and the same result was 

achieved (data not shown). Point mutations of these constructs also 

abolished the repressive effect of miR-378* (data not shown).  

 Reporter constructs were co-transfected with miR-378* Mimic or 

control miRNA Mimic into COS-1 cells using Lipofectamine 2000. COS-1 

cells were transfected with Lipofectamine 2000 (Invitrogen) according to 

the manufacturer’s protocol (using 2 µL Lipofectamine 2000 and 100µL 
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Opti-Mem Reduced Serum Medium 1X (GIBCO) per well) in 12-well plates 

with 200ng luciferase reporter, 10pmol RNA (hsa-miR-378* miRIDIAN 

Mimic (Dharmacon, catalog #C-300685-03) or miRIDIAN microRNA Mimic 

Negative Control #2 (Dharmacon, catalog #CN-002000-01)) and 1 µL β-

galactosidase protein (Sigma) per well. Cells were harvested and assayed 

for luciferase activity using the Renilla Luciferase Assay System 

(Promega) and β-galactosidase activity 24 h post-transfection. Luciferase 

data was normalized to the β-galactosidase transfection efficiency control 

levels. Experiments were performed in quadruplicate and each experiment 

was repeated multiple times. 

 
miRNA Transfection 
Unless stated otherwise, all miRNA transfection experiments were carried 

out as follows. Cells were plated at 150,000 cells/mL (usually in 6cm 

plates) and transfected after 24hrs with 100nM (final concentration) of 

either miR-378* Mimic (Dharmacon, currently named hsa-miR-378* Mimic) 

or Negative Control #2 (see above for product details) with Lipofectamine 

2000 (Invitrogen). Following the standard protocol, Lipofectamine 2000 

was complexed with Opti-mem 1 Reduced Serum Medium 1X (GIBCO) at 

a ratio of 1:30, and a 2:3 ratio of Lipofectamine 2000 to 20 µM RNA was 

followed. Cells were harvested 48 hrs after transfection. The experiment 

was always independently repeated at least three times.  

 
miRNA Inhibitor Transfection 
For Fig. 2.2G experiments, BT-474 cells were plated at 200,000 cells/mL 

in 6-well plates 24 hrs before transfection. Cells were transfected 

simultaneously with final concentrations of either 75nM miRIDIAN miRNA 

Mimic Negative Control #2 or hsa-miR-378* miRIDIAN Mimic and either 

100nM miRIDIAN miRNA Inhibitor Negative Control #2 (Dharmacon, IN-

002000) or miRIDIAN miR-378* Inhibitor (Dharmacon, I-300175). 

Following the standard protocol, Lipofectamine 2000 was complexed with 
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Opti-mem 1 Reduced Serum Medium 1X (GIBCO) at a ratio of 3:100, and 

a 1:2.3 ratio of Lipofectamine 2000 to 20 µM RNA. Cells were harvested 

two days after transfection. The experiment was independently repeated 

three times.  

 For other miR-378* inhibitor experiments, BT-474 cells were plated at 

150,000 cells/mL typically in 6 cm plates 24 hrs before transfection. 

Transfection for respiration experiments was carried out in 10 cm plates, 

and materials and reagents were scaled up accordingly. Cells were 

transfected with a 90 nM final concentration of either control or miR-378* 

inhibitors (Dharmacon, as above). Transfection was carried out as above, 

typically using 10uL Lipofectamine and 600 µL Optimem 1 per 6 cm plate. 

Cells were harvested 4 days after transfection for all experiments except 

samples for ERRγ detection in Fig. 2.2H which were harvested 6 days 

after transfection.  

 
RNA Isolation, Reverse Transcription and Real Time quantitative PCR 
All RNA was isolated using the miRNeasy Mini Kit (Qiagen) except for 

RNA used in Fig. 2.4C which was isolated using the RNeasy Mini Kit 

(Qiagen). DNase treatment was always performed during RNA isolation. 

cDNA was made from either 1 or 2 µg of total RNA by reverse 

transcription with Oligo(dT) primer, dNTPs, 5X 1st strand buffer, DTT, 

RNase inhibitor, and Superscript II RNase H Reverse Transcriptase 

(Invitrogen). cDNA was amplified by qRT-PCR using specific primers 

(Appendix Tables A.2.3 and A.2.4) and the QuantiTect SYBR Green PCR 

Kit (Qiagen) following the Qiagen software protocol. Real-Time qRT-PCR 

was carried out in a LightCycler instrument (Roche). All primers were 

designed using Oligo 4.04 Primer Analysis Software with sequence data 

from the http://genome.ucsc.edu database human March 2006 assembly. 

Primers to detect cDNA were designed so that either the product included 

at least one intron and/or one primer was located on both an exon and an 

intron in order to avoid detecting genomic DNA contamination. All 
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experiments were repeated at least twice (see figure legends for specific 

details). 

 miRNA levels were detected using Taqman miRNA qRT-PCR following 

the manufacturer’s instructions (Applied Biosystems). Taqman miRNA 

qRT-PCR was performed using 0.01 µg total RNA isolated using the 

Qiagen miRNeasy Kit. All primers used were from the Taqman miRNA 

Assay Kits (Applied Biosystems), and the corresponding Real-Time qRT-

PCR reactions were carried out in a Corbett Research Rotor-Gene 

instrument. All experiments were repeated at least twice.  

 Primer sets were tested on cDNA dilutions, and the REST spreadsheet 

was used to determine the primer efficiency (Nucleic Acids Research 2001 

Vol 29 (9) e45 and 2002 Vol 29 (9) e36). Only primers with good 

efficiencies were used, and only data produced using primers with similar 

efficiencies was compared. Care was taken to test multiple control primers 

in order to ensure control gene stability between treatments and to ensure 

that normalization to different control primers gave the same result. Each 

qRT-PCR reaction was performed in triplicate, and the Ct values were 

averaged before normalization. A Student’s t-test was applied to 

determine significance.  

 
Western Blots 
Briefly, protein was harvested with RIPA buffer and quantified, and then 

resolved on an SDS-PAGE gel. Protein was then transferred onto a 

membrane, blocked, and then incubated with primary antibody. After three 

washes, membranes were incubated with secondary antibody. After three 

more washes, proteins were detected using chemiluminescence. The 

loading control protein was either detected on the same membrane 

simultaneously with the target proteins if size differences allowed, or the 

membranes were stripped and re-probed to detect the loading control. 

Precise details and antibody conditions follow.  

 Immunoblotting to detect ERRα, ERRγ and GABPA in cells transfected 
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with miRNA was performed by isolating protein from harvested cell pellets 

using RIPA protein lysis buffer containing a mini protease inhibitor cocktail 

tablet (Roche). Protein was quantified using the Bradford method (Bio-Rad 

Protein Assay), and 75 µg of protein was resolved on a 10% SDS-PAGE 

gel, transferred onto a PVDF membrane (Amersham Biosciences) and 

blocked overnight at 4°C in PBS-T containing 5% milk. Membranes were 

incubated for 1hr with either anti-ERRα antibody (see protocol to verify 

siRNA knock-down, below), purified specific anti-ERRγ polyclonal antibody 

(gift from Dr. Ronald M. Evans) (1:2000), or anti-GABP-α (G-1) (1:500, sc-

28312, lot F1804) diluted in PBS-T containing 5% milk. Following three 

washes in PBS-T containing 5% milk, the membranes were incubated for 

1hr with secondary antibody diluted in PBS-T containing 5% milk: anti-

rabbit (NA9340V, GE Healthcare, 1:5000) was used for membranes 

probed for ERRα and ERRγ, and anti-mouse (NA931V, GE Healthcare, 

1:5000) was used for those probed for GABPA. After washing three times 

with PBS-T, proteins were detected using Lumi-Light Plus Western 

Blotting Substrate (Roche). Blots were stripped, detected to assure no 

remaining antibody, and re-probed with anti-α-Tubulin (see protocol to 

verify siRNA knock-down, below) for 1hr, washed three times with PBS-T 

and milk, and incubated with anti-mouse (NA931V, GE Healthcare, 

1:10000) secondary antibody for 1hr before the final wash and detection 

with Lumi-Light Substrate. This was done to confirm equal protein loading 

and transfer.  

 Immunoblotting to verify ESRRG, ESRRA and ERBB2 siRNA 

knockdown was carried out as follows. Treated cells were washed twice 

with PBS and solubilized on ice (as above). Protein was quantified using 

the MicroBCA Protein Assay (Themoscientific) and 25 µg of protein was 

resolved on a 7.5% SDS-PAGE gel for ErbB2 or a 12% SDS-PAGE gel for 

ERRα. Gels were subjected to SDS-PAGE and electroblotted onto PVDF 

membranes. Blots were blocked overnight in TBS-T containing 5% dry 

milk, followed by a 1 hr incubation with primary antibody (anti-ErbB2 used 
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at 1:500 (sc-31153, SantaCruz,), anti-ERRα used at 1:500 (07-662, 

Millipore), anti-ERRγ used at 1:2000 (same as above), and anti-Tubulin 

(CLT9002, Cedarlane)). Blots were washed three times with TBS-T 

followed by a 1 h incubation with horseradish peroxidase-conjugated 

secondary antibodies directed against goat for anti-ERBB2 blots (sc-2020, 

SantaCruz, 1:2000) or rabbit for anti-ERRα and anti-ERRγ (NA9340V, GE 

Healthcare, 1:5000) or mouse for anti-Tubulin (same as above). Blots 

were again washed three times with TBS-T, and detection was performed 

using enhanced chemiluminescent reagents (Roche) according to the 

manufacturer’s instructions. 

 Immunoblotting to detect ERRγ, GABPA and RPLP0 in BT-474 cells 

transfected with miRNA inhibitor or in NMuMG cells and to detect PGC-1β 

in SkBR3 cells was performed as above for cells transfected with miRNA 

except for the following differences. Protein was quantified using the 

MicroBCA Protein Assay (Themoscientific). For PGC-1β, 37.5 µg of 

protein were used per lane. Membranes were blocked either overnight at 

4°C or at room temperature for an hour. The primary polyclonal antibody 

used to detect PGC-1β was used at 1:500 (Novus Biologicals, 

H00133522-A01), and the corresponding secondary antibody used was 

anti-mouse (1:5000). The primary polyclonal antibody used to detect 

RPLP0 was used at 1:2000 (ProteinTech Group, Inc., 11290-2-AP), and 

the corresponding secondary antibody used was anti-rabbit (NA9340V, 

GE Healthcare, 1:5000). RPLP0 was detected with Lumi-Light Western 

Blotting Substrate (Roche), PGC-1β with Lumi-Light Plus (Roche). Blots 

were not stripped and re-probed because the loading control, RPLP0, 

could be detected on the same membrane simultaneously with detection 

of ERRγ, GABPA and PGC-1β.   

 
Chromatin Immunoprecipitation 
In brief, cells were crosslinked with formaldehyde and sonicated. The 

material was pre-cleared before being immunoprecipitated with antibody 
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(or without, as control). After addition of beads, and a subsequent series of 

washes, samples were decrosslinked and purified, and tested for 

enrichment of DNA segments by Real-Time qRT-PCR. Protocol details 

follow. 

 ChIP assays were performed on BT-474 cells. Cells were crosslinked 

with 1% formaldehyde for 10min, washed with cold 1X PBS, scraped on 

ice, and centrifuged for 10min at 1600 rpm at 4°C. Pelleted cells were 

incubated 10min on ice in 100 µL lysis buffer (50 mM Tris-HCl, pH 8.1, 10 

mM EDTA, 1% SDS supplemented with protease inhibitor cocktail 

(Roche)) per 140 cm-diameter cell culture plate. Samples were sonicated 

on ice at power 10 using a VirSonic 100 (Virtis) sonicator for 6X 8sec 

pulses. Sonicated material was centrifuged at 13000 rpm for 10 min at 

4°C, and the supernatant was used for ChIP experiments.  

 Sonicated chromatin was diluted 2.5X in buffer (0.5% Triton X-100, 2 

mM EDTA, 100 mM NaCl, 20 mM Tris-HCl, pH 8.1 with 1 protease 

inhibitor cocktail (Roche) per 5mL buffer). 10% input sample was prepared 

by incubating 1/10th the volume of sonicated material used in the 

immunoprecipitations diluted with 200 µL of decrosslink buffer (1% SDS, 

0.1 M NaHCO3) at 65°C overnight. Thereafter, the 10% input was purified 

using the QIAquick Spin Kit (Qiagen). For antibody-enriched and no-

antibody control samples, aliquots of chromatin corresponding to 1.92 cell 

culture plates were pre-cleared using 75 µl of salmon sperm DNA/protein 

A beads (Upstate) for 1½ h at 4°C. Samples were briefly centrifuged at 

1500 rpm and precleared chromatin was either immunoprecipitated (target 

enriched material) or not (no antibody control) overnight with 10 µL of a 

purified specific anti-ERRγ polyclonal antibody (gift from Dr. Ronald 

Evans) with subsequent addition of 75 µl of salmon sperm DNA/protein A 

beads for 3h at 4°C. The beads were washed sequentially for 10 min at 

4°C with three different buffers requiring centrifugation at 1200 rpm at 4°C 

after each wash. Initially, buffer I (1% Triton X-100, 0.1% SDS, 150 mM 

NaCl, 2 mM EDTA, pH 8.0, 20 mM Tris-HCl, pH 8.1) was used, then buffer 
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II (1% Triton X 100, 0.1% SDS, 500 mM NaCl, 2 mM EDTA, pH 8.0, 20 

mM Tris-HCl, pH 8.1) and finally buffer III (1% NP-40, 0.25 mM LiCl, 1% 

Na-deoxycholate, 1 mM EDTA, pH 8.0, 10 mM Tris HCl, pH 8.1). The 

beads were next washed briefly with TE buffer (10 mM Tris-HCl, pH 7.5, 1 

mM EDTA, pH 8.0) and decrosslinked (1% SDS, 0.1 M NaHCO3) at 65°C 

overnight. Decrosslinked samples were purified using the QIAquick Spin 

Kit (Qiagen). DNA was tested for ERRγ enrichment with specific primers 

(Appendix Table A.2.2) by qRT-PCR.  

 
Lactate Detection Assay 
For lactate assays in BT-474 cells, 500,000 cells were plated per 6 cm 

plate. 24 hrs after plating, cells were washed with 1X PBS and then fed 3 

mL media without antibiotics. Cells were then transfected with 100nM 

(final concentration) of control miRNA Mimic #2 or miR-378* Mimic using 

Lipofectamine 2000 following the manufacturer’s protocol (see above for 

transfection and product details). Generally, 10 µL Lipofectamine 2000 

(Invitrogen) and 600 µL total Opti-mem 1 1X Reduced Serum Medium 

(GIBCO) were used per 6 cm plate. 4-6 hrs after transfection, media was 

removed and replaced with fresh media with antibiotics. 48 hrs post-

transfection, lactate was assayed using the Lactate Assay Kit II (BioVision) 

according to the manufacturer’s protocol. The experiment was 

independently repeated three times.  

 For lactate assays with the miR-378* inhibitor, cells were transfected 

as described above with a final concentration of 90 nM of miRNA inhibitor. 

Four days after transfection, media was harvested and assayed using the 

Lactate Assay Kit (Eton Bioscience Inc.) according to the manufacturer’s 

protocol, and the cells were used for respiration assays. The experiment 

was independently repeated 9 times and significance was calculated using 

paired Student’s t test. 

 For lactate assays in NMuMG or NT2196 cells, the Lactate Assay Kit 

(Eton Bioscience Inc.) was used and the standard protocol was followed. 
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Media from cells was harvested 48hrs after plating and assayed for lactate 

levels. The experiment was independently repeated 9 times, the average 

across all replicates is reported, and significance was calculated with 

paired Student’s t tests. 

 
Measurement of ATP 
Cellular ATP levels were determined using the luciferase-based ATP 

Bioluminescence Assay Kit HS (Roche) following the manufacturer’s 

protocol. 24hrs after plating, cells were transfected with miR-378* Mimic or 

Negative Control miRNA mimic #2 as described above. 48hrs post-

transfection cells were harvested and counted, and aliquots of equal 

numbers of cells were processed. An unpaired Student’s t-test was 

applied to determine significance.  

 
Respiration Assay and Cell Proliferation Assay 
In brief, cells were trypsinized, washed and resuspended in supplemented 

PBS. Cell viability was determined and cells were counted. One million 

cells were placed into the chamber of a Clark-type electrode and cellular 

respiration was measured. Oligomycin and myxothiazol were used to 

identify rates of ATP turnover and non-mitochondrial respiration, 

respectively. Protocol details follow. 

 For BT-474 cells, 1.5X106 cells were plated per 10 cm plate 24 hrs 

before being washed with 1X PBS and then fed 10mL media without 

antibiotics. Cells were then transfected with 90 nM (final concentration) of 

control miRNA Mimic #2 or control miRNA Inhibitor or miR-378* Mimic or 

miR-378* Inhibitor using Lipofectamine 2000 following the manufacturer’s 

protocol (see above for transfection and product details). Generally, 30 µL 

Lipofectamine 2000 (Invitrogen) and 1800 µL total Opti-mem 1 1X 

Reduced Serum Medium (GIBCO) were used per 10 cm plate. Four-6 hrs 

after transfection, media was removed and replaced with fresh media with 

antibiotics. This experiment was independently repeated 6 times for 
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miRNA Mimic experiments and 9 times for miRNA Inhibitor experiments, 

and the average across all replicates is reported. Significance was 

calculated with paired Student’s t tests. 

 For respiration assays done with NMuMG or NMuMG NT2196 cells, 

cells were grown in 10cm cell culture dishes and assayed when 85-95% 

confluent. The experiment was independently repeated 4 times, the 

average across all replicates is reported, and significance was calculated 

with paired Student’s t tests. 

 48 hrs post-transfection for BT-474 cells for miRNA Mimic experiments 

or 4 d post-transfection for miRNA Inhibitor or when proper confluency 

was reached for NMuMG cells, the cells were isolated by washing with 

phosphate-buffered saline (PBS) and trypsinized. Complete medium was 

added to stop the reaction, and the cells were resuspended and spun 

twice at 1200 rpm for 5 min at room temperature. Finally, the cells were 

resuspended in 800 µL PBS supplemented with 25 mM glucose, 1 mM 

pyruvate, and 2% bovine serum albumin. Cell viability was determined 

using trypan blue. In all experiments, viability was over 95%. Cells were 

counted with a hemocytometer. The mean difference in cell number 

between control- and miR-378*- or miR-378* Inhibitor-transfected cells 

was reported.  

 Cellular respiration rates were measured using a Rank Brothers Ltd 

Digital Model 10 Clark type electrode with a Kipp & Zonen flatbed 

recorder. 106 cells were assayed in a total volume of 500 µL. After 

measuring the total rate of cellular respiration, 2.5 µL oligomycin was 

added to the cells (for a final concentration of 5µg/mL) in order to 

determine ATP turnover. ATP turnover represents the fraction of 

mitochondrial respiration sensitive to oligomycin, while proton leak 

represents the fraction of mitochondrial respiration that is insensitive to 

oligomycin. One µL myxothiazol (final concentration of 5X10-6 µmol/µL) 

was then added to ascertain nonmitochondrial respiration. No non-

mitochondrial respiration was detected.  



 87 

 
siESRRG Cellular Respiration Assay 
800,000 BT-474 cells were plated in 10 cm plates and transfected with 

100 nM SMARTpool ESRRG siRNA or scramble siRNA (Dharmacon) in a 

final volume of 10 mL. 40 µL of HiPerfect reagent (Qiagen) were used per 

transfection according to the Manufacturer’s Reverse Transfection 

Protocol. Media was changed after three days, and cells harvested for 

respiration experiments 5 days after transfection. Respiration experiments 

were otherwise carried out as indicated in the Respiration Assay methods 

section. 

 

Patient information and tissue microarray (TMA) 
The study cohort consisted of 63 patients who underwent breast surgery 

between 2000 and 2004 at the McGill University Health Centre (MUHC), 

both for diagnosed breast cancer (n=57) and non-malignant conditions 

(n=6). Paraffin blocks and corresponding slides were retrieved from the 

clinical pathology archive and assessed by a clinical pathologist for 

inclusion in a TMA. Fifty areas containing invasive carcinoma, 28 areas 

containing ductal carcinoma in situ (DCIS), 12 areas of lymph nodes with 

evidence of metastatic disease, and 62 areas of normal/benign breast 

tissue were identified under microscopic investigation, and 1 x 1.0 mm 

core was extracted from each of the corresponding areas of the paraffin 

blocks and used to construct a TMA block. 

Data for pathological variables reported as per the clinical criteria in 

use at time of examination (pathological stage, histological grade, tumor 

size, ER, PR and ERBB2 receptor status) was collected from the original 

pathology reports. In cases where ERBB2 status was equivocal, 

fluorescence in situ hybridization (FISH) was performed to derive a 

definitive assignment. Clinical data was collected from initial interviews 

with patients as well as examination of medical records housed at the 

MUHC. Clinical follow-up for patients was conducted through annual 
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review of medical records between the surgery date and November 2009. 

In this period, we documented death from breast cancer or from other 

causes unrelated to cancer, as well as distant metastasis and/or local 

recurrence of disease. These studies were approved by the Research 

Ethics Board of the MUHC (studies SDR-99-780, SDR-00-966 and SDR-

04-022). 

 

In-situ hybridization on FFPE sections 
In brief, tissue sections were hybridized with double-DIG labeled probe, 

which was recognized by an anti-DIG-HRP antibody. The TSA Plus DNP 

AP System (PerkinElmer) was used to amplify the signal, the NBT/BCIP 

reagent (Roche) produced the colorimetric reaction, and Nuclear Fast Red 

was used as a counter stain. Protocol details follow. 

 Four µm paraffin-embedded sections were obtained and subjected 

to in-situ hybridization as follows. Sections were de-paraffinized in 

histoclear and rehydrated in an ethanol dilution series from 100% to 75%. 

Endogenous peroxidase activity was quenched with 0.3% H2O2 treatment 

for 10min before pepsin (8 mg/mL) treatment was carried out at 37°C for 

20 min. 0.2% glycine treatment was performed before sections were 

refixed in 4% paraformaldehyde. Sections were submerged in acetylation 

solution (66 mmol/L HCl, 1.5% (v/v) Triethanolamine, 0.66% acetic 

anhydride) 10 min and then prehybridized with in situ hybridization buffer 

(Enzo Life Sciences, ENZ-33808) 30 min at 50°C in a humidified chamber. 

10 pmol of double-DIG (5’ and 3’) labeled LNA-modified probe (Exiqon) 

recognizing miR-378*, U6 or a scramble sequence was hybridized to the 

sections in 150 µL in situ hybridization buffer in a humidified chamber for 

2h at Tm - 20°C to 23°C for each probe. Coverslips were used to avoid 

evaporation. Stringency washes of 10min each from 2X to 0.2X SSC were 

carried out at 55°C. After a 30min incubation with TNB buffer (from Perkin 

Elmer TSA kit) in a humidified chamber, slides were incubated in a 

humidified chamber with anti-digoxigenin-HRP (POD) (Roche) for 30 min 
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at room temperature. Signal amplification was then carried out using the 

TSA Plus DNP (AP) System (Perkin Elmer, NEL746A001KT) according to 

the manufacturer’s instructions. Sections were incubated with DNP 

reagent for 3min if hybridized with probe recognizing U6, and 6min if 

hybridized with probe recognizing scramble or miR-378*. Slides were 

incubated with NBT/BCIP for 30min to produce the chromogenic reaction, 

counterstained with Nuclear Fast Red for 1min, and dehydrated in an 

ethanol dilution series (75% to 100%). After histoclear treatment, sections 

were mounted with Permount.  

Once the conditions were worked out such that the scramble 

negative control probe produced no background and the positive control 

probe, U6, produced a strong and consistent signal, we hybridized a tissue 

microarray (TMA, see above details) containing 160 cores of tissue 

classified as normal, DCIS, tumor or lymph node with the probe 

recognizing miR-378*. miR-378* expression in each core was scored 

independently by three trained observers on a scale from 0 (no 

expression) to 3 (high expression) based on colorimetric signal intensity. 

The Pearson correlations between observers were between 0.89 and 

0.92. The median score for each core was used in further analysis.  

 

Animals 
Ppargc1b knockout mice (gift from Dr. Ronald M. Evans, Salk Institute for 

Biological Studies) and wild-type littermate female mice bred in the FVB 

genetic background were housed and fed standard chow in the animal 

facility at the Rosalind and Morris Goodman Cancer Centre. Mice were 

sacrificed and mammary glands were isolated at seven weeks of age. 

 

Mitotracker Experiments 
Ten cm plates of BT-474 cells were transfected with miRNA mimic, miRNA 

inhibitor or siRNA or the corresponding controls according to the 

conditions outlined for miRNA Transfection, miRNA Inhibitor Transfection, 
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and siESRRG experiments. Cells were trypsinized, resuspended in media, 

and aliquoted into eppendorf tubes. Cell pellets were spun down 5minutes 

at 4,000 rpm and then resuspended in 700 µL media alone, with 100 nM 

MitoTracker Red CMX Ros (Invitrogen Molecular Probes M7512), with 40 

nM MitoTracker Green FM (Invitrogen Molecular Probes M7514), or with 

both MitoTracker dyes together, as indicated. After 35 min of incubation 

with the dyes, cells were spun down and resuspended in 400 µL 1XPBS 

before being run through a BD FACSCalibur machine until 10,000 cells 

were counted per sample; cell staining with MitoTracker Red dye was 

recognized by the FL2 channel, and staining with MitoTracker Green dye 

was recognized by the FL1 channel. FACS analysis was carried out using 

FlowJo Software.  
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TABLES AND FIGURES 
Figure 2.1. Expression of miR-378* in human breast cancer cells.  
(A) Schematic representation of the PPARGC1B locus indicating the 

location of miR-378* in the first intron. (B) Expression of miR-378* and 

miR-378 from an intronic PPARGC1B genomic sequence. BT-474 human 

breast cancer cells were infected with adenovirus containing the sequence 

of green fluorescent protein (GFP) as control or that of the miR-378*/miR-

378 genomic sequence flanked by approximately 200 bp on either side of 

the hairpin, and quantitative polymerase chain reaction (qRT-PCR) was 

used to detect the mature forms of the two miRNAs. Results are presented 

as relative expression in cells expressing the intronic PPARGC1B 

genomic sequence versus GFP as normalized to U6 (set at 1). (C) 

Decreased expression of PPARGC1B, miR-378* and miR-378 upon 

depletion of ERBB2 in SkBr3 cells. siRNA against ERBB2 (siE) results in 

parallel down-regulation of PPARGC1B mRNA levels, miR-378* and miR-

378 as determined via relative quantitation by qRT-PCR. Results are 

expressed as relative expression from values obtained in response to the 

presence of siE normalized to values obtained with siC (scramble siRNA). 

Expression of control gene products 18S and U6 is set at 1. Knockdown of 

ERBB2 was quantified by Western blotting and tubulin was used as a 

control (inset). (D) Decreased expression of PPARGC1B and miR-378* 

upon depletion of ERBB2 in BT-474 cells. Experiment was conducted as 

in (C). Data from a representative experiment is shown. Data are 

represented as mean ± SEM. Unpaired student’s t test was used for 

evaluation of statistical significance in B, C and D. *P<0.05, **P< 0.01, 

***P< 0.001. 
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Figure 2.1 
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Figure 2.2. miR-378* targets endogenous ESRRG and GABPA and 
reduces their expression in human breast cancer cells.  
(A) Sequences present in the 3’UTR of ESRRG targeted by miR-378* and 

conservation across species. The boxed sequences are complementary to 

the seed sequence of miR-378*. (B) Sequences present in the 3’UTR of 

GABPA targeted by miR-378* and conserved across species. The boxed 

sequences are complementary to the seed sequence of miR-378*. (C) 

Expression of miR-378* decreases luciferase reporter gene activity in Cos-

1 cells when linked to the targeted segment of the 3’UTR of ESRRG. 

Mutation of the seed sequence within the target sequence at position 4 

(m4) abolishes the miR-378*-dependent repression. Control miR is a 

control miRNA mimic and the control is empty vector. (D) Expression of 

miR-378* decreases luciferase reporter gene activity in Cos-1 cells when 

linked to the targeted segment of the 3’UTR of GABPA. Mutation of the 

seed sequence within the target sequence at position 3 to 6 (m3-6) 

abolishes the miR-378*-dependent repression. (E) mRNA levels of 

ESRRA, ESRRG and GABPA in BT-474 cells upon expression of miR-

378* as compared to cells expressing control miRNA (measured by qRT-

PCR and normalized to RPLP0 (dashed line)). (F) Protein levels of ERRα, 

ERRγ and GABPA in BT-474 cells upon expression of miR-378* or control 

miRNA as measured by Western blotting. (G) A miRNA inhibitor (miR-

378*-I) blocks the action of endogenous miR-378* in BT-474 cells. mRNA 

levels of ESRRG and GABPA were measured by qRT-PCR and 

normalized to TUBA1A. Control-I, control hairpin inhibitor. (H) miR-378*-I 

blocks the action of endogenous miR-378* in BT-474 cells. Protein levels 

of ERRγ and GABPA were measured by Western blotting. (I) ERBB2 

knock-down leads to elevated expression of ESRRG and GABPA in 

SKBr3 cells. siRNA against ERBB2 (siE) results in up-regulation of 

ESRRG and GABPA mRNA levels as determined via relative quantitation 

by qRT-PCR. Results are expressed as relative expression from values 

obtained in response to the presence of siE normalized to values obtained 
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with siC. Expression of control gene 18S is set at 1. For all bar graphs, 

data are represented as the mean ± SEM. Unpaired student’s t test was 

used for evaluation of statistical significance. *P< 0.05, **P< 0.01, ***P< 

0.001.  
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Figure 2.2 
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Figure 2.3. miR-378* targets regions of the mouse Esrrg and Gabpa 
3’UTR.  
(A) Sequence present in the 3’UTR of Esrrg targeted by miR-378* and 

conserved across species. The boxed sequences are complementary to 

the seed sequence of miR-378*. (B) Expression of miR-378* decreases 

luciferase reporter gene activity when linked to the 3’UTR regions of Esrrg. 

Mutation of the seed sequence within the target sequence at position 4 

(m4) abolishes the miR-378*-dependent repression. (C) Sequence present 

in the 3’UTR of Gabpa targeted by miR-378* and conserved across 

species. The boxed sequences are complementary to the seed sequence 

of miR-378*. (D) Expression of miR-378* decreases luciferase reporter 

gene activity when linked to the 3’UTR region of Gabpa. Mutation of the 

seed sequence within the target sequence at position 4 (m4) abolishes the 

miR-378*-dependent repression. All data are represented as the mean ± 

SEM. Unpaired student’s t test was used for evaluation of statistical 

significance. *P< 0.05, **P< 0.01, ***P< 0.001. 
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Figure 2.3 
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Figure 2.4. Regulation of metabolic genes by miR-378* and its target, 

ERRγ , in breast cancer cells.  

(A) Standard ChIP of promoter and enhancer elements confirmed direct 

regulation of metabolic genes by ERRγ in human breast cancer cells. 

Location relative to the transcriptional start site and sequences of ERR 

response elements (ERREs) are also indicated. (B) Introduction of siRNAs 

targeting ESRRA and ESRRG results in specific down-regulation of ERRα 

and ERRγ, respectively, in BT-474 cells. (C) Introduction of miR-378* or a 

miR-378* inhibitor as well as siRNAs against ESRRA and ESRRG results 

in specific regulation of glycolytic gene mRNA levels in BT-474 cells as 

determined by qRT-PCR and normalized to 18S and TUBA1A as internal 

controls and compared to corresponding control miR, miR inhibitor or 

scramble siRNA treatments. (D) Same as in (C) for GABPA and TCA cycle 

genes. Unpaired student’s t test was used for evaluation of statistical 

significance in C and D, in which data from one representative experiment 

is shown. For all bar graphs, data are represented as the mean ± SEM. 

*P< 0.05, **P< 0.01, ***P< 0.001. 
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Figure 2.4 
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Table 2.1. TCA cycle gene ERRE conservation between human and 
mouse 
Site locations listed relative to the Transcriptional Start Site (TSS). 

Gene 
name human ERRE location 

human ERRE 
sequence 

mouse 
ERRE 
location 

mouse ERRE 
sequence 

   
     
CS -2114 cCAAGGTCA -2003 cCAAGGTCA 
     
ACO2 962 TCAAGGTCA -233 TCAAGGTCA 
     
IDH1 958 TAAAGGTCA 977 TAAAGGTCA 
     
IDH3A 884 TCAAGGTCA 751 TCAAGGTCA  
     

IDH3B 169/187 
gTAAGGTCA/ 
aCAGGGaCA 120/161 

gCAAGGTCA/ 
aCAAGGTCA 

     

OGDH 
-5224/5218 from short 

isoform 
TCAAGGTCA/ 
TCAGGGTCA -5053 cCAAGGTCA 

     
DLST 1697 aCAAGGTCA 1881 TCAAGGTCA 
     
SUCLA
2 447 GTCAGGACA 373 gCAAGGaCA 
     
SDHB 497 TCAAGGTCA 458 TCAAGGTCA 
     
SDHD -5 TCAAGGTCA 5 TCAAGGTCA 
     
FH 209 TGAAGGTCA 164 TGAAGGTCA 
     
MDH2 675 TTcAGGTCA 507 TCAGGGTCA 
     
LDHD 237 cCAAGGTCA     
     
ESRRA -682 TCAAGGTCA -528 TCAAGGTCA 
     
GABPA -614 cCAAGGTCA -614  cCAAGGTCA 
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Figure 2.5. miR-378* induces a metabolic shift in breast cancer cells 
of human and mouse origin.  
(A) Expression of miR-378* increases BT-474 cell proliferation. (B) 

Increase in lactate levels upon expression of miR-378*. (C) Total cellular 

respiration of BT-474 cells is reduced by expression of miR-378*. (D) Total 

cellular respiration of BT-474 cells is reduced by expression of siESRRG. 

(E) Introduction of miR-378* decreases mitochondrial coupled respiration. 

Total respiration is broken down into coupled (black) and uncoupled 

(white) components. (F) Effect of expression of miR-378* on ATP levels. 

(G) Expression of a miR-378* inhibitor (miR-378*-I) decreases BT-474 cell 

proliferation. (H) Decrease in lactate levels upon expression of miR-378*-I. 

(I) Total cellular respiration of BT-474 cells is increased by expression of 

miR-378*-I. (J) The murine mammary epithelial cell line (NMuMG) and an 

ex-vivo NMuMG tumor cell line overexpressing the Neu receptor (NT2196) 

were assayed for miR-378*, miR-378 and Ppargc1b expression levels by 

qRT-PCR and normalized to U6 or Arbp. (K) Some key genes 

downstream of miR-378*, as detected by qRT-PCR, are downregulated at 

the mRNA level in NT2196 cells as compared to NMuMG cells. Esrrg 

mRNA levels were detectable but too low to accurately quantitate. Arbp 

was used as an internal control. (L) ERRγ and GABPA protein levels are 

decreased in NT2196 cells as compared to NMuMG cells as measured by 

Western blotting. RPLP0 was used as a loading control. Arrow indicates 

band corresponding to ERRγ. (M) Increase in lactate levels in NT2196 

cells as compared to NMuMG. (N) Total cellular respiration is reduced in 

NT2196 cells as compared to NMuMG. Unpaired student’s t test was used 

for evaluation of statistical significance in B, F, J, and K in which data from 

one representative experiment is shown. Paired student’s t test was used 

for evaluation of significance in A, C, D, G, H, I, M and N in which data 

from at least 4 independent experiments is shown. Lactate and ATP data 

is normalized to cell number. For all bar graphs, data are represented as 

the mean ± SEM. *P< 0.05, **P< 0.01, ***P< 0.001. 
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Figure 2.5 
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Figure 2.6. Expression of miR-378* in normal and cancerous breast 

tissue.  

(A) Representative images of normal and cancerous breast tissue 

subjected to in situ hybridization with a probe directed against miR-378*. 

DCIS; ductal carcinoma in situ. Nuclear staining was performed using 

Nuclear Fast Red and visualization of miR-378* expression was generated 

by a colorimetric reaction resulting in purple coloring. Images are at 20X 

magnification. (B) Quantification of miR-378* expression as assessed by 

in situ hybridization of a tissue microarray containing 160 cores of distinct 

normal and cancerous breast samples. Levels of miR-378* expression 

were scored from 0 (absent, blue) to 3 (highly expressed, red). Number (n) 

of samples for each type of breast tissue is indicated on top of each 

column. Significance was determined using the Mann-Whitney test. 
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Figure 2.6 
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Table 2.2. Expression of miR-378* in matched breast samples 
 
 Normal DCIS Tumor Lymph node   ≠ p-value  # 
DCIS vs normal 0.65 1.29   0.65 0.061 17 
Tumor vs normal 0.63  1.63  1.00 <0.0001 30 
Lymph node vs normal 0.83   2.33 1.50 0.021   6 
Tumor vs DCIS  1.13 1.67  0.54 0.046 24 
Lymph node vs DCIS  2.25  2.50 0.25 NS   4 
Lymph node vs tumor   1.75 2.38 0.63 NS   8 
Values represent mean score for miR-378* expression signal. ≠, difference 
between matched groups; #, number of patients. 
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Figure 2.7. Schematic representations of the metabolic pathways 

influenced by miR-378* and the PGC-1β /miR-378*/ERRγ  

transcriptional network motif.  
(A) Presence of the oncogene ERBB2 leads to co-expression of 

PPARGC1B and miR-378*. Loss of expression of ERRγ and GABPA 

through the action of miR-378* is accompanied by a reduction in the 

expression of genes in the TCA cycle. PGC-1β remains present to co-

activate ERRα and/or other transcription factors (TFs) to promote other 

functions, including glycolysis. Overall, miR-378* expression results in a 

shift from aerobic, oxidative metabolism (OXPHOS) to glycolytic 

metabolism in the presence of available oxygen (Warburg effect) as 

represented by an increase in lactate levels and a reduction in oxygen 

consumption. (B) Incoherent feedforward loop type-1 displaying opposite 

regulation of Z by factors X and Y. Wavy arrow indicates input regulatory 

signal for factor X. (C) Incoherent feedforward loop type-1 illustrating the 

functional relationship between ERBB2 (regulatory signal), PGC-1β and 

miR-378* as transcription modulators influencing the activity of ERRγ. 
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Figure 2.7 
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Figure 2.8. Expression of miR-378* in the mammary gland of 
Ppargc1b knock-out mice.  
(A) Schematic representation of the Ppargc1b genomic region and 

locations of amplicons tested for expression. Exons 4 and 5 are deleted in 

the Ppargc1b knock-out mice (shown in red). (B) Validation of continued 

expression of the modified locus in Ppargc1b knock-out mice mammary 

glands as compared to wild-type and detected by qRT-PCR. As expected, 

the amplicon covering exons 4 and 5 cannot be detected in the Ppargc1b 

knock-out mice. 18S serves as a control. (C) Expression of miR-378* and 

miR-378 in the mammary gland of Ppargc1b knock-out mice as compared 

to wild-type mice and detected by qRT-PCR. U6 serves as a control. 
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Figure 2.8 
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Figure 2.9. Ablation of PGC-1β in human SKBr3 breast cancer cells 

results in a decrease in the expression of oxidative and glycolytic 
genes.  

(A) Western blot showing reduction of PGC-1β in response to treatment of 

SKBr3 cells with si-PPARGC1b. RPLP0 is a loading control. (B) Relative 

expression of oxidative and glycolytic genes in response to treatment of 

SKBr3 cells with si-PPARGC1b as compared to scramble and measured 

by qRT-PCR using 18S as an internal control. *P< 0.05, **P< 0.01, ***P< 

0.001. 
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Figure 2.9 

 



 116 

CHAPTER III: miR-378* Regulates the AMPK 

Pathway in Breast Cancer Cells Through Direct 

Control of CAMKK2 

 
 

PREFACE 
 

Having established a role for miR-378* in breast cancer cell metabolism in 

Chapter II, this chapter extends the investigation of that topic. Applying a 

stable cell system to identify long-term effects of mir-378 hairpin 

expression, we identify a novel direct target of miR-378*, CAMKK2. 

Further elucidation of this molecular pathway identified that miR-378*-

induced repression of CAMKK2 results in reduced pAMPKα and pACC 

levels, implicating miR-378* in the regulation of AMPK pathway activity. 

Furthermore, metabolomics revealed interesting unexpected 

consequences of mir-378 hairpin expression in breast cancer cells.  
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ABSTRACT 
 The AMPK pathway is a key energy sensing pathway known to 

have an important role in cancer metabolism. The mir-378 miRNA hairpin, 

encoding for mature miR-378 and miR-378*, is an oncogenic miRNA that 

is known to contribute to the metabolic shift central to cancer progression, 

the Warburg effect. In this study, we further investigate the metabolic 

function of mir-378 in breast cancer cells, and uncover a link between 

miR-378* and AMPK pathway activity. Using stable cells and transient 

transfection assays to modulate mir-378 levels for gain- and loss-of-

function experiments, we uncover that the upstream kinase of AMPK, 

CAMKK2, is in fact a functional direct target of miR-378* in breast cancer 

cells. We identify further that the mir-378 hairpin represses AMPK activity, 

as measured by pAMPKα and pACC levels, and that miR-378* alone is 

sufficient to induce these effects. Using metabolomics to identify the 

metabolic output of long-term mir-378 hairpin expression, we have 

uncovered mir-378 hairpin-mediated regulation of the hexosamine 

pathway, which is responsible for O-GlcNAc post-translational 

modification. Taken together, our results implicate oncogenic miR-378* as 

an upstream regulator of the AMPK pathway in breast cancer cells, and 

identify a specific underlying molecular explanation. 
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INTRODUCTION 
 The importance of metabolism in cancer has recently regained 

prominence, and an increasing body of evidence is linking metabolic 

dysregulation to cancer development (Kroemer and Pouyssegur, 2008). A 

prominent example of the fundamental link between metabolic function 

and cancer is the Warburg effect (Warburg, 1956b), which is described as 

a shift in intracellular metabolism that accompanies the onset of cancer. In 

this metabolic reprogramming, cancer cells exhibit a predominant 

dependence on aerobic glycolysis to fulfill cellular energy demands, and 

this is accompanied by a decreased reliance on oxidative metabolism 

pathways. Furthermore, the complexity of metabolic dysregulation in 

cancer is becoming increasingly apparent, as recent studies continue to 

identify new nodes of metabolic misregulation in cancer cells, including 

accelerated glucose intake and truncated TCA cycling (Deberardinis et al., 

2008). Further examples include HIF-1, a transcription factor 

overexpressed in human cancer in response to hypoxia or as a result of 

genetic alterations (Semenza, 2003). Its upregulation induces the 

expression of a cohort of metabolic enzymes themselves linked to 

facilitating oncogenesis, notably, LDHA, PDK, BNIP3, and the glucose 

transporter GLUT1 (Semenza, 2008). Interestingly, certain TCA cycle 

genes, FH and SDH, which are silenced by mutation in cancer, serve as 

tumor suppressors themselves (King et al., 2006). As the regulation of 

metabolic modulation in cancer is mediated by a network of factors that 

respond to intracellular and extracellular signals including genetic 

mutations, and nutrient and oxidative stress (Cairns et al., 2011), the study 

of cancer cell metabolism will, thus, help elucidate molecular links 

between oncogenic stimuli and the acquisition of cancer phenotypes. 
 The AMPK pathway is one of the well-recognized junctions 

between metabolism and cancer cell development. A Ser/Thr kinase, 

AMPK is a heterotrimer comprised of subunits α, β, and γ. There exist at 

least 2 isoforms of each subunit. AMPK acts as a cellular energy sensor to 
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regulate glucose and lipid metabolism in response to nutrient availability 

and metabolic stress. When the AMP:ATP ratio is high, AMPK undergoes 

a conformational change that enables its activation by phosphorylation on 

the α subunit (Thr-172) by an AMPK kinase (reviewed in (Luo et al., 

2005)). The activity of AMPK is largely considered to be conferred by Liver 

Kinase B (LKB1) (Shackelford and Shaw, 2009), however the Calmodulin-

Dependent Protein Kinase Kinase 2 (CAMKK2) also functions as an 

important upstream AMPK kinase (Hawley et al., 2005; Woods et al., 

2005). The role of LKB1 as a tumor suppressor, which is inactivated in 

some cancers, functionally links AMPK activity to cancer (Ollila and 

Makela, 2011). Repression of AMPK activation leads to a series of effects 

on downstream networks, including stimulation of the mTOR pathway 

(Shaw, 2009) and reduced cell cycle regulation by p53 and p21, thus 

promoting cell proliferation and survival (Motoshima et al., 2006). Reduced 

AMPK activity also induces upregulation of fatty acid and lipid synthesis 

through Acetyl-Coenzyme A Carboxylase Alpha (ACC) and Fatty Acid 

Synthase (FAS) activity, a metabolic change increasingly associated with 

cancer development (Swinnen et al., 2006). 
 microRNAs (miRNAs) are a new class of molecules which have 

been implicated in the regulation of cancer metabolism. miRNAs are short, 

endogenous RNAs of ~22nt in length which regulate gene expression 

networks at the post-transcriptional level. Through imperfect sequence 

base-pairing, miRNAs suppress their specific mRNA targets by inhibiting 

translation initiation or promoting mRNA degradation (He and Hannon, 

2004). Extensive studies have demonstrated a correlation between 

aberrant miRNA expression with tumor formation, progression, and 

metastasis (Garzon et al., 2009). One such example is the mir-378 hairpin, 

which encodes for both mature miR-378 and miR-378*, and is embedded 

in intron 1 of PPARGC1b, a gene encoding the metabolic co-activator 

Peroxisome Proliferator Activated Receptor γ Coactivator-1 β (PGC1-β). 

The mir-378 hairpin has been shown to promote cell survival and 
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tumorigenesis (Lee et al., 2007). Furthermore, at least one component of 

this hairpin has been identified to be upregulated in breast cancer (Eichner 

et al., 2010) and, more precisely, was determined to be downstream of 

important oncogenic signaling including ErbB2 (Eichner et al., 2010) and 

Myc (Feng et al., 2011). Furthermore, in breast cancer cells, miR-378* 

was found to induce the metabolic shift away from oxidative metabolism 

and towards glycolysis, at least in part by suppressing the expression of 

Estrogen-Related Receptor γ (ERRγ), a nuclear receptor important for the 

regulation of oxidative metabolic gene expression (Eichner et al., 2010). In 

such, miR-378* directly links oncogenic function to metabolic regulation. 

 In this study, we use BT-474 cells stably expressing the mir-378 

hairpin to investigate the long-term metabolic regulation imparted by miR-

378/miR-378* in human breast cancer cells. Of the two major kinases 

known to phosphorylate AMPK, LKB1 and CAMKK2, we uncover that only 

CAMKK2 is affected by the mir-378 hairpin and that, furthermore, 

CAMKK2 is a direct target of miR-378*. We then show that the mir-378 

hairpin represses AMPK activity, as measured by pAMPKα and pACC 

levels, and we further identify that miR-378* alone is sufficient to induce 

these effects. Metabolomics analysis of the mir-378 hairpin-expressing 

clones indicates miR-378*-mediated regulation of the hexosamine 

pathway both in parallel to and downstream of its control of AMPK activity, 

thereby broadening the known functions of this miRNA to include 

regulation of O-GlcNAc-mediated post-translational modification. Taken 

together, our results implicate miR-378* as an upstream repressor of the 

AMPK pathway, thereby expanding the understanding of miR-378*’s 

simultaneous function as both an oncomiR and metabolic regulator. 
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RESULTS 
Validation of mir-378 hairpin expression in BT-474 stable cell clones 
 To investigate the long-term metabolic effects of mir-378 in breast 

cancer cells, we chose to study the BT-474 cell context, in which miR-378* 

was previously shown to regulate breast cancer cell metabolism (Eichner 

et al., 2010). BT-474 stable cell clones were generated by transfection of 

either a vector construct containing the mir-378 hairpin (Fig. 3.1A) or 

empty vector for control, and subsequent antibiotic selection for stable 

construct expression. Initial screening for mir-378 overexpression was 

performed by qRT-PCR on 16 mir-378 hairpin-expressing and 16 control 

clonally-derived cell lines. A subset of stable cell lines exhibiting elevated 

expression of both mature miR-378* and miR-378 were then assayed for 

downregulation of ERRγ, a known target of miR-378* (Eichner et al., 

2010). Of the clones further validated, three mir-378 hairpin-expressing 

(mir-378 hairpin) and three control clones were chosen for further study. 

An average increase of 1.5 and 1.8 fold in miR-378* and miR-378 levels 

(Fig. 3.1B), respectively, and a pronounced downregulation of ERRγ 

protein levels (Fig. 3.1D) were observed in the mir-378 hairpin stable 

clones as compared to controls. The mRNA levels of established miR-

378* direct target, ESRRG, and mir-378 host gene, PPARGC1b, exhibited 

no significant differences between the two clone types (Fig. 3.1C), 

suggesting that, in this long-term expression system, the cellular 

transcriptional machinery can compensatorily recover from the effects of 

miR-378* expression on the ESRRG mRNA transcript, while the effect on 

ERRγ protein levels remain robust. Notably, PGC-1β levels were 

unaffected at either the RNA or protein levels, suggesting that, in our 

system, an increase in mir-378 expression does not induce a regulatory 

feedback response of its host gene. To validate the functional biological 

activity of mir-378 hairpin overexpression in our system, we verified that 

our mir-378 hairpin stable clones exhibit accelerated cell proliferation (45% 

greater than control) (Fig. 3.1E), corresponding to the published effect of 



 122 

this miRNA hairpin (Eichner et al., 2010; Lee et al., 2007). Thus, we have 

generated a stable cell system in BT-474 breast cancer cells which 

exhibits moderate but significant upregulation of mir-378 hairpin levels in a 

manner that robustly recapitulates the known mir-378 effects on both 

protein targets and biological function. This system allows for the study of 

mir-378 induction that may more closely correspond to the more modest 

changes in expression likely to occur in homeostatic biological systems.  

 

CAMKK2 is a direct target of miR-378* 
 We screened miRNA target prediction algorithms for predicted 

direct targets of miR-378* and miR-378 which are related to metabolic 

regulation. Both the TargetScan and Pictar algorithms predict that 

CAMKK2, a kinase known to regulate the activitiy of the energy sensor 

AMPK, is a direct target of miR-378*. We validated the predicted target 

site (Fig. 3.2A), located at nucleotide 597 of the human CAMKK2 3’UTR, 

using a luciferase-based assay. The target site location is numbered 

relative to the start of the 3’UTR. A reporter plasmid containing the 

predicted target region downstream (in the 3’UTR region) of a Renilla 

luciferase reporter gene was cotransfected with either control miRNA or 

miR-378*, and cell extracts were monitored for luciferase activity (Fig. 

3.2B). 50% repression of luciferase, as compared to control, was observed 

for the predicted target site, and mutation of one base in the seed target 

region at position 4 was sufficient to completely abolish this repression, 

proving the specificity of action of miR-378* on this region of CAMKK2. Of 

note, the miR-378 predicted target site in CAMKK2 did not validate by 

luciferase assay (data not shown).  

 We next investigated the capacity for miR-378* to modulate 

endogenous CAMKK2. In naïve BT-474 cells, transient inhibition of 

endogenous miR-378* was able to derepress CAMKK2 mRNA levels 30%  

(Fig. 3.2C, left panel), whereas inhibition of miR-378 had no effect (Figure 

A.3.1). Furthermore, in a similar transient transfection experiment, specific 
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inhibition of miR-378* was sufficient to rescue CAMKK2 mRNA repression 

induced by a miR-378* mimic (Fig. 3.2C, right panel). Together, these 

experiments indicate that miR-378*, in short-term experiments, represses 

endogenous CAMKK2 mRNA levels. We next probed for the protein levels 

of two major AMPK kinases, LKB1 and CAMKK2, and identified that 

CAMKK2 protein levels are derepressed in response to a miR-378* 

inhibitor, while LKB1 levels remained unchanged (Fig. 3.2D). Short-term 

inhibition of endogenous miR-378* alone was sufficient to rescue the 

protein level of CAMKK2 but LKB1 protein levels were unaffected by miR-

378* inhibition (Fig. 3.2D), indicating that miR-378* affects only CAMKK2 

but not the other known AMPK kinase. Moreover, miR-378 inhibition did 

not affect CAMKK2 or LKB1 protein levels (data not shown), suggesting 

that miR-378* is the mature miRNA responsible for the mir-378 hairpin-

induced CAMKK2 response. Moreover, mir-378 hairpin stable cells 

exhibited a robust depletion of CAMKK2 protein, while LKB1 levels were 

relatively uniform across control and mir-378 hairpin stable cells (Fig. 

3.2E). Altogether, the mir-378 hairpin, through the action of miR-378*, 

directly targets and induces the repression of the AMPK kinase, CAMKK2, 

in BT-474 breast cancer cells, suggesting that miR-378* regulates AMPK 

pathway activity in breast cancer cells through regulation of an upstream 

AMPK kinase.  

 

AMPK pathway activity is repressed by mir-378 
 Considering that miR-378* regulates CAMKK2, which functions to 

regulate AMPK activity, we next investigated the response of the AMPK 

pathway to mir-378. We found that, in our stable cell system, mir-378 

hairpin expression causes significant reduction in protein levels of total 

AMPKα as well as the active (phosphorylated) form of AMPKα, pAMPKα 

(Fig. 3.3A). We further confirmed that the mir-378 hairpin reduces AMPK 

pathway activity by blotting for protein levels of phosphorylated ACC 

(pACC), an established direct kinase target of AMPK, which is implicated 
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in fatty acid synthesis (Winder and Hardie, 1996). pACC levels were also 

reduced in mir-378 hairpin-expressing cells (Fig. 3.3A), confirming that 

mir-378 hairpin-induced reduction in pAMPKα translates to a parallel 

reduction in target substrate phosphorylation and, consequently, activity. 

Data from the 6 selected clonal lines is shown for all afore mentioned 

proteins, including three different lines of each type, control and mir-378 

hairpin. While expression variation between different clonal populations 

can be attributed to clonal variation, this variation does not diminish the 

clarity of the overall trend for negative regulation of AMPK activity by the 

mir-378 hairpin.  

 We next set out to establish which of the mature mir-378 hairpin 

products, miR-378 or miR-378*, are responsible for the effect on the 

AMPK pathway. To this aim, we transiently transfected the mir-378 hairpin 

clones with either a control miRNA inhibitor or a specific inhibitor directed 

against either miR-378 or miR-378*. While total AMPKα levels were not 

affected by inhibition of either miR-378 or miR-378*, pAMPKα and pACC 

levels increased in response to inhibition of endogenous miR-378* (Fig. 

3.3B). Notably, miR-378 inhibition did not generate this response (data not 

shown), suggesting that miR-378* is the mature miRNA from the mir-378 

hairpin responsible for the observed AMPK pathway response. We 

proceeded to further validate this result in naïve BT-474 cells (not 

passaged through antibiotic clonal selection), where transient inhibition of 

endogenous miR-378* alone was sufficient to induce AMPK pathway 

activity (Fig. 3.3C), thus eliminating concerns about artifactual molecular 

relationships generated by the clonal selection process. Taken together, 

we have identified that the mir-378 hairpin, and specifically mature miR-

378*, represses AMPK pathway activity in breast cancer cells, at least in 

part through its direct regulation of CAMKK2.  

 

Metabolic profiling of mir-378 hairpin stable cells implicates the 
hexosamine biosynthesis pathway 
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 Considering that miR-378* is known to regulate breast cancer cell 

metabolism, and that we have, herein, identified another key metabolic 

pathway under the control of mir-378, we applied non-targeted NMR-

based metabolomics to investigate the metabolome modulated in our mir-

378 hairpin stable cell lines. In this manner, we identified a number of 

metabolites present at significantly different levels in the mir-378 hairpin-

expressing cells as compared to control cells (Fig. 3.4). Metabolite levels 

were normalized to cell number at the time of harvest, and all results were 

replicated when data was normalized instead to protein concentration 

(data not shown). Metabolites present at significantly different levels 

between mir-378 hairpin-expressing and control cells include amino acids, 

sugars and those implicated in the TCA cycle. Interestingly, levels of the 

TCA cycle intermediate fumarate were depleted in response to the mir-378 

hairpin, corresponding to the known effect of mir-378 on Succinate 

Dehydrogenase B (SDHB) levels, which is attributed to its direct regulation 

of ERRγ (Eichner et al., 2010). Moreover, one of the metabolites whose 

levels are most dramatically modulated by mir-378 hairpin expression is 

UDP-N-acetylglucosamine, as the mir-378 hairpin clones exhibit only 30% 

of the UDP-N-acetylglucosamine levels present in the control cells.  

 UDP-N-acetylglucosamine, or UDP-GlcNAc, is the end product of 

the hexosamine biosynthesis pathway, which functions to convert cellular 

glucose to UDP-GlcNAc. UDP-GlcNAc is a substrate for O-linked N-

acetylglucosamine transferase (OGT), which transfers N-

acetylglucosamine residues to serine or threonine residues, functioning to 

modify its target proteins with a glucose-moiety-containing post-

translational modification in order to impart functional regulation (Wells et 

al., 2001). Interestingly, while O-GlcNAc signaling regulates the response 

to nutrients such as glucose and stress (Butkinaree et al., 2010), we found 

no significant difference in cellular glucose levels between mir-378 hairpin 

and control cells (data not shown), suggesting that the mir-378 hairpin 

control of UDP-GlcNAc levels occurs further downstream than cellular 



 126 

glucose uptake. Indeed, UDP-GlcNAc levels are dependent on not only 

glucose flux, but also on nitrogen, fatty acid, and nucleic acid metabolism 

(Slawson et al., 2010). Furthermore, we noticed that OGT itself is a 

predicted target of miR-378*, providing a potential direct link between 

hexosamine pathway regulation and mir-378. CAMK itself was found to 

activate OGT, and OGT was determined to have an essential role in 

mediating downstream signaling (Song et al., 2008), providing further 

evidence that AMPK pathway activity is an upstream component of 

GlcNAc signaling, and suggesting that CAMKK-specific regulation of 

AMPK pathway activity is particularly linked to the OGT pathway. 

Furthermore, glucose deprivation was found to activate OGT expression in 

an AMPK-dependent manner (Cheung and Hart, 2008), suggesting that 

AMPK pathway regulation by miR-378* could extend as far downstream 

as the OGT/GlcNAc pathway. Having identified that, in breast cancer cells, 

miR-378* negatively regulates AMPK pathway activity by directly targeting 

and inhibiting CAMKK2 and that, in addition, mir-378 hairpin expression 

results in reduced cellular levels of UDP-GlcNAc, mir-378 appears to 

regulate the availability of GlcNAc post-translational signaling through its 

control of the AMPK pathway, and perhaps also by directly targeting the 

key enzyme OGT (Fig. 3.5).  
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DISCUSSION 
 In this study, we have identified that mir-378 functions as an 

upstream regulator of AMPK pathway activity in a breast cancer cell 

context, thus extending the metabolic role of this oncogenic miRNA to 

control of a central metabolic network. By directly targeting the upstream 

AMPK kinase, CAMKK2, miR-378* is able to repress pAMPKα and pACC 

levels. Furthermore, mir-378 reduces cellular levels of the metabolite 

UDP-GlcNAc, a key component in GlcNAcylation post-translational 

modification, suggesting that this miRNA is capable of controlling a whole 

new level of regulation of cellular activity both through and perhaps 

independently of the AMPK pathway.  

 As the mir-378 hairpin encodes for two mature miRNAs, it is 

interesting to note that AMPK pathway regulation in BT-474 cells appears 

to occur only through mature miR-378*. Classically, the (*) isoform of a 

miRNA hairpin is considered the less prevalent molecule, but there is clear 

indication from both this study and previous studies (Eichner et al., 2010; 

Lee et al., 2007) that miR-378* is an active, mature miRNA in the contexts 

studied. In fact, all of these studies have identified that miR-378* is 

concomitantly expressed from the endogenous mir-378 hairpin along with 

mature miR-378, and that the fold induction is similar for both mature 

miRNAs. In this study, the mir-378 hairpin clearly induces long-term 

effects on CAMKK2 and pAMPKα, which are only reproducible by 

modulation of mature miR-378*, indicating that miR-378* is a functionally 

active component of endogenous mir-378 hairpin expression. 

Furthermore, all systems studied in this thesis in which the expression of 

miR-378* is induced long-term, including the stable cell clones in this 

chapter as well as the NMuMG cell system in Chapter 2, exhibited no 

modulation of mRNA levels but robust effects on the protein levels of all 

direct targets identified in this thesis, ERRγ, GABPA, and CAMKK2. This 

effect, which is consistent for all three direct targets studied, suggests that 

the cellular transcriptional machinery can compensatorily recover from the 
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effects of long-term miR-378* expression on target mRNA levels, but that 

the effect on target protein levels, and the resulting physiological 

consequence of such regulation, remain robust.  

 Also interesting is the relationship of this miRNA hairpin to its 

metabolic host gene, PPARGC1B (PGC-1β), as these molecules are 

endogenously co-expressed. Already shown to be functionally and 

biologically relevant in contexts and pathways where PGC-1β plays 

important roles (Eichner et al., 2010) it is reasonable to consider that there 

may exist some regulatory feedback loops between the mir-378 hairpin 

and PGC-1β. Perhaps surprisingly, modulation of mir-378 hairpin levels 

did not affect PGC-1β mRNA or protein levels in our systems.  

 The first link of AMPK function to cancer came from the discovery 

that mice lacking the AMPK kinase LKB1 develop spontaneous tumors 

(Ollila and Makela, 2011). This work identified that AMPK activity may 

have a tumor suppressive role, and it follows that oncogenic miR-378*, 

whose levels increase with breast cancer progression (Eichner et al., 

2010) would act on this pathway as a negative regulator. Furthermore, it is 

noteworthy that mir-378 functions to regulate AMPK specifically through 

CAMKK2 and not LKB1. This molecular specificity parallels the precise 

ERR isoform targeting we previously identified for miR-378* (Eichner et 

al., 2010) and, taken together with the underlying biological function 

corresponding to miR-induced specific ERR isoform modulation, raises 

questions about the functional differences imparted by CAMKK2 and LKB1 

in cancer. It would be interesting to uncover the biological purpose in 

cancer of miR-378* targeting specifically CAMKK2 but not LKB1.  

 By searching for the long-term metabolic impact of mir-378 hairpin 

expression using an untargeted approach, we identified an unexpected 

component of mir-378 function; its control of cellular UDP-GlcNAc levels 

and, by extension, GlcNAcylation regulation. It is interesting to consider 

the extent of post-transcriptional regulation imparted by the mir-378 

hairpin, as it not only directly affects a multitude of targets, many with their 
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own extensive regulatory pathways, but also appears to control a form of 

post-translational modification. Like any other biological networks, 

GlcNAcylation, produced through the hexosamine biosynthesis pathway 

works, not in isolation, but in coordination with other nutrient-sensing 

metabolic regulators including mTOR and AMPK (Slawson et al., 2010). 

Because the mir-378 hairpin appears to regulate the O-GlcNAcylation 

pathway from multiple avenues – through the AMPK pathway, perhaps 

independently of AMPK, and predicted direct targeting of the key enzyme, 

OGT – the importance of this molecular relationship is apparent. Taken 

together, the more the nexus controlled by the fine-tuning molecule mir-

378 is expanded, the more it begs the question as to how all of the targets 

and target pathways integrate to produce a biologically coherent outcome.  

 The role of miRNAs in cancer metabolism is only beginning to be 

explored. A few examples include miR-23a/b, which regulates glutamine 

metabolism by targeting mitochondrial glutaminase (Gao et al., 2009) and 

miR-451, which was shown to regulate the LKB1/AMPK pathway as an 

adaptive mechanism to metabolic stress (Godlewski et al., 2010). It is 

evident that the mir-378 hairpin is one of the founding members of this 

group, and that its metabolic regulatory function in cancer – known now to 

include two major metabolic nodes: the PGC-1/ERR and AMPK pathways 

– is multifaceted and complex. If the other published metabolic mir-378 

targets, such as IGF1R (Knezevic et al., 2012), which were originally 

identified for their functional roles in different biological contexts, are 

validated in cancer settings, the role of the mir-378 hairpin as a master 

regulator of cancer metabolism will be quickly expanded even further.  
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MATERIALS AND METHODS 
Stable Cell Clones Generation 

BT-474 breast cancer cells were stably transfected with either 

empty pcDNA3.1 vectors for control, or a pcDNA3.1 construct with the 

genomic region including that encoding the human mir-378 hairpin 

subcloned (from construct used for adenovirus generation in (Eichner et 

al., 2010)) downstream of the CMV promoter. G418 antibiotic was used for 

selection of cells stably expressing the vector construct. Individual clones 

were isolated for further studies.    

RNA Isolation, Reverse Transcription, and Real-Time Quantitative 
PCR 

RNA was isolated using QIAGEN miRNeasy Kit with DNAse 

treatment and quantified with RNA NanoDrop. Relative levels of miR-

378*/378 levels were determined using Taqman miRNA qRT-PCR, 

according to instructions of the manufacturer (Applied Biosystems), 

followed by real-time qRT-PCR using the Corbett Research Rotor-Gene. 

Primers were obtained from the Taqman miRNA Assay Kits (miR-378*: 

000567, miR-378: 002243, U18: 001204). Each reaction was carried out 

with 0.01 µg of total isolated RNA.  

 Relative mRNA levels were determined by reverse transcription into 

cDNA, followed by real-time qRT-PCR using LightCycler 480. Reverse 

transcription reactions were carried out with 1 µg of RNA using Oligo(dT) 

primer, dNTPs, 5X 1st strand buffer, DTT, RNase inhibitor, and Superscript 

II RNase H Reverse Transcriptase (Invitrogen). Primers used are 

described in the Supplementary Table A.3.1. All real-time qRT-PCR 

reactions for miRNA and mRNA were performed in duplicates. 

Western Blots 
Proteins were harvested from cells with modified RIPA buffer and 

quantified by the Bradford method. For detection of each target protein, 25 

µg of total protein was resolved on 10% SDS-PAGE gel. Proteins were 

transferred onto nitrocellulose membrane and blocked with 5% milk in 
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TBS-T. Membranes were incubated with either anti-ERRγ (1:2000, from 

Dr. Ronald Evans) antibodies at room temperature for 1 h; or with anti-

PGC1-β (sc-67285, lot#A0610, 1:1000), anti-ACC (cs#3662, lot 2, 1:1000), 

anti-P-ACC (sc#36618, lot 4, 1:1000), anti-AMPKα (cs#2532L, lot 19, 

1:1000), anti-P-APMPKα (cs#2535s, lot 14, 1:1000), anti-LKB1 (sc-3245 

lot#B0309, 1:1000), anti-CAMKK2 (ab96531 lot: GR6688-9, 1:1000), or 

anti-actin (sc-1616, lot#D2105, 1:200) at 4oC, overnight. After three 

washes with TBS-T and 5% milk, blots were incubated at room 

temperature for 1 h with secondary antibodies. Anti-rabbit antibodies 

(NA9340V, GE Healthcare, 1:5000) were used to detect ERRγ, ACC, P-

ACC, AMPKα, P-AMPKα, and CAMKK2; anti-mouse antibodies were used 

to detect PGC1-β and LKB1 (NA931V, GE Healthcare, 1:5000); and anti-

goat antibodies were used to detect actin (sc-2020, lot#E2710, 1:5000).  

After four washes with TBS-T, enhanced chemiluminescent reagents 

(Roche) were used for visualization of target proteins, according to the 

manufacturer’s instructions.     

Cell Culture  
BT-474 stable cell clones were cultured at 37oC in 5%CO2 using 

high glucose Dulbecco’s modified Eagle’s medium (DMEM, 11965), with 

added 10% fetal bovine serum (Sigma), 1 mM sodium pyruvate (GIBCO), 

200 Units/mL penicillin (GIBCO), and 200 µg/mL streptomycin (GIBCO).  

For metabolomics, the media was changed 1 day before harvest.  

Cell Extraction and Metabolomic Analysis 

Each of the selected stable clones was cultured in eight (8) 

replicates of 15 cm plates, according to the conditions previous described. 

Cells were washed with 0.9% NaCl (isotonic saline) before harvesting. 

Five replicates were collected for non-targeted NMR analyses. Pellets 

were suspended in 80% methanol and disrupted using the TissueLyser 

(Qiagen) for 2 min at maximum speed. After removing cell debris, the 

remaining supernatant containing metabolites was frozen in liquid nitrogen 

and stored at -80°C. The other three replicates were used for cell counting 
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at the time of harvest, and later, protein quantification by the Bradford 

Assay, as two means of normalization for the spectral data generated by 

each clone.  

Proliferation Assay 

One control and two mir-378 hairpin stable clones were each plated 

onto a set of three 5cm plates, at 200,000 cells per plate. Cells were 

counted at four days after initial plating. Experiment was repeated three 

times. Results were confirmed with a separate mir-378 hairpin stable 

clone. 

miRNA Inhibitor Transfection  
 Non-transfected BT-474 cells, two control and three mir-378 hairpin 

stable cell clones were plated at 400,000 cells/plate for 6 cm plates, and 2 

x 106 cells/plate for 10 cm plates 24 h before transfection. Cells were 

transfected with 100 nM miRIDIAN miRNA Inhibitor Negative Control #2 

(Dharmacon, IN-002000) or with combined 100 nM miRIDIAN miR-378* 

Inhibitor (Dharmacon, I-300175). Lipofectamine 2000 was complexed with 

Opti-mem 1 Reduced Serum Medium 1X (GIBCO) at a ratio of 3:100; 

Lipofectamine 2000 to 20 µM RNA was combined at a ratio of 1:2.3 ratio. 

The media was changed the following day, and cells were harvested four 

days after initial transfection. 

 For Figure 3B, BT-474 cells were plated at 400,000 cells per 6 cm 

plate 24 h before co-transfection with either 75nM miRIDIAN miRNA Mimic 

Negative Control #2 or hsa-miR-378* miRIDIAN Mimic and either 100 nM 

miRIDIAN miRNA Inhibitor Negative Control #2 or miRIDIAN miR-378* 

Inhibitor. Lipofectamine 2000 was complexed with Opti-mem 1 Reduced 

Serum Medium 1X (GIBCO) at a ratio of 3:100, and to RNA at a ratio of 

1:2.3 Lipofectamine 2000 to 20 µM RNA. Cells were harvested four days 

after transfection. The experiment was independently repeated two times.  

Reporter Construct Cloning and Transfection 

Regions of the human CAMKK2 3’UTRs (sequences from 

www.genome.ucsc.edu, human genome assembly Feb. 2009) predicted to 
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be targeted by miR-378* (by Pictar, http://pictar.bio.nyu.edu/ and 

TargetScan, http://www.targetscan.org) were cloned into the phRL-TK(Int-) 

vector (Promega). Mutants were generated the same way. Primers are 

listed in Supplementary Table A.3.2. Data shown is based on cloning done 

by annealing oligos containing miR-378* target regions ± 16 nucleotides of 

endogenous flanking region sequence on either side of the miR-378* 

binding site.  

 COS-1 cells were transfected with Lipofectamine 2000 (Invitrogen) 

according to the manufacturer’s protocol (using 2 µL Lipofectamine 2000 

and 100 µL Opti-Mem Reduced Serum Medium 1X (GIBCO) per well) in 

12-well plates with 200 ng luciferase reporter, 10 pmol RNA (hsa-miR-

378* miRIDIAN Mimic (Dharmacon, catalog #C-300685-03) or miRIDIAN 

microRNA Mimic Negative Control #2 (Dharmacon, catalog #CN-002000-

01)) and 1 µL β-galactosidase protein (Sigma) per well. Cells were 

harvested and assayed for luciferase activity using the Renilla Luciferase 

Assay System (Promega) and β-galactosidase activity 24 h post-

transfection. Luciferase data was normalized to the β-galactosidase 

transfection efficiency control levels. Experiments were performed in 

quadruplicate and each experiment was repeated multiple times. 
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TABLES AND FIGURES 
Figure 3.1. Validation and selection of mir-378 hairpin-expressing BT-
474 stable cell clones  

(A) mir-378 hairpin. (B and C) Validation of the six stable cell clones 

selected for further study. (B) Expression of mature miR-378* and miR-

378 is elevated in the three selected mir-378 hairpin stable clones (mir-

378 hairpin) compared to the three selected control clones (control), as 

determined by qRT-PCR and normalized to U18. (C) Expression of 

ESRRG and PPARGC1b mRNA in these clones, as detected by qRT-PCR 

and normalized to 18S. (D) ERRγ is downregulated at the protein level in 

the selected mir-378 hairpin stable cell clones, as determined by western 

blotting. No change observed in PGC1-β protein levels. Actin serves as 

the loading control. N indicates non-transfected BT-474 cells. (E) mir-378 

hairpin stable cell clones exhibit increased cell proliferation as compared 

to control clone. * indicates p<0.05, *** p<0.001. 
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Figure 3.1 
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Figure 3.2. CAMKK2 is a direct target of miR-378*  
(A) The CAMKK2 3’UTR region predicted to be targeted by miR-378*. 

Sequence conservation across species is indicated. Yellow designates the 

seed region. (B) Expression of miR-378* decreases luciferase reporter 

gene activity in COS-1 cells when linked to the targeted segment of the 

3’UTR of CAMKK2 (597). Mutation of the seed sequence at position 4 

(597m) abolishes the miR-378*-dependent repression. Control mimic is a 

control miRNA mimic, and the control is empty vector. * indicates p<0.01. 

(C) Left Panel: Transient transfection of naïve BT-474 cells with miR-378* 

inhibitor (miR-378*-i) derepresses CAMKK2 mRNA transcript level as 

compared to control inhibitor (ctrl-i). Right Panel: Transient co-transfection 

of naïve BT-474 cells with either control miRNA mimic (ctrl miR) or miR-

378* mimic (miR-378*), and either control (ctrl-i) or miR-378* inhibitor 

(miR-378*-i), as determined by qRT-PCR and normalized to 18S. (D) 

Naïve BT-474 cells transiently transfected with miR-378* inhibitor (miR-

378*-i) exhibit an increase in CAMKK2 but not LKB1 levels as compared 

to cells transfected with control inhibitor (ctrl-i), as determined by western 

blotting. Actin serves as a loading control. (E) CAMKK2 and LKB1 levels in 

stable clones, as determined by western blotting.  
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Figure 3.2 
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Figure 3.3. miR-378* represses AMPK pathway activity in BT-474 
cells 

(A) pAMPKα, AMPKα, and pACC protein levels are reduced in mir-378 

hairpin-expressing stable cell clones (mir-378 hairpin) as compared to 

control stable clones (control), as determined by western blotting. Actin 

serves as a loading control. (B) Transient transfection of mir-378 hairpin 

clones with miR-378* inhibitor (miR-378*-i) alleviates repression of AMPK 

activity as compared to transfection with control miRNA inhibitor (control-i), 

as determined by western blotting. Actin serves as a loading control. (C) 

Naïve BT-474 cells transiently transfected with miR-378* inhibitor (miR-

378*-i) exhibit reactivation of AMPK pathway activity as compared to cells 

transfected with control inhibitor (ctrl-i), as determined by western blotting. 

Actin serves as a loading control.  
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Figure 3.3 
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Figure 3.4. Metabolomics analysis of mir-378 hairpin stable cell lines 
implicates the hexosamine biosynthesis pathway 

Non-targeted NMR-based metabolomics was performed. Data represent 

the average value (in nmol) from three independent mir-378 hairpin stable 

cell clones normalized to the average obtained from three independent 

control clones (shown as fold). 5 replicates of each stable cell clone line 

were assayed. Data is shown for all metabolites that exhibit significantly 

different levels in the mir-378 hairpin-expressing cells compared to control 

cells (p < 0.05). Metabolite amounts were normalized to cell number at the 

time of harvest, and data is ordered according to metabolite type. 

Statistical significance was determined by Student’s t-test. 
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Figure 3.4 
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Figure 3.5. Schematic representation of AMPK and GlcNAcylation 
pathway regulation by miR-378* 
miR-378* directly targets CAMKK2, resulting in a downstream reduction of 

pAMPKα and pACC levels. Simultaneously, miR-378* induces a reduction 

in UDP-GlcNAc levels. The prediction that OGT is a direct target of miR-

378* and the published link between AMPK activity and OGT expression 

further expand this miR-378* network. Arrows indicate activation, and 

inhibition is designated with red bars. Dashed-line arrows; downregulation 

of an activation event. Multiple arrows between two pathway components 

indicate indirect pathway relationships. 
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Figure 3.5 
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CHAPTER IV: Systemic Ablation of ERRα  

Predisposes the Host to Cancer Cachexia 
 
 

PREFACE 
 

Having established in Chapter II that ERRα and ERRγ exhibit divergent 

functions in breast cancer cell metabolism, we determined to further 

investigate the metabolic contribution of ERR in breast cancer in-vivo. 

Considering that ERRα expression correlates with that of the breast 

cancer oncogene ERBB2, we used an ERBB2-driven model of mammary 

tumorigenesis to investigate the contribution of ERRα to the onset and 

progression of this disease. We found that the absence of ERRα delays 

ERBB2-induced mammary tumor onset but, contrastingly, accelerates 

disease progression after onset. We identified that ERRα-/- tumors exhibit 

elevated levels of inflammation, while the systemic ablation of ERRα 

affects the metabolic status of these animals, such that the progression of 

mammary tumorigenesis induces these mice to exhibit cachexia. These 

results identify a novel metabolic disease in which ERRα participates, 

raising important considerations for therapeutic targeting of ERRα in 

breast cancer.  
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ABSTRACT 
 Cellular metabolic capacity has an established importance in 

cancer, yet the underlying regulatory mechanisms remain unclear. I have 

previously identified that, in breast cancer cells, modulation of the relative 

availabilities of the Estrogen-Related Receptor (ERR) isoforms ERRα and 

γ is capable of inducing the metabolic shift away from oxidative 

metabolism known as the Warburg effect. In order to further investigate 

the role of ERR in breast cancer, including its metabolic function in this 

context, I turned to an in-vivo model of ERBB2-initiated mammary 

tumorigenesis. The choice of mouse model was motivated by the fact that 

the expression of ERRα in breast cancer correlates with that of the poor 

prognostic marker ERBB2.  

 We followed the onset and progression of mammary tumorigenesis 

in wildtype (WT) and ERRα-/- mice harboring mammary-specific 

expression of the NeuNDL2-5 oncogene imparted by the MMTV promoter 

(MMTV-Neu-NDL). We found that the absence of ERRα delays ERBB2-

induced mammary tumor onset but, contrastingly, accelerates disease 

progression after onset. Moreover, we identified that ERRα-/- mice fail to 

maintain the progression of body weight observed in WT animals after 

tumor onset, suggesting that inhibition of ERRα activity may predispose to 

a cachectic state. Genome-wide gene expression profiling identified 

increased inflammatory signaling in the ERRα-/- tumors. Metabolomics 

identified amino acid differerences in the serum and skeletal muscle which 

point toward accelerated systemic protein turnover. When combined with 

molecular studies of cachexia markers in the skeletal muscle and adipose 

tissue of pre-onset and tumor-bearing mice, as well as data from a short-

term, in-vivo model of ERRα inhibition, our data suggests that systemic 

ablation of ERRα may render the host more succeptible to cancer 

cachexia, a disease characterized by heightened inflammation, metabolic 

derangements and tissue atrophy.  
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INTRODUCTION 
 While the Estrogen-Related Receptors (ERRs) are predominantly 

known for their role in regulating metabolic function and related gene 

expression programs (Eichner and Giguere, 2011; Giguere, 2008b), 

important roles for the ERRs in cancer have become increasingly 

apparent. In fact, the ERRs have been linked to many cancers including 

endometrial (Gao et al., 2006; Watanabe et al., 2006), lung (Wang et al., 

2010), cervical (Mori et al., 2011), ovarian (Fujimoto et al., 2007; Permuth-

Wey et al., 2011; Salzman et al., 2011; Sun et al., 2005), prostate 

(Fujimura et al., 2010; Fujimura et al., 2007; Yu et al., 2008a), uterine 

(Fujimoto and Sato, 2009) cancers. However, a large body of research 

linking ERR to cancer has come from breast cancer research (Deblois and 

Giguere, 2011).  

 Breast cancer has been established to be a heterogeneous disease 

which can be subdivided into at least four different sub-types based on 

gene expression profiles, including two luminal-like, one basal-like and 

one ERBB2-overexpressing subtype (Sorlie et al., 2003). Mouse models of 

breast cancer have proven to be key tools for advancing the 

understanding of this complex disease, allowing for the study of onset and 

progression in-vivo in a controlled, genetically-driven system. Mouse 

models of the ERBB2-overexpressing sub-type, which describes 20-30% 

of primary human breast cancer cases, have been particularly successful, 

as this disease is defined by one precise genetic event, the 

overexpression or amplification of ERBB2, which has a causal role in 

breast cancer development (Ursini-Siegel et al., 2007b).  

 These mouse models allow not only for the dissection of the 

underlying molecular components of breast cancer, but also for the study 

of this disease in-vivo, including systemic aspects which affect disease 

progression and aggressivity. Inflammation is one such systemic 

component that originates from the host, yet profoundly affects tumor 

progression (Wu and Zhou, 2009). It has been clearly established that the 
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tumor microenvironment, which includes innate and adaptive immune cells 

in addition to the cancer cells and their surrounding stroma, very often 

exhibits protumor inflammation (Grivennikov et al., 2010).  

 In fact, inflammation does not only accelerate tumor development, 

but elevated systemic inflammatory levels are also known to induce 

cachexia. This disease, which causes up to 20% of all cancer deaths, is 

characterized by weight loss which cannot be reversed with food intake, 

metabolic derangements including predominantly depletion of both lean 

and fat mass, and elevated systemic inflammation (Tisdale, 2002). In 

cancer cachexia, the tumor produces excreted inflammatory cytokines 

which induce skeletal muscle and adipose tissue breakdown (Argiles et 

al., 1992; Pajak et al., 2008; Tisdale, 2002). Skeletal muscle is broken 

down by proteolysis into individual amino acids which are released into the 

serum, while adipose tissue breakdown stems from increased lipolysis 

(Argiles et al., 1992; Bing, 2011; Tisdale, 2002).  

 Cellular metabolic capacity has an established importance in 

cancer, yet the underlying regulatory mechanisms remain unclear. I have 

identified in Chapter 2 that, in breast cancer cells, modulation of the 

relative availabilities of the Estrogen-Related Receptor (ERR) isoforms 

ERRα and γ is capable of inducing the metabolic shift away from oxidative 

metabolism known as the Warburg effect. In order to further investigate 

the role of ERR in breast cancer, including its metabolic function in this 

context, I turned to an in-vivo model of ERBB2-initiated mammary 

tumorigenesis.  
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RESULTS 

 We followed the onset and progression of ERBB2-driven mammary 

tumorigenesis in littermate wildtype (WT) and ERRα-/- mice harboring 

mammary-specific expression of the NeuNDL2-5 oncogene imparted by 

the MMTV promoter (MMTV-Neu-NDL). The choice of mouse model was 

motivated by the fact that the expression of ERRα in breast cancer 

correlates with that of the poor prognostic marker ERBB2. We found that 

the absence of ERRα (Neu ERRα-/-) delays ERBB2-induced mammary 

tumor onset as compared to that observed in Neu WT mice (Fig. 4.1A). 

This recapitulates the trend observed in a different ERBB2-driven model of 

mammary tumorigenesis (Deblois et al., 2010), where ERRα functions as 

an oncogene at disease onset.  

 In contrast, our Neu ERRα-/- mice exhibit accelerated disease 

progression after onset, as quantified by total tumor burden (total tumor 

volume; Fig. 4.1B) and focality (# tumors per mouse; Fig. 4.1C). 

Surprisingly, after disease onset, the absence of ERRα allows mammary 

tumorigenesis to progress more aggressively than was observed for the 

Neu WT animals, as indicated by results in Fig 4.1B and 4.1C.  

 Moreover, we also tracked total body weight before and after tumor 

onset. Before disease onset, Neu ERRα-/- mice displayed ~10% less body 

weight than Neu WT animals (Fig. 4.2A, left), corresponding to the 

published weight difference between ERRα-/- and WT animals (Luo et al., 

2003c). Furthermore, the lines plotted to the data corresponding to each 

genotype are both flat with slopes not statistically different from zero or 

from each other (Fig. 4.2A, plotted lines on left, slopes and corresponding 

statistics in table on right). Therefore, before onset of mammary 

tumorigenesis, mice of both genotypes exhibit body weights that do not 

change over time, indicating that both groups of mice are comprised of 

mature, adult mice with stable body weight. Disease onset corresponds to 

the accumulation of tumors that, by extension, add mass to the total body 

weight of each mouse. By multiplying the measured total tumor volume at 
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each measurement by the pre-calculated average tumor density, we were 

able to determine the weight of each mouse at each time interval which 

was due to increased tumor burden. After subtracting this tumor weight 

from total body weight, we were able to plot the remaining body weight of 

each mouse (labelled Non-Tumor Body Weight) throughout disease 

progression starting at the day of tumor onset (Fig. 4.2B, left). Regression 

analysis was used to plot lines through this data for both genotypes (Fig. 

4.2B, left). Interestingly, the slope corresponding to the Neu ERRα-/- 

mouse data is significantly flatter than that based on the Neu WT data 

(Fig. 4.2B, table on right). This indicates that Neu ERRα-/- mice fail to 

maintain the progression of body weight observed in Neu WT animals 

after tumor onset. As the failure to maintain body weight is a hallmark of 

cancer cachexia (Tisdale, 2002), this data suggests that the absence of 

ERRα may predispose tumor-bearing animals to a cachectic state.  

 Next, we used genome-wide gene expression profiling to 

investigate the molecular differences between Neu ERRα-/- tumors and 

Neu WT tumors (Fig. 4.3A). After careful consideration, we chose to study 

tumors of similar size from mice sacrificed at endpoints ~70 days after 

tumor onset. Microarray analysis identified elevated levels of inflammatory 

signalling in the Neu ERRα-/- tumors that may contribute to the 

explanation of the accelerated tumor growth in these mice. More precisely, 

the three most significantly modulated gene function categories, as 

identified by Ingenuity Pathway Analysis (IPA) software, include two 

pathways directly linked to immunity and inflammation, Role of Pattern 

Recognition Receptors in Recognition of Bacteria/Viruses and Interferon 

Signaling (Fig. 4.3B). The majority of the modulated genes belonging to 

these pathways are upregulated in the Neu ERRα-/- tumors, indicating an 

activation of inflammatory signalling. Furthermore, based on the gene 

expression data, several inflammatory transcription factors were predicted 

to be activated in the Neu ERRα-/- tumors, including Irf7, Irf1, Stat1, Irf3 

and Stat2 (Fig. 4.3C). Two of these genes, Irf7 and Stat2, were 
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themselves upregulated at the mRNA level in the Neu ERRα-/- tumors. 

Figure 4.3D outlines the molecular relationships of several of these 

inflammatory genes upregulated (shown in red) in the Neu ERRα-/- 

tumors, including where they fit in the Interferon (IFN) Signaling Pathway. 

IFNs are cytokines with established roles in cachexia, which recruit and 

promote the activating dimerization of Signal Transducer and Activator of 

Transcription (Stat) proteins, allowing them to interact with IFN-regulatory 

factors (IRFs) to regulate target gene transcription networks (Pajak et al., 

2008).  

 We then investigated the protein levels of Stat1, Stat2, and Stat3, 

as well as their active, phosphorylated forms (Fig. 4.3E). We found that 

Stat1, pStat1, Stat2, and pStat2 levels were all clearly elevated in the Neu 

ERRα-/- tumors as compared to the Neu WT tumors. Interestingly, Stat3 

and pStat3 were not modulated in a genotype-specific manner, as protein 

levels were highly variable across different mice in a seemingly random 

fashion. In the absence of a genotype-specific relationship regulating the 

Stat3 levels, this variation likely reflects the extensive in-vivo heterogeneity 

commonly observed between different tumors, highlighting, by contrast, 

the strength and reproducibility of the Stat1/Stat2 findings despite the 

inevitable biological variation between tumors. ERRα ablation was also 

verified at the protein level. Finally, the gene expression levels of several 

genes identified to be differentially modulated by the microarray were 

successfully validated by qRT-PCR (Fig. 4.3F). Taken together, the Neu 

ERRα-/- tumors display elevated levels of inflammation, and this appears 

to occur through from the Stat1/Stat2 but not the Stat3 pathways.  

 Considering that cachexia is defined by increased systemic 

inflammation that affects other organ systems including adipose tissue and 

skeletal muscle to induce their breakdown (Fig. 4.4A), and we have 

identified that the Neu ERRα-/- tumor environment is a source of elevated 

inflammatory signalling, we next turned to metabolomics as a tool to 

investigate systemic indicators of cachexia. We first measured metabolites 
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in small tumors from mice at endpoint. The only metabolites at significantly 

different levels were NADH, O-Phosphoethanolamine, and Glutamine (Fig. 

4.4B). Interestingly, Glutamine is known to be more actively absorbed and 

consumed by rapidly growing tumors (Wise and Thompson, 2010), so its 

elevated levels in the Neu ERRα-/- tumors may be an indicator of 

increased flux into the more aggressive tumors.  

 We also investigated the levels of serum metabolites, both in tumor-

free mice and tumor-bearing mice. We observed an overall trend for 

elevated amino acid levels in the tumor-bearing Neu ERRα-/- mouse 

serum as compared to tumor-bearing Neu WT animals, and this genotype-

related difference was not observed in tumor-free mice (Fig. 4.4C) 

(Differentially regulated non-amino acid metabolites shown in Fig. A.4.1A). 

More precisely, with an n of only 4, only Asparagine and Glutamine levels 

reached statistical significance of p<0.05, but the overall trend appears 

likely to extend beyond those two amino acids. In the absence of a larger 

cohort of mice, based on this data, we can conclude only that tumor 

accumulation in the Neu ERRα-/- mice correlates with increases in certain 

serum amino acid levels. Skeletal muscle breakdown due to cancer 

cachexia is accompanied by a release of the resulting free amino acids 

into the serum (Fig. 4.4A) (Tisdale, 2002). Therefore, the elevated levels 

of certain free amino acids observed in the Neu ERRα-/- serum may 

indicate the possibility of the presence of cancer cachexia in the Neu 

ERRα-/- mice, and could suggest the involvement of the skeletal muscle. 

However, obtaining and testing serum from a larger cohort of mice would 

provide crucial additional statistical power necessary for drawing extensive 

conclusions from this data.  

 Metabolomics analysis of skeletal muscle from tumor-bearing mice 

suggests a mild general trend of reduced amino acid levels in Neu ERRα-

/- mice (Fig. 4.4D), which may be a preliminary indication of accelerated 

protein turnover (differentially regulated non-amino acid metabolites 

shown in Fig. A.4.1B). Again, as with the serum data above, small sample 
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size limits the statistical power of this data and, correspondingly, of the 

amino acids quantified, only Alanine and Aspartate levels reached 

statistical significance. However, as 9 of the 18 amino acids quantified 

(50%) in this limited set of samples display reduced levels in the Neu 

ERRα-/- skeletal muscle, whereas only one amino acid exhibited 

increased levels, this preliminary data may suggests a generalized trend 

toward reduced amino acid levels in the skeletal muscle of tumor-bearing 

ERRα-/- animals. Considering this, it would be worthwhile to expand the 

analysis across a larger cohort of mice, as it would allow us to verify if this 

is a real trend.  

 As cachexia induces a breakdown of adipose and skeletal muscle 

tissues, we examined these two tissues in tumor-bearing mice at endpoint. 

Representative hind limb skeletal muscle and abdominal adipose depot 

are shown in Fig. 4.5A. Neu ERRα-/- mice exhibit markedly less inguinal 

fat (90%) than Neu WT animals at endpoint, whereas skeletal muscle 

quantity was not different between the genotype groups (Fig. 4.5B). 

ERRα-/- mice are known to have less fat than WT mice (40% less inguinal 

adipose mass) (Luo et al., 2003c), however, this basal difference is far 

from the 90% difference we observe here in the tumor-bearing Neu ERRα-

/- mice at endpoint, suggesting that accumulating tumor burden 

exacerbates the adipose phenotype.  

 We then screened for molecular markers of cachexia in both the 

skeletal muscle and adipose tissue. In the skeletal muscle, several genes 

involved in authophagy, Agt10, Becn1, Bnip3, were downregulated in the 

ERRα-/- mice (Fig. 4.5C), whereas activation of autophagy is one major 

mechanism used to explain cachexia-induced skeletal muscle breakdown. 

These effects were dependent on genotype regardless of tumor burden, 

indicating that these are ERRα-related molecular relationships that may 

not play into the phenotype observed in response to accumulating tumor 

burden. A downregulation of genes implicated in autophagy such as those 

observed here could suggest a mechanism through which these animals 
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could be resistant to cachectic skeletal muscle breakdown. However, 

western blotting for autophagy proteins including the protein product of 

Becn1, Beclin-1, revealed no differences in protein levels (Fig. 4.5D), 

suggesting that these genotype-specific gene expression differences do 

not translate into a functional regulatory output which is likely to contribute 

to the explanation of the observed phenotypes. Notably, a cathepsin, Ctsf, 

exhibits a gene expression pattern which could implicate it in the cachectic 

response induced by accumulating tumor burden, as tumor-bearing Neu 

ERRα-/- mice exhibit significantly elevated levels of this gene as compared 

to Neu WT animals, but this pattern is not observed in mice before tumor 

onset. As cathepsins are major components of the lysosomal proteolytic 

system that is also implicated in the cachectic induction of skeletal muscle 

breakdown, this gene could contribute to a molecular explanation 

underlying skeletal muscle breakdown in our system if the preliminary 

metabolomics data is confirmed across a larger set of samples. Western 

blotting would be necessary to determine if this mRNA result translates 

into a functional tumor-induced response at the protein level. In contrast, 

the marker of the ubiquitin-proteasome pathway, Fbxo32, does not exhibit 

a genotype-related pattern of expression, decreasing the likelihood that 

this system of protein degradation is the major explanation for our 

phenotype. The expression of Mstn, known as myostatin and implicated in 

negatively regulating skeletal muscle growth, is induced in the Neu ERRα-

/- mice only under the stress of tumor burden. While the limited sample 

size (n) kept this result from reaching statistical significance at the p<0.05 

level, it is likely that this molecular pathway is also involved in the skeletal 

muscle phenotype in this system. Taken together, there is indication that 

the cathepsin-based lysosomal pathway and perhaps the myostatin 

pathway may be implicated in the Neu ERRα-/- skeletal muscle response 

to accumulating tumor burden.   

 We also screened the skeletal muscle at the protein level. While the 

proteins we probed for in the ubiquitin (total Ubiquitin) and autophagy 
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(Beclin-1, ATG5, ATG12) pathways showed no indication of genotype or 

tumor-related involvement, the energy sensor AMPK provided a surprising 

and interesting result (Fig. 4.5D). Total AMPKα levels were completely 

stable regardless of genotype or tumor status. In contrast, pAMPKα levels, 

while variable regardless of genotype in early muscle before tumor onset, 

were robustly depleted in the Neu ERRα-/- muscle from tumor-bearing 

mice at endpoint compared to levels in tumor-bearing Neu WT mice. Thus, 

accumulation of tumor burden induces a genotype-specific response in 

AMPKα activity in the skeletal muscle, implicating the deregulation of a 

major energy-sensing pathway in the tumor-induced phenotype. Taken 

together, while the total skeletal muscle mass of tumor-bearing Neu 

ERRα-/- mice does not exhibit observable differences in mass from Neu 

WT mice (Fig. 4.5B), the metabolomics data from the serum together with 

the modulated mRNA and protein markers in this context suggest the 

possibility of tumor-related involvement of the skeletal muscle.  

 We also screened the adipose tissue for the levels of molecular 

markers linked to cachexia-induced lipolysis (Fig. 4.5E). We identified 

several genes whose expression corresponds to ERRα status, in either a 

tumor-dependent or tumor-independent fashion. Lep and Lpl, both 

involved in the maintenance of adipose mass and function, are 

downregulated only in the adipose tissue of diseased Neu ERRα-/- mice, 

indicating that the effect of tumor burden on these genes may contribute to 

the molecular explanation for the observed adipose tissue loss with 

disease progression. In contrast, a separate set of genes, Fabp4, Lepr, 

and Nrip1, whose reduced expression in adipose tissue are markers of 

cachectic effects acting on this tissue, are downregulated in the ERRα-/- 

context regardless of whether or not the mice are burdened with tumors. 

This basal downregulation of adipose maintenance genes may predispose 

ERRα-/- adipose tissue to the effects of circulating inflammatory signals 

and could, thereby, contribute to the explanation for why ERRα-/- mice are 

more susceptible to the onset of cachexia.   
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 We next turned to a different in-vivo system in order to study the 

effects of short-term inhibition of ERRα activity independently of the 

tumorigenic and resulting inflammatory context. To do this, we treated WT 

mice for 10 days with Compound 29, an ERRα inhibitor (Patch et al., 

2011a). In this short period, neither total body weight, skeletal muscle 

content, nor adipose tissue content was affected by ERRα inhibition (Fig. 

4.6A). However, at the molecular level, we observed important changes in 

the adipose tissue (Fig. 4.6B). Fabp4, the marker of adipose maintenance 

that was reduced in ERRα-/- mice regardless of tumor state in the Neu 

model, exhibited reduced expression in response to Compound 29, 

confirming that inhibition of ERRα via both genetic and pharmacological 

targeting and across short- and long-term time scales affects this gene’s 

expression in a consistent fashion. Other markers of adipose function and 

maintenance including Plin1, Cebpa, and CD36, were also downregulated 

in response to Compound 29 treatment, providing more evidence that 

systemic inhibition of ERRα affects the adipose tissue. Most strikingly, Gr, 

encoding the glucocorticoid receptor (GR), is robustly upregulated in 

response to Compound 29. Considering that GR upregulation is an early 

event in the onset of cachexia (Tanaka et al., 1990) which induces 

adipose tissue loss (Russell and Tisdale, 2005), it is possible that early 

induction of Gr may be one manner in which the lipolysis gene expression 

programs are instigated at the start of the cachectic response in the 

adipose context. Finally, we confirmed that many of these genes are in 

fact direct targets of ERRα (Fig. 4.6C), as identified by ERRα binding near 

the transcriptional start site of each gene according to an ERRα ChIP-

sequencing dataset available from our laboratory. This suggests a direct 

mechanism through which ERRα could impart its regulatory effect on 

these target genes.  

 When combined with molecular studies of cachexia markers in the 

skeletal muscle and adipose tissue of pre-onset and tumor-bearing mice, 

our data suggests that systemic ablation of ERRα may render the host 
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more susceptible to cancer cachexia, a disease characterized by 

heightened inflammation, metabolic derangements and tissue atrophy.  
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DISCUSSION 
 We have identified that systemic ERRα ablation delays tumor onset 

but accelerates disease progression after onset. Furthermore, disease 

progression corresponds with a concomitant inability to maintain normal 

total body weight. We identified underlying molecular explanations 

including elevated inflammation in the ERRα-/- tumors and dysregulation 

of skeletal muscle and adipose tissue maintenance markers. Taken 

together with the metabolomics data from the serum and skeletal muscle, 

the ERRα null mice display systemic signs of the onset of cachexia, 

thereby identifying a systemic role for ERRα in the host during cancer 

progression. 

 We have also verified that short-term inhibition of ERRα in non-

tumor-bearing WT mice induces a gene expression response in the 

adipose tissue, bringing to the forefront the importance of ERRα levels in 

host tissues distant from the tumor site for the maintenance of those 

tissues and, ultimately, the ability to resist cachexia. As our tumor model 

also exhibits elevated inflammatory signalling stemming from the tumor 

site, it will be important to dissect whether the predisposition for 

developing cachexia comes from the elevated levels of inflammation 

present in the ERRα-/- tumors, or from the absence of ERRα in other 

tissues affected by cachexia such as the skeletal muscle and adipose 

contexts. One interesting experiment which could contribute elegantly to 

this discussion would be to inject equal quantities of cachexia-inducing 

cancer cells into WT and ERRα-/- mice and observe if the host genotype 

causes differential development and progression of the cachectic state. 

The Lewis Lung Carcinoma model of cachexia could be a good model for 

this type of experiment. 

 In fact, this type of animal model, which is based on implanted 

tumor cells, comprises the majority of animal models used to study this 

complex disease in-vivo (Deboer, 2009). As cachexia is by definition a 

systemic disease, it is paramount that it be studied in-vivo, yet relevant 
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mouse models remain limited. Our ERRα-/- model is fundamentally 

different from the implanted tumor cell models, in that it is a genetics-

based system that develops cachexia when crossed into a genetically-

driven cancer context. This allows for a slower and milder onset of 

cachexia which could most likely be titrated by the choice of cancer model, 

allows for the study of early-onset markers and changes, and avoids the 

sudden insult of foreign material injection, perhaps more naturally 

mimicking the type of slow, long-term insult a cancer patient experiences 

who will exhibit the onset of cachexia. As such, this new genre of model 

may prove to be a powerful tool to expand our resources for studying 

cancer cachexia.  

 As ERRα is considered a marker of poor prognosis in breast 

cancer, and the idea of ERRα inhibitors as therapeutics is becoming a hot 

topic, this study adds important insights relevant for proper predictions 

about targeting ERRα in ERBB2-positive breast cancer. As our study has 

uncovered a major undesired consequence of long-term inhibition of 

ERRα, temporal treatment conditions will be very important when 

considering ERRα inhibitors for systemic therapeutic application.  
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MATERIALS AND METHODS 
Ethics statement  
Animal use followed the guidelines of the Canadian Council on Animal 

Care. The animal use protocol was approved by the local Facility Animal 

Care Committee (FACC) at McGill University.  
 

Animals  
All mice were housed and fed standard chow in the animal facility at the 

McGill University Rosalind and Morris Goodman Cancer Research Centre. 

Mouse strains used in this study have been previously described: female 

wild-type and ERRα-null mice (Luo et al., 2003b) carrying the MMTV-

NeuNDL2-5 (Guy et al., 1992) oncogene in an FVB genetic background. 

Animals were sacrificed by cervical dislocation during the day at ZT 

(Zeitgeber time) 4. At necropsy, mammary glands, mammary tumours, 

hindlimb skeletal muscle and epididymal or inguinal adipose tissue were 

frozen in liquid nitrogen, ground using a mortar and pestle and kept frozen 

until further processing. Tissue weights, when measured, were taken 

immediately after dissection and before further tissue processing or 

storage. Blood was let to clot for >30min at room temperature, spun for 

30min at 5,000rpm at room temperature, and the serum (top) layer 

selected before being frozen at -80oC.  

 Animals carrying the MMTV-NeuNDL2-5 (NeuNDL2-5 OR Neu) 

transgene were monitored for tumor onset by bi-weekly physical palpation, 

at which time they were also weighed, and necropsied at endpoint 

(determined and approved by the FACC as 2.5 cm3 for an individual tumor 

or 6 cm3 total tumor burden for one mouse). Tumor volume measurements 

were taken weekly. Endpoint data was generated from material from mice 

sacrificed within one week of the ideal endpoint, defined as 70days after 

tumor onset.  

For Compound 29, the drug was diluted directly into the injection 

buffer (5.2% PEG400 and 5.2% Tween 80 Ringer’s saline solution) for a 
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final concentration of 10 mg/kg. Adult male C57BL/6J mice were 

administered daily intraperitioneal injections of 10mg/kg compound 29 or 

the drug vehicle for 10 days. Mice were then sacrified as described above 

and tissues were collected. 

 

Regression Analysis of Weight Data 
The values of the slopes and the corresponding statistical analysis were 

obtained by performing OLS (ordinary least squares) regression analysis 

using Stata software. For before tumor onset analysis, Weight was set as 

the dependent variable, and Age and a Constant Term were the 

independent variables. A separate regression for each genotype was 

performed. For after tumor onset analysis, Non-Tumor Body Weight was 

set as the dependent variable, and Days After Onset, Genotype, Genotype 

interacted with Days after Onset, and a Constant Term were the 

independent variables. Tumor burden weight was subtracted from the total 

body weight of each animal at each timepoint to obtain the Non-Tumor 

Body Weight used in the regressions. To compute tumor burden weight, 

measured tumor volume was multiplied by tumor density. To compute 

tumor density, 5 tumors from different mice at endpoint were weighed and 

their volume measured, and the corresponding average density calculated 

(0.90). 

 

RNA Isolation, Reverse Transcription and quantitative Real-Time 
PCR 
Tumor RNA was isolated using the RNeasy Mini Kit (Qiagen), Skeletal 

muscle RNA was isolated with the RNeasy Fibrous Tissue Mini Kit 

(Qiagen), and Adipose RNA was isolated with the RNeasy Lipid Tissue 

Mini Kit (Qiagen). DNase treatment was always performed during RNA 

isolation. cDNA was made from either 1 or 2 µg of total RNA by reverse 

transcription with Oligo(dT) primer, dNTPs, 5X 1st strand buffer, DTT, 

RNase inhibitor, and Superscript II RNase H Reverse Transcriptase 
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(Invitrogen). cDNA was amplified by qRT-PCR using specific primers 

(Appendix Table A.4.1) qRT-PCR was carried out in a LightCycler 480 

instrument using the QuantiTect SYBR Green PCR Kit (Qiagen) following 

the Qiagen software protocol. All primers were designed using Oligo 6.8 

Primer Analysis Software with sequence data from the 

http://genome.ucsc.edu database mouse July 2007 or December 2011 

assemblies. Primers to detect cDNA were designed so that either the 

product included at least one intron and/or one primer was located on both 

an exon and an intron in order to avoid recognition of genomic DNA. 

Primer sets were tested on cDNA dilutions to determine primer efficiency. 

qRT-PCR reactions were performed in duplicate, and the Ct values were 

averaged before normalization.  

 
Microarray 
Microarray analysis of was performed on four tumors of each genotype. 

RNA was extracted as described above, and RNA quality control was 

determined by Bioanalyzer. Microarray sample preparation and chip 

hybridization was performed by the Génome Québec Innovation Centre at 

McGill University using 5 µg of total RNA per sample and a mouse 60k 

Agilent expression array chip. FlexArray software 

(http://genomequebec.mcgill.ca/FlexArray/) was used to analyze resulting 

data. A p-value threshold of 0.05 and a relative fold change cutoff of ±1.5 

were used The Ingenuity Pathway systems Analysis program was used for 

analysis of pathways, gene functions and transcription factor binding sites 

in modulated genes.  

 

Western Blots 
Briefly, protein was harvested with modified RIPA buffer containing 

protease and phosphatase inhibitors and quantified using MicroBCA or 

Bradford methods, and then resolved on an SDS-PAGE gel (40 µg protein 

per well tumor extracts, 60 µg per well for muscle extracts). Protein was 
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then transferred onto a membrane, blocked for one hour, and then 

incubated with primary antibody overnight. After three washes, 

membranes were incubated with secondary antibody for one hour at a 

dilution of 1:5000. After three more washes, proteins were detected using 

chemiluminescence. The loading control protein was either detected on 

the same membrane simultaneously with the target proteins if size 

differences allowed, or the membranes were stripped and re-probed to 

detect the loading control. See Chapter 2 for more Western blotting 

protocol details. The following antibodies and conditions were used: 

pStat1 (Cell Signaling cs-9171s, 1:200), Stat1 (Upstate 06-501, 1:1000), 

pStat2 (Abcam ab53132, 1:200), Stat2 (ProteinTech 16674-1-AP, 1:200), 

pStat3 (Cell Signaling cs-9134s+cs-9131s, 1:400+1:400), Stat3 (Cell 

Signaling cs-9132s, 1:400), ERRα (Epitomics 2131-1, 1:5000), Actin 

(SantaCruz sc-1616-R, 1:200), LC3A, Beclin-1, ATG5, ATG12 (Cell 

Signaling Autophagy Antibody Sampler Kit, 4445), Ubiquitin (Cell 

Siganling cs-3933s, 1:1000), AMPKα (Cell Signaling cs-2532L, lot 19, 

1:1000), P-APMPKα (Cell Signaling, cs-2535s, lot 14, 1:1000) 

 

Metabolomics 
Targeted quantitative metabolite profiling was accomplished using NMR. 

Tissue extractions were prepared according to a modified Folch extraction 

(Wu et al., 2008). Crushed tissues were weighed precisely, and 36-101 

mg per tumor sample or ~70 mg (63-92 mg) per skeletal muscle sample 

were used. Samples were kept on ice at all times during the extractions. 4 

ml/g tissue cold methanol was added to each sample. Then 0.85 ml/g cold 

water was added. Samples were homogenized for 2 min at 20Hz using a 

TissueLyser (Qiagen) in combination with the corresponding steel beads. 

4 mg/g cold CHCl3 was added, then 2 ml/g cold water. Samples were 

vortexed for 60sec, then set on ice for 10min. After centrifugation at 2000 

g for 15 min at 4°C, the polar (top) layer was carefully selected and frozen 

at -80°C until further processing. 



 167 

The aqueous layer was dried in a pre-cooled vacuum centrifuge 

(Labconco Corp. Kansas City, MO, USA) operating at -4 oC. The dried 

samples were stored at -80 oC until the day of NMR data collection. 

Extracted tissue samples were re-suspended in 220 ml water containing 

10% deuterated water, 0.01 mM sodium azide, 0.2mM DSS (4,4-dimethyl-

4-silapentane-1-sulfonic acid), the chemical shift and concentration 

standard and, 0.1mM DFTMP (difluorotrimethylsilanylphosphonic acid) an 

internal pH standard (Reily et al., 2006). The pH of each sample was 

manually adjusted to pH of 6.8 +/- 0.1.    

Serum samples were ultra-filtered for >2 hrs at 4000 g at 4°C using 

pre-washed Nanosep 3 kd molecular weight cut-off spin filters (Pall 

Corporation, Ann Arbor Michigan, USA). Filters were prepared beforehand 

by washing in MilliQ water for several hours (water was exchanged 

regularly). Water was then centrifuged through the filters twice at 8000 g 

for 15 min. Excess water was removed with a clean Kimwipe before serum 

was filtered. A volume of 30-70 ml serum was recovered and diluted to 

120 ml water containing 10% deuterium oxide, 0.2 mM DSS, 0.1 mM 

DFTMP and 0.01mM sodium azide. Samples were transferred to 3 mm 

susceptibility matched Shigemi tubes (Shigemi Inc, Allison Park, PA, USA) 

for NMR data acquisition. 

 NMR data were acquired on a 500MHz Inova NMR system (Agilent 

Technologies, Palo Alto, CA, USA) equipped with a HCN cryogenically 

cooled probe operating at 25 K. One-dimensional NMR spectra of samples 

were collected using the first increment of the standard NOESY 

experiment supplied with the instrument. All spectra were recorded at 

25oC with a mixing time of 100 ms, 256 transients with 8 equilibration pre-

scans, a spectral window of 12 ppm centered on the residual water which 

was suppressed by a low power pre-saturation pulse during both the 

mixing time and 2 sec relaxation delay. The acquisition time was 3 sec for 

a total scan recycle time of 5 sec. The same pre-saturation and gain were 

used for all data acquisitions while 90o pulses were calibrated for each 
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sample. Metabolite identification and chemical shift assignments were 

confirmed by two-dimensional 75 ms mixing time total correlation spectra 

(Z-filtered dipsi-Tocsy) and through the use of the Human Metabolome 

Database and Madison Metabolomics Consortium database (Cui et al., 

2008; Wishart et al., 2009).  

NMR data were Fourier transformed after zero-filling to 128k data 

points and exponential weighting of 0.333 Hz. Fifty-five serum metabolites, 

fifty-seven muscle tissue metabolites and Sixty-five mammary tissue 

metabolites were quantitatively profiled using Chenomx NMR Suite 7.0 

and the 500MHz library (Chenomx, Inc, Edmonton, AB, Canada). The 

amount of each metabolite was then normalized to the weight of the 

extracted tissue. Serum metabolite concentrations were corrected by the 

sample’s dilution factor. 

 
ChIP-Sequencing Dataset 
See Appendix II:  

Chaveroux et al. Molecular Crosstalk Between mTOR and ERRα is a Key 

Determinant of Rapamycin-induced Non-Alcoholic Fatty Liver.  
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TABLES AND FIGURES 
 
Figure 4.1. Neu ERRα-/- mice exhibit delayed tumor onset but 

accelerated disease progression after onset. 

(A) Neu ERRα-/- mice exhibit delayed tumor onset. Percentage of tumor-

free mice over time for the indicated genotypes. (B) Neu ERRα-/- mice 

display accelerated accumulation of tumor burden after tumor onset. Total 

tumor volume (in cm3) per mouse over time, from tumor onset until 13 

weeks after onset, for the indicated genotypes. (C) Neu ERRα-/- mice 

exhibit increased tumor focality after tumor onset. Number of tumors per 

mouse over time, from tumor onset until 12.5 weeks after onset, for the 

indicated genotypes.  Statistical significance was determined by Log-rank 

Mantel-Cox test and Gehan-Breslow-Wilcoxon test in A and by applying 

linear regressions in B and C using GraphPad Prism software.  
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Figure 4.2. Absence of ERRα negates weight gain observed in WT 

animals after tumor onset, suggesting that inhibition of ERRα  

activity may predispose to a cachectic state. 

(A) Total body weight of Neu WT (red circles) and Neu ERRα-/- (blue 

circles) mice is stable before tumor onset. Fitted regression lines represent 

the average change of total body weight with age for each group of mice. 

Red line represents Neu WT data, blue line Neu ERRα-/- data. Slopes of 

these lines are shown on table at right. The statistical significance of the 

difference between the two slopes is indicated. N.S. indicates Not 

Significant. (B) Non-tumor body weight of Neu ERRα-/- mice (green 

circles) fails to maintain trend of Neu WT mice non-tumor body weight 

(orange circles) after tumor onset. Fitted regression lines represent the 

average change of non-tumor body weight with time after tumor onset for 

each group of mice. Orange line represents Neu WT data, green line Neu 

ERRα-/- data. Slopes of these lines are shown on table at right. The 

statistical significance of the difference between the two slopes, as 

determined by regression analysis done with Stata software, is indicated. 

Non-tumor body weight was calculated by subtracting the weight of the 

tumors from the total body weight at each measurement.  
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Figure 4.2 
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Figure 4.3. Neu ERRα-/- tumors exhibit heightened levels of 

inflammatory signaling. 
(A) Gene expression profiling of tumors similar in size obtained from Neu 

ERRα-/- versus Neu WT mice 70days after tumor onset identifies 

differentially-regulated genes. >1.5 fold expression change and p-value 

<0.05 cut-off parameters were applied. (B) Analysis of microarray data by 

gene function reveals an upregulation of genes involved in immune 

response in Neu ERRα-/- tumors. The three most significantly modulated 

(TOP 3) gene function categories identified by Ingenuity Pathway Analysis 

(IPA) software are shown. Red indicates genes upregulated in the Neu 

ERRα-/- tumors, green indicates genes downregulated in the Neu ERRα-/- 

tumors. Significance is shown as –log(p-value), where the greater the 

value, the more significant the p-value. (C) IPA Transcription Factor 

binding site Analysis of the genes modulated in the microarray predicts the 

activation of inflammatory transcription factors in the Neu ERRα-/- tumors. 

Transcription factor is identified as Factor. Z-score indicates the strength 

of the IPA prediction, while Prediction indicates if the transcription factor is 

predicted to be Activated or Inhibited based on the direction of modulation 

of its target genes in the microarray data. Red boxes indicate genes 

whose expression is upregulated in the microarray, and green boxes 

identify genes downregulated. (D) Many genes of the interferon signaling 

pathway are upregulated in Neu ERRα-/- tumors. Genes upregulated in 

the microarray are shaded red. (E) Stat1 and Stat2 activity is elevated in 

Neu ERRα-/- tumors. Protein levels of Stat1, Stat2, Stat3 and their 

corresponding phosphorylated forms, as well as total ERRα levels, in Neu 

WT and Neu ERRα-/- tumors as measured by Western blotting. Actin 

serves as a loading control. (F) Validation by qRT-PCR of the microarray 

data is shown for several modulated genes.  
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Figure 4.3 
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Figure 4.4. Metabolomics of mammary tumors, serum and skeletal 
muscle provides systemic indicators of an elevated cancer cachectic 

state in Neu ERRα-/- mice. 

(A) Diagram from Tisdale M, Nature Reviews, 2002 outlining the interplay 

between different tissues in cancer cachexia. The tumor produces factors 

secreted into the blood stream, which induce the breakdown of adipose 

tissue into fatty acids and the protein degradation of skeletal muscle into 

amino acids, such as lipid-mobilizing factor (LMF), proteolysis-inducing 

factor (PIF) and inflammatory cytokines including TNF-α. The liver uses 

these gluconeogenic substrates for acute-phase protein synthesis (APP). 

(B) Metabolites identified by NMR-based metabolomics to exhibit 

significantly different levels in small tumors from Neu ERRα-/- mice than 

Neu WT mice. Results are expressed as fold from values obtained from 

Neu ERRα-/- tumors normalized to values obtained from Neu WT tumors. 

n=4. (C) Many amino acids exhibit a tendency toward upregulation in the 

serum of Neu ERRα-/- tumor-bearing mice. Serum amino acid levels 

identified by metabolomics are expressed as fold from values obtained 

from Neu ERRα-/- mice normalized to values obtained from Neu WT mice. 

White bars indicate measurements from tumor-free mice, black bars 

represent data from tumor-bearing mice. n=4. (D) Many amino acids 

exhibit a tendency toward downregulation in the skeletal muscle of tumor-

bearing Neu ERRα-/- mice. Amino acid levels identified by metabolomics 

are expressed as fold from values obtained from Neu ERRα-/- mice 

normalized to values from Neu WT mice. n=5. Unpaired student’s t test 

was used for evaluation of statistical significance. *P< 0.05, **P< 0.01. 
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Figure 4.5. Skeletal muscle and adipose tissue analysis reveals 
phenotypic and molecular indicators of cachexia in the tumor-

bearing Neu ERRα-/- mice. 

(A) Gross differences in adipose tissue quantity are seen by eye between 

tumor-bearing Neu ERRα-/- and Neu WT mice at endpoint. Hind limb 

skeletal muscle is also visible. (B) Quantification of hind limb skeletal 

muscle and inguinal adipose tissue weight. Tissue weights are normalized 

the total body weight of the mouse two weeks after tumor onset. (C) 

Skeletal muscle gene expression markers of cachexia are differentially 

expressed between Neu ERRα-/- and Neu WT mice, as determined by 

qRT-PCR. Black and grey bars represent Neu WT and Neu ERRα-/- mice 

before tumor onset, respectively. Purple and pink bars; tumor-bearing Neu 

WT and Neu ERRα-/- mice at disease endpoint, respectively. Gene levels 

in Neu WT mice before tumor onset are set to 1. Arbp was used as an 

internal control. (D) Protein levels of key energy homeostasis and 

autophagy proteins in skeletal muscle before tumor onset and at disease 

endpoint were measured by Western blotting. Actin was used as an 

internal control. (E) Adipose tissue gene expression markers of cachexia 

are differentially expressed between Neu ERRα-/- and Neu WT mice. 

Experiment was conducted as in (C). Unpaired student’s t test was used 

for evaluation of statistical significance. *P< 0.05, **P< 0.01, ***P<0.001. 
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Figure 4.5 
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Figure 4.6. Mice depleted for ERRα  activity with Compound 29 

exhibit molecular dysregulation of adipose tissue. 
(A) Total body weight, hindlimb skeletal muscle, and inguinal adipose 

tissue quantity are not affected by treatment with Compound 29. Tissue 

weights are normalized to the total body weight of each mouse. Black bars 

represent control treated mice, white bars represent mice treated with 

Compound 29. (B) Adipose gene expression markers of tissue 

maintenance are differentially expressed between Control and Compound 

29-treated mice, as determined by qRT-PCR. Gene levels in Control 

treated mice are set to 1. Arbp was used as an internal control. (C) Most of 

the genes modulated in the adipose tissue of mice treated with Compound 

29 are ERRα direct targets. ERRα ChIP-sequencing profiles for genes 

modulated in (B). Red indicates ERRα binding. **P< 0.01, ***P< 0.001.  
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CHAPTER V: A Knockout Mouse Model Reveals 
Essential Roles for miR-378/378* in Brown Adipose 

Tissue Function 
 

 
PREFACE 

 
The absence of mir-378 mouse models prevented the in-vivo study of this 

miRNA in breast cancer, and has limited the general understanding of the 

physiological role of this molecule. To overcome this obstacle, we 

generated both a conditional and a total knockout mouse model for this 

miRNA. To understand the physiological role of mir-378, we began by 

studying the basal phenotypes of the mir-378 total knockout mice. We 

uncovered phenotypes in the brown adipose tissue, suggesting a role for 

mir-378 in thermogenesis.  
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ABSTRACT 
The mir-378 miRNA hairpin, encoding both mature miR-378 and miR-

378*, has been implicated as a metabolic miRNA with functions in normal 

physiology and disease. To study the role of mir-378 in-vivo, we have 

generated both a mir-378 conditional and a mir-378 total knockout mouse 

model. The total knockout animals are produced at expected mendelian 

frequencies regardless of gender, have no reproductive difficulty, and 

exhibit no differences in body weight from wildtype or heterozygous mice 

throughout development to maturity. A screen of tissue weight combined 

with histological analyses revealed that the brown adipose tissue of mir-

378 knockout mice exhibits the clearest basal phenotypic differences from 

wildtype mice of all eight tissues examined. Male mir-378 knockout mice 

have approximately 20% less interscapular brown adipose tissue than 

wildtype counterparts, and phenotypic differences are visible by histology 

and electron microscopy. Gene expression analysis identified significant 

downregulation of key genes involved in brown adipose tissue 

maintenance and function, Dio2, Ucp1, and Ppargc1a. Taken together 

with the knowledge that PGC-1β (the mir-378 host gene) and the closely 

related ERRs have established functions in brown adipose tissue function, 

our results suggest that mir-378 is an essential component of the 

thermogenesis program.   
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INTRODUCTION 
 MiRNA are short, endogenous RNAs which post-transcriptionally 

regulate their mRNA targets, with the functional output of controlling target 

protein levels (Fabian and Sonenberg, 2012). miRNA have been 

implicated in essentially all physiological processes and a large range of 

diseases (Osman, 2012), including metabolism and metabolic disorders 

(Rottiers and Naar, 2012). mir-378, which encodes for both mature miR-

378 and miR-378*, has been shown to regulate a major metabolic nuclear 

receptor, ERRγ, and a transcription factor known for its regulation of 

mitochondrial gene expression, GABPA (Eichner et al., 2010). While this 

study explored these molecular relationships in a cancer context, mir-378 

has been shown to be implicated in normal metabolic physiological 

settings as well, including adipogenesis (Gerin et al., 2010a), cardiac 

function (Knezevic et al., 2012; Tranter et al., 2011), muscle function 

(Davidsen et al., 2011) and liver regeneration (Song et al., 2010b). 

Furthermore, it is generally considered that miRNA, if intronically located 

within a host gene, are co-expressed with this host gene (Kim and Kim, 

2007b). mir-378 is located within the first intron of its host gene Ppargc1b, 

which encode for the metabolic co-activator, PGC-1β, and has been 

proven to be co-expressed with this gene (Eichner et al., 2010). The co-

expression of mir-378 with the well-established metabolic gene PGC-1β, 

by extension, further strengthens the connection between mir-378 and 

metabolic contexts and functions. While the current literature has clearly 

linked mir-378 to metabolic function, the absence of mir-378 mouse 

models has greatly limited the exploration of mir-378 function, both in 

metabolic tissues as well as tissue contexts with fundamentally different 

functions.  

 Therefore, to study the role of mir-378 (recently renamed mir-378a, 

as noted in Chapter I earlier) in-vivo, we have generated both a mir-378 

conditional and a mir-378 total knockout mouse model. The total knockout 

mice exhibit no obvious developmental or reproductive defects, allowing 
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for the immediate study of mir-378  function in the adult mouse. We 

identified that the brown adipose tissue of mir-378 knockout mice, of all 

tissues examined, exhibits the clearest basal phenotypic differences from 

wildtype (WT) mice. In fact, mir-378 knockout mice have significantly less 

interscapular brown adipose tissue than WT counterparts, and phenotypic 

differences are visible by histology and electron microscopy. Gene 

expression analysis identified significant downregulation of key genes 

involved in brown adipose tissue maintenance and function, Dio2, Ucp1, 

and Ppargc1a. Taken together with the knowledge that PGC-1β (the mir-

378 host gene) and the functionally-related ERRs have established roles 

in brown adipose tissue function, our results suggest that mir-378 is an 

essential component of the thermogenesis program.   
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RESULTS 
Generation of the mir-378 conditional knockout mouse and the mir-
378 total knockout mouse 

 To target the mir-378 hairpin for in-vivo modulation, we designed 

one targeting construct for the generation of both the mir-378 conditional 

knockout mouse, mir378CKO, and the mir-378 total knockout mouse, 

mir378TKO (Fig. 5.1A). The targeting construct, with homologous arms 

>3kb long, was designed to introduce a LoxP site-flanked neomycin 

cassette (Neo) downstream of mir-378, along with one LoxP site just 

upstream of mir-378. Care was taken to include as few base pairs as 

possible between the LoxP sites flanking mir-378 (265bp total) in order to 

minimize the chance of modifying Ppargc1b expression. This was key, as 

mir-378 is located within the first intron of its host gene (Ppargc1b), a 

regulatory region known for its importance for gene expression. After 

electroporation of the targeting construct into embryonic stem (ES) cells 

and following antibiotic selection, we screened the 394 resulting clones by 

PCR for proper incorporation of the targeted allele (Fig. 5.1B). Our screen 

was designed to verify correct location of the construct in the genome, 

inclusion of the floxed miRNA, incorporation of the Neomycin cassette, 

and absence of undesired targeting construct incorporation beyond the 

homologous arms. We identified 6 such positive clones, and the two most 

ideal clones, as identified by karyotyping, were selected for blastocyst 

microinjection and subsequent chimera generation. One clone generated 

5 chimeras with ≥95% agouti coat color, and the second clone produced 9 

chimeras with ≥75% agouti coat color. Resulting chimeras were mated 

with female C57Bl/6 mice, and germline transmission of the modified allele 

to the F1 generation was determined by transmission of the ES cell-

derived agouti coat color to the resulting pups.  

 Having established germline transmission of our genetic 

modification, we crossed these mice to MORE mice, which express Cre 

recombinase under the control of the germline-expressing Mox2 promoter 
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(Tallquist and Soriano, 2000). The resulting mice, in which our LoxP-

containing modification had been exposed to Cre recombinase, exhibited 

the results of LoxP-mediated genetic recombination. Two types of 

disrupted alleles were identified by PCR-based genotyping; the mir-378 

conditional knockout (mir378CKO), which retained the floxed mir-378 

sequence after specific deletion of the neomycin cassette (Fig. 5.1C, left 

panel), and the mir-378 total knockout (mir378TKO), where both the 

neomycin cassette and the mir-378 region had been removed from the 

genome following LoxP collapse, leaving only one remaining LoxP site 

(Fig. 5.1C, right panel). To study the result of removing mir-378 entirely 

from the genome, we bred the mir378TKO mice (from hereon called 

mir378KO) to homozygosity.  

 Heterozygous mir378KO animals were mated to produce littermate 

WT and KO animals for study. Heterozygous mir378KO animals exhibited 

no reproductive difficulty, and total knockout animals of both genders were 

produced at expected mendelian frequencies (data not shown), indicating 

that this genetic modification is not detrimental to development.  

 In order to predict the tissue contexts where mir378KO mice are 

most likely to exhibit phenotypes, we screened the expression of mature 

miR-378 and miR-378* across different tissues of adult male wildtype 

(WT) mice (Fig. 5.1D). As expected, mir-378 is most highly expressed in 

metabolic tissues with high energy demands including the heart, skeletal 

muscle, brown adipose tissue (BAT) and white adipose tissue (WAT), less 

expressed in the liver, and expressed the least in the spleen and testes. 

Also as expected, mature forms of both miR-378 and miR-378* display 

extremely similar expression patterns. The high expression of mir-378 in 

metabolic tissues parallels the expression of its host gene, Ppargc1b 

(encoding PGC-1β) (Lin et al., 2002), contributing more proof that mir-378 

is co-expressed with its host gene, and suggesting that mir-378 is 

biologically relevant in tissue contexts where Ppargc1b is expressed, 

further implicating mir-378 as a metabolic miRNA.  
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 We next validated our knockout mouse model at the functional level 

by verifying that miR-378 and miR-378* are not expressed in the 

mir378KO mice (Fig. 5.1E). Importantly, Ppargc1b expression is retained 

in the mir378KO mice (Fig. 5.1E), indicating that we had succeeded in 

deleting mir-378 from the genome without affecting the expression of its 

host gene.  

 

Screen for phenotypes in mir378KO animals 
 mir378KO mice develop normally, and exhibit no differences in 

body weight from WT or heterozygous mice throughout development to 

maturity (Fig. 5.2A and data not shown). Therefore, we set out to 

investigate the basal phenotypes of this mouse model by screening 

different tissue contexts in the adult mir378KO mouse. Weight 

measurements of interscapular brown (BAT) and white (WAT) adipose 

tissues, heart, skeletal muscle, spleen, testes, liver and lungs, after 

normalization to total body weight, revealed differences between WT and 

KO animals in BAT, WAT and Spleen weight (Fig. 5.2A). More precisely, 

two-month-old male mir378KO mice exhibit 20% less BAT, 57% less 

WAT, and a 30% heavier spleen. Histological analysis of these tissues 

revealed the most striking differences between the mir378KO and WT 

mice in the BAT (Fig. 5.2B). Of note, cardiac tissue from mir378KO mice 

exhibited defects in mitochondrial organization observed by electron 

microscopy (Fig. A.5.1). Considering, in addition to the tissue weight and 

histology data, that mir-378 is highly expressed in the BAT (Fig. 5.1D), that 

ERRγ is a direct target of miR-378* (Eichner et al., 2010), that ERRα and 

ERRγ are expressed at high levels in the BAT (Sladek et al., 1997b), and 

that ERR has been implicated in adaptive thermogenesis controlled by the 

BAT (Villena et al., 2007), we hypothesized that mir-378 could have a 

physiologically-relevant role in this tissue context. Therefore, we chose to 

focus our study on the BAT context, the major site of mammalian heat 

production (Cannon et al., 2004).  
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Basal adipose tissue defects in male mir378KO mice 
 Mir378KO mice exhibit gross differences in basal BAT quantity, as 

visible by eye (Fig. 5.3A), while structural defects of mir378KO BAT lipid 

droplets were identified by electron microscopy (Fig. 5.3B). These 

phenotypes were not accompanied by differences in mitochondrial content 

(Fig. 5.3C).  

 To understand how the deletion of mir-378 affects basal BAT, we 

screened the expression levels of genes with established roles in BAT 

function (Fig. 5.3D). We found that Dio2, the gene responsible for the 

uptake and mobilization of circulating T4 hormone into the T3 form active 

in the BAT (Christoffolete et al., 2004), is 57% downregulated in male 

mir378KO mice as compared to WT animals. Ucp1, the major gene 

responsible for heat production (Cannon and Nedergaard, 2004), is 40% 

downregulated in the mir378KO animals. And Ppargc1a, the gene 

responsible for co-activating the gene expression programs necessary for 

the thermogenic response (Lowell and Spiegelman, 2000), is 

downregulated 53%. Notably, Thra, thyroid hormone receptor alpha, 

exhibits a trend toward downregulation in the knockout mice which, 

however, does not reach statistical significance with this sample size. Of 

the transcription factors responsible for mitochondrial gene expression 

programs, Nrf1, Gabpa and Tfam, only Nrf1 is significantly misregulated in 

the KOs. The brown fat marker, Prdm16, shows a slight trend toward 

downregulation in the KO BAT without reaching statistical significance, 

while other adipose tissue markers, Adipoq and Fabp4, are unmodulated. 

Nuclear receptors with established functions in adipose tissue, Ppara and 

Pparg1, exhibit trends toward downregulation in the mir378KO mice, while 

not reaching statistical significance within this sample size. Esrrg, the 

direct target of miR-378*, tends lightly toward downregulation in the KOs, 

while Esrra exhibits a trend in the opposite direction, but neither reach 

statistical significance. As both miR-378 and miR-378* are expressed in 
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the BAT (Fig. 5.1D), it is reasonable to expect miR-378* targets to be 

modulated in mir378KO tissues. Thus, it is possible that the mild Esrrg 

mRNA response observed is a reflection of a cellular attempt to 

compensate for long-term mir-378*-related modulation of ERRγ protein 

levels, a hypothesis which should be confirmed by western blotting for 

ERRγ protein levels. This hypothesis is the most likely explanation for 

these observed mRNA-level results, considering the mRNA/protein-level 

effects observed in all other models studied throughout the work of this 

thesis where mir-378 levels were modulated long-term, as discussed in 

Chapter 3 (p.126-127). If, however, western blotting does not confirm the 

expected modulation of ERRγ at the protein level, this would indicate that 

miR-378* targeting of ERRγ may instead be tissue context specific. 

Exploration of the underlying mechanism behind such tissue-specific 

targeting would itself be an interesting finding to investigate further. Taken 

together, there is clear indication that the mir378KO mouse BAT exhibits 

aberrations in the basal gene expression of key genes responsible for BAT 

function. Furthermore, many genes exhibit trends toward basal 

misregulation which would likely become exacerbated in conditions when 

the mice need to activate their adaptive thermogenesis program, such as if 

the mice were placed in the cold. Therefore, these trends in gene 

expression, while not conclusive if statistical significance is not reached, 

may still be indicative of mir-378 function in BAT that could prove to be 

functionally important when the thermogenic program is more drastically 

activated.  

 

Adipose and cardiac analysis of female mir378KO mice 
 Interestingly, female mir378KO mice of the same age did not 

recapitulate the differences observed in the male mice. Unlike the males, 

histological analysis of female mice did not reveal clear differences in BAT 

(Fig. 5.4A), while WAT from females appears to exhibit a difference in cell 

size between the genotypes (Fig. 5.4B). Similarly to the males, there were 
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no major cardiac differences observed by histological analysis in the 

females (Fig. 5.4C). Interestingly, of the three genes most differentially 

regulated in the male mir378KO mice, Ppargc1a, Ucp1, and Dio2, only 

Ppargc1a exhibited a trend of downregulation similar to that which was 

observed in the males (Fig. 5.4D), although this trend does not reach 

statistical significance. In contrast to what was observed in the males, 

Ucp1 levels were unchanged in the female KOs, and Dio2 levels exhibited 

a trend in the opposite direction; toward upregulation, that also did not 

reach statistical significance. One caveat is that the failure of these gene 

expression differences observed in the females to reach statistical 

significance can be attributed to the smaller n available for gene 

expression analysis, rather than a biological rationale. Regardless of the 

smaller n, however, two genes do exhibit statistically significant 

differences between the genotypes in the female mice; Pparg2 and Esrrg. 

Taken together, while mir378KO mice exhibit differences from WT animals 

in a gender-specific manner, it is clear that mice of both genders exhibit 

differences from their WT counterparts in the BAT that implicates mir-378 

in adaptive thermogenesis.   
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DISCUSSION 
 We have generated both a conditional mir378KO mouse and a total 

mir378KO mouse. Our data show that mir-378, like its host gene, 

Ppargc1b, is most expressed in highly metabolic tissues including heart, 

skeletal muscle, white adipose and brown adipose tissues. Furthermore, it 

seems that mir-378 is not essential for development, as our total KO mice 

develop successfully to adulthood and have no reproductive difficulties. Of 

the 8 tissues screened, male mir378KO mice have differences in BAT, 

WAT and spleen weights. Histological and electron microscopy analyses 

revealed in more detail how the BAT from mir378KO mice differs from WT 

mice. Gene expression analyses identified misregulation of key genes in 

the BAT of mir378KO mice, suggesting a role for mir-378 in adaptive 

thermogenesis. An acute cold exposure experiment, where mice are 

placed at 4°C and their core body temperature monitored as they adjust to 

the cold by activating their adaptive thermogenesis program, is the next 

step with which we will verify and examine the functional role of mir-378 in 

this process.  

 Importantly, expression of the host gene, Ppargc1b, is not affected 

in our mir378KO mouse. Therefore, our models extend the available 

animal model tools available for studying this genomic locus in an 

important fashion. While, previously, all mouse models affecting the 

Ppargc1b/mir-378 genomic locus have inactivated the protein product of 

the Ppargc1b gene (Lelliott et al., 2006; Sonoda et al., 2007b; Vianna et 

al., 2006) without affecting mir-378 expression (discussed and proven in 

Chapter 2 earlier; page 70 and Figure 2.8), our models allow for the in-vivo 

study of the small but physiologically-relevant mir-378 region alone. These 

models should make a large contribution toward a more complete 

understanding of this genomic locus.  

 Of note, recently, after the bulk of this thesis work was completed, 

other mammalian miRNA with nearly identical sequences to mir-378, 

differing by one or two nucleotides, were identified in different locations 
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throughout mammalian genomes (as outlined in Chapter I footnote). These 

miRNA were also named mir-378, and are distinguishing from each other 

by a lower case letter; “a” through “j” in human and “a” through “d” in 

mouse. The mouse models generated in this chapter genetically alter 

solely the originally-identified mir-378, currently renamed mir-378a. (To 

maintain consistent nomenclature throughout this thesis, we continue to 

refer to the current “mir-378a” as “mir-378.”) This mir-378 hairpin is the 

only mir-378 that encodes for miR-378*. Interestingly, since the mouse 

models generated in this chapter disrupt only mir-378 (currently termed 

mir-378a), this suggests that the deletion of solely this mir-378 hairpin 

from the genome (Fig. 5.1E) is sufficient to generate the phenotypes 

observed, regardless of the potential presence of other mir-378s (mir-

378b-d). Importantly, only miR-378c shares the same seed sequence as 

miR-378, whereas miR-378b is shorter than miR-378 at the 5’ end and the 

seed of miR-378d differs from that of miR-378 by one nucleotide. This 

suggests that, even if miR-378a-d were co-expressed in the same tissue, 

which itself remains to be determined, targeting would likely not be 

redundant between most of these different miR-378s, as the exact seed is 

crucial for determining miRNA targets. By extension, this logic suggests 

that only miR-378c could impart redundant function in the mouse to that of 

miR-378, begging the question about the tissue expression of particularly 

mir-378c. The tissue source of the sequencing reads in mirbase 

(mirbase.org) indicate that miR-378c was detected in embryo, newborn 

and brain, indicating that this miRNA may exhibit tissue expression that is 

limited predominantly to devopment. miR-378, too, was detected by 

sequencing in the developing embryo but also across a wide range of 

adult tissues. Considering that the mir-378KO mice developed in this 

chapter do not display developmental defects but do exhibit basal 

phenotypes in the adult, it would be interesting to test if miR-378c 

expression during development contributes to a biological redundancy that 

is lost as miR-378c expression diminishes in the adult while miR-378 
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expression remains. In general, determining the tissue distribution of miR-

378b-d expression, and particularly their expression in the brown adipose 

tissue, would add to the understanding of the mir-378 family.   

 Our analysis of eight different tissues in the mir378KO mouse 

provides the first glimpse into the physiological function of the mir-378 

hairpin. Notably, both the PGC-1β KO mice (Lelliott et al., 2006; Sonoda et 

al., 2007b) and our mir-378KO mice exhibit defects in thermogenesis, yet 

again reaffirming the close function relationship between these two 

molecules produced from the same genomic locus. While we have 

focused this investigation on the BAT, it is interesting to note that the WAT 

and spleen also exhibited significant differences in tissue weight between 

WT and mir378KO mice, suggesting that those tissues are also contexts 

which merit further study in this animal model. That the mir-378 hairpin 

has a role in both types of adipose tissue speaks to its relevance in 

general adipose function. In fact, it was recently shown that the expression 

of mir-378 in adipose tissue is responsive to high fat diet (Chartoumpekis 

et al., 2012) and that mir-378 expression in white adipose tissue correlates 

with bovine backfat thickness (Jin et al., 2010). Furthermore, studies using 

the 3T3-L1 and ST2 cell lines identified that mir-378 is induced during 

adipogenesis, and increases lipid droplet size and triacylglycerol 

accumulation (Gerin et al., 2010a). These affects were attributed at least 

in part to increased transcriptional activity of C/EBPα and C/EBPβ on 

adipocyte gene promoters. It would be interesting to investigate these 

processes of adipogenesis and adipocyte differentiation further and in-vivo 

using our mir378KO models.   

 Notably, we have not yet identified the miRNA targets responsible 

for the phenotypes observed in the BAT of the mir378KO mice. This is of 

course the natural next step in understanding this interesting miRNA if the 

short-term cold exposure experiment reveals the expected defect in 

thermogenesis. The direct miR-378* targets already identified in Chapter 

II, ESRRG and GABPA, are also likely to play a role in the BAT context 
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and may themselves contribute to the mir-378KO phenotype observed. As 

introduced above, ERR expression level is very high in the BAT, and 

ERRα KO mice have already been implicated in adaptive thermogenesis 

driven by the BAT (Villena et al., 2007). Based on tissue expression as 

well as the importance of mitochondrial metabolism in BAT function, it is 

likely that the metabolic regulator ERRγ also plays an important role in this 

process. If so, its regulation by miR-378* may, therefore, contribute to the 

mir378KO phenotype observed. Western blotting in the mir378KO BAT will 

identify if miR-378* targeting of ERRγ and GABPA could be involved in 

these KO mice in this context. It is also possible that other direct targets 

are implicated in the phenotypes observed, and this will be an interesting 

avenue for further investigation.  

 The increased spleen weight that we observed in our mir378KO 

mice suggests the interesting yet unexpected idea that this miRNA may 

have a role in immune system function. Only very recently is there any 

indication that mir-378 may be relevant in such contexts (Erdogan et al., 

2011; Hasler et al., 2012; Wang et al., 2012), and the idea is not only 

enticing but speaks to the potential breadth of function of this small 

molecule.  

 Our data on the heart acts as an important reminder; while at the 

histological level we identified no major differences between WT and 

mir378KO hearts, electron microscopy of hearts from male mice revealed 

clear misregulation of mitochondrial organization in the mir378KO animals. 

In addition to suggesting a role for mir-378 in cardiac metabolic function, 

this serves as a reminder that negative results at one level of investigation 

does not necessarily indicate an absence of physiological function in that 

tissue context. It may very well be that careful investigation of many tissue 

contexts of our mouse models will reveal many different roles for mir-378 

in-vivo.  

 It is interesting to note that the changes observed in the BAT are 

different between genders. Considering that the main function of BAT is to 
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generate heat, gender-related differences in BAT function bring to mind 

the differences in body temperature often observed between women and 

men. Also noteworthy is the fact that these experiments have all been 

carried out in mice with a mixed genetic background. The rationale for this 

was simply expediency, but the outcome is actually greater confidence 

that mir-378 has a significant role in BAT function, as we know that it is not 

a pure background artifact which allows for the phenotypes we observe. It 

should also be considered, that tissue contexts where we have not 

observed phenotypes in animals with a mixed background may yet reveal 

phenotypes as mice are bred further to pure genetic backgrounds.  

 Taken together, the mir378KO mouse model that we generated has 

allowed us to identify basal differences in the BAT of our mir378KO mice 

that suggest a role for mir-378 in adaptive thermogenesis. The underlying 

molecular relationships, including the miRNA targets responsible for the 

observed phenotypes, remain to be elucidated, but the recent identification 

of brown adipose tissue in humans (Ouellet et al., 2012) brings additional 

relevance to these research avenues.  

 



 201 

MATERIALS AND METHODS 
Ethics statement  
Animal use followed the guidelines of the Canadian Council on Animal 

Care. The animal use protocol was approved by the local Facility Animal 

Care Committee (FACC) at McGill University.  
 

Animals  
All mice were housed and fed standard chow in the animal facility at the 

McGill University Rosalind and Morris Goodman Cancer Research Centre. 

ES cell electroporation, karyotyping, ES cell microinjection into blastocyst 

injection and chimera generation were carried out by the McGill 

Transgenic Facility. Animals studied were of mixed 129 X C57Bl/6 genetic 

background; originating from ES cells from a 129 genetic backgroung, 

crossed three times into the C57Bl/6 background. Animals were sacrificed 

during the day at ZT (Zeitgeber time) 4. Tissues were frozen in liquid 

nitrogen, ground using a mortar and pestle and kept frozen until further 

processing, or prepared for histology as outlined below. Tissue weights, 

when measured, were taken immediately after dissection and before 

further tissue processing or storage.  

 

ES Cell PCR Screen 
Sequences of primers used can be found in the Appendix Table A.5.1. 

Expand High Fidelity PCR System (Roche) was used to amplify long-

range products. 

 

Genotyping 
Sequences of primers used can be found in the Appendix Table A.5.1. 

 

RNA Isolation, Reverse Transcription and quantitative Real-Time 
PCR 
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RNA used in Fig. 4.1 was isolated using a miRNeasy Mini Kit (Qiagen). 

Adipose RNA was isolated with the RNeasy Lipid Tissue Mini Kit (Qiagen). 

DNase treatment was always performed during RNA isolation. RNA was 

quantified with a NanoDrop. cDNA was made from either 1 or 2 µg of total 

RNA by reverse transcription with Oligo(dT) primer, dNTPs, 5X 1st strand 

buffer, DTT, RNase inhibitor, and Superscript II RNase H Reverse 

Transcriptase (Invitrogen). cDNA was amplified by qRT-PCR using 

specific primers (Appendix Table A.5.1) qRT-PCR was carried out in a 

LightCycler 480 instrument using the QuantiTect SYBR Green PCR Kit 

(Qiagen) following the Qiagen software protocol. All primers were 

designed using Oligo 6.8 Primer Analysis Software with sequence data 

from the http://genome.ucsc.edu database mouse July 2007 or December 

2011 assemblies. Primer sets were tested on cDNA dilutions to determine 

primer efficiency. qRT-PCR reactions were performed in duplicate, and the 

Ct values were averaged before normalization. For miRNA qRT-PCR, 

Applied Biosystems miRNA Taqman Assays were used as described in 

Chapter II.  

 

Histology 
All histological procedures were performed at the histology facility of the 

Goodman Cancer Research Centre (GCRC). Tissues were fixed in 10% 

buffered formalin for 48hrs and then blocked in paraffin. Paraffin-

embedded tissues were sectioned at 4 µm and were hematoxylin and 

eosin stained.  

 
Electron Microscopy 
Tissues were fixed in 0.1M phosphate buffer containing 2.5% 

glutaraldehyde and 2% paraformaldehyde, post-fixed in 0.1M sodium 

cacodylate buffer containing 1% osmium teroxide, and embedded in epon. 

Sections were counterstained with uranyl acetate/lead citrate. 

 



 203 

Mitochondrial Content Assay 
The relative number of mitochondria in BAT isolated from adult WT and 

mir-378KO mice was determined by measuring the ratio of mtDNA to 

nuclear DNA. DNA was isolated using a Qiagen DNeasy Blood & Tissue 

kit. Relative levels of mtDNA and nuclear DNA were quantified using 

primers specific for mitochondrial cytochrome b (CYTB) and Pgk2, 

respectively. Error bars represent means +/- SEM (n = 5). 

Primers: 

m-cytochro b (mtDNA)-F  CTCCTCTTCCTCCACGAAACAG 

m-cytochro b (mtDNA)-R  GTTTATTGGGGATTGAGCGTAG 

Pgk2 RT-PCR-F   GAAGACAAGGTCAGCCATGTGAGC 

Pgk2 RT-PCR-R   GGTTGAGTTGGTTCTGGTCCTGTG 
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TABLES AND FIGURES 
Figure 5.1. Generation of the mir-378 conditional knockout mouse 
and the mir-378 total knockout mouse 

(A) Design of targeting construct for the generation of the mir-378 

conditional knockout mouse, mir378CKO, and the mir-378 total knockout 

mouse, mir378TKO. A LoxP site-flanked neomycin cassette (Neo) is 

introduced downstream of mir-378, along with one LoxP site just upstream 

of mir-378. Cre-mediated deletion of the Neo cassette only produces the 

conditional knockout (Disrupted Allele I). Total collapse of the LoxP sites 

deletes mir-378 to generate the total knockout (Disrupted Allele II). Exon 1 

of the mir-378 host gene Ppargc1b is indicated by a blue box. (B) 

Confirmation of the insertion of the targeted allele in ES cells. WT, wild 

type ES cells; +/T, ES cells heterozygous for the targeted allele, T. Left 

panel, validation using primers F1 and R. Expected size of WT band is 

4.35kb; targeted allele is 6.3kb. Right, validation using primers F2 and R. 

No WT band expected, band at 5kb expected for targeted allele. Location 

of primers shown in (A) on Targeted Allele diagram. (C) Confirmation of 

LoxP collapse by PCR from genomic DNA. Top panels show the deletion 

of the Neo cassette only (left) generating the mir378CKO (Disrupted Allele 

I) and deletion of both mir378 and the Neo cassette (right) generating the 

mir378TKO (Disrupted Allele II). Primers f and r1 were used. Arrow 

indicates band generated by conditional knockout allele. Lower left panel 

proves, using primers f and r2, that mir378 is still present in the genome of 

Disrupted Allele I. Location of primers shown in (A) on Targeted Allele 

diagram. KO, knockout; HET, heterozygote; WT, wild type. (D) Basal 

expression levels of miR-378* and miR-378 in WT mouse tissues as 

determined by qRT-PCR. U6 served as the internal control, and values 

were normalized to the average of the lowest expressing tissue, testes. (E) 

Relative expression levels of miR-378* (left), miR-378 (central), and 

Ppargc1b (right) confirm that miR-378* and miR-378 are not expressed in 

mir378TKO mice (from now on, mir378KO), while host gene Ppargc1b 
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retains normal expression levels. SnoRNA412 serves as an internal 

control for miRNA expression; Arbp serves as an internal control for 

mRNA expression.  
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Figure 5.1 
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Figure 5.2. Phenotyping screen of different tissues suggests role for 
mir-378 in brown adipose tissue 
(A) Total body weight and tissue weights, including interscapular brown 

adipose tissue (BAT), interscapular white adipose tissue (WAT), Heart, 

Skeletal Muscle (sk. muscle), Spleen, Testes, Liver and Lungs, from male 

matched littermate WT and mir378 KO mice. Tissue weight data 

normalized to total body weight. (B) Histological analysis of same tissues 

from mice in (A). H&E staining. Images at 20X magnification unless 

indicated otherwise. Unpaired student’s t test was used for evaluation of 

statistical significance. *P< 0.05.  
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Figure 5.2 
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Figure 5.3. Basal adipose tissue defects in male mir378KO mice. 
(A) mir378KO mice exhibit less WAT and BAT than WT mice. 

Photographs of inguinal WAT (iWAT) and BAT from male mice. (B) 

Electron microscopy of BAT reveals defects in lipid droplet integrity in 

mir378KO mice. (C) Mitochondrial DNA content. (D) BAT of mir378KO 

mice displays a reduction in gene expression of key genes responsible for 

BAT function, as determined by qRT-PCR. Arbp was used as an internal 

control. n = 5. Unpaired student’s t test was used for evaluation of 

statistical significance. *P< 0.05, **P< 0.01. 
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Figure 5.3 
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Figure 5.4. Adipose and cardiac tissue analysis of female WT and 
mir378KO mice. 
(A) Histological analysis of BAT from female mice. H&E staining. Images 

at 20X magnification. (B) Histological analysis of WAT from female mice. 

H&E staining. Images at 20X magnification. (C) Histological analysis of the 

heart of female mice. H&E staining. Images at 20X (top panels) and 1.8X 

(bottom panels) magnification. (D) BAT of female mir378KO mice displays 

different gene expression defects than male mice, as determined by qRT-

PCR. Arbp was used as an internal control. WT, n = 4; mir378KO, n = 3. 

Unpaired student’s t test was used for evaluation of statistical significance.  
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Figure 5.4 
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CHAPTER VI: General Discussion 

  

 The PGC-1/ERR pathway has been established as a major 

regulatory pathway controlling metabolic gene expression. However, the 

metabolic function of this pathway in breast cancer was largely unknown. 

At the start of this thesis work, miRNA discovery was relatively new and, 

therefore, very little was known about miR-378* function. Furthermore, 

nothing was known about miRNA regulation of the PGC-1/ERR pathway.

 The general goal of this thesis was to elucidate the role of the PGC-

1/ERR pathway in breast cancer cell metabolism. Establishing the direct 

link between miR-378* and this pathway early on motivated the study of 

these novel molecular relationships.  

 

6.1 miR-378* fine-tuning of the Warburg effect and 
the PGC-1/ERR pathway 

 

 In Chapter II, we identified a direct molecular link between PGC-1β 

and ERRγ, miR-378*, which allowed us to uncover a relevance to the 

metabolic function of both ERR and miR-378* in breast cancer cells. This 

work identified that a miRNA is capable of inducing the Warburg effect, 

thereby becoming one of the first examples of miRNA involvement in 

cancer cell metabolism. Furthermore, this is the first study to implicate the 

ERRs directly in cancer cell metabolism. The specificity of action of miR-

378* on ERRγ but not on ERRα established an important functional 

difference between ERR isoforms in the same context and conditions. 

Furthermore, only PGC-1β and not PGC-1α contains an intronic miRNA, 

the mir-378 hairpin, the relevance of which for PGC-1 biological function 

had, until this work, not been investigated. The careful elucidation of these 

molecular relationships in Chapter II, while expanding the understanding 
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of the PGC-1/ERR pathway, simultaneously hightlights the complexity of 

nuance of metabolic regulation in cancer cells.  

 In fact, ERRγ not only binds the same regulatory sites as ERRα 

within target promoters but also can do so as both homo- or heterodimeric 

species with ERRα (Dufour et al., 2007a). Therefore, the repertoire of 

ERRγ direct target genes is essentially the same as that of ERRα in the 

tissue studied to date, the mouse heart (Alaynick et al., 2007a; Dufour et 

al., 2007a) and, in Chapter II, human breast cancer cells. However, we 

have shown in Chapter II that, in the same biological context, ERRα and 

ERRγ regulate the expression of many genes in the TCA cycle in different 

manners. In the context of human breast cancer cells, ERRα contributes to 

the suppression of oxidative metabolism which is simultaneously promoted 

by ERRγ. This is supported by later work in Drosophila demonstrating that 

the ortholog of the ERR family of nuclear receptors directs a metabolic 

transition during development supporting a proliferative program essential 

for developmental growth of the organism, thus indicating that ERR 

regulation of a metabolic shift is broadly conserved (Tennessen et al., 

2011). Taken together, our work in Chapter II suggests a level of 

mechanistic complexity in ERR regulation of OXPHOS which was 

previously predominantly unexplored at the molecular level. 

 A technical note about the miRNA detection methods applied 

throughout this and the subsequent data chapters: the work in this thesis 

utilized Applied Biosystems Taqman miRNA detection assays for the 

detection of relative expression levels of miR-378* and miR-378. These 

assays were the most well-established assays commercially available at 

the time of assay optimization during the work of this thesis. Furthermore, 

in order to be able to compare results from different conditions as directly 

as possible, once chosen as the method of detection and considering the 

absence of indications that the assay chosen was problematic (it remains 

consistently used in miRNA literature), there was an inherent value in 

continuing to use the same detection techniques throughout the work of 
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this thesis. The Taqman miRNA detections assays detect only mature 

miRNA (not the precursor), and do so with single-base discrimination. The 

miRNA-specific looped RT primer ensures that only the mature miRNA is 

reverse transcribed. A reporter dye system ensures specific product 

amplification. As miR-378* is currently considered a unique mature 

miRNA, with no other known miRNA bearing a similar sequence, Taqman 

probe miRNA detection specificity is unlikely to pose a problem for 

interpretation of data from such miRNA detection assays used to detect 

miR-378* levels. However, as miR-378 was discovered recently to have 

multiple varients in human and mouse differing in sequence by one to two 

nucleotides, Taqman probe specificity may be considered for this miRNA. 

The precise ability of the Taqman miRNA assays to distinguish between 

miRNA with sequences differing by only one or two nucleotides, such as 

miRNA in the the large let-7 family, alleviates the concern that the miR-

378 assay (to detect miR-378a) may cross react with other miR-378 

miRNA family members. Furthermore, Figure 5.1E shows the detection of 

a complete loss of miR-378 expression as determined by Taqman miRNA 

assay. This result proves that the Taqman miR-378 (miR-378a) detection 

assay does not recognizes the other miR-378 family members, as they 

were not genetically deleted in this mouse model and should, therefore, 

still be expressed. Either all other miR-378s (b-d) are definitively not 

detected by this Taqman assay, corresponding to what is predicted based 

on the known assay specificity, and/or the other miR-378s are not 

expressed at all in the brown adipose tissue. In the latter case, this would 

implicate miR-378 (miR-378a) as the only functional miR-378 in the brown 

adipose tissue. This itself would be an important functional finding. Using 

Taqman assays to detect miR-378b-d in these samples would resolve the 

ambiguity between these two potential explanations.  

On a similar technical note, in-situ hybridization in Chapter II was 

performed using Exiqon double-DIG labeled Locked Nucleic Acid (LNA) 

probes. First, Exiqon LNA probes have been well established across 
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multiple applications to be highly specific between different miRNA of 

similar sequences including those with one or two nucleotide differences in 

sequence. Moreover, this robust sequence specificity allows these LNA 

probes to be used commercially for the detection of SNPs. Second, the 

methylene bridge of the LNA constrains the conformation of the probe, 

resulting in more rapid and increased stability, and correspondingly 

enhanced affinity, of the resulting duplex with its target. The double-DIG 

label (on both the 5’ and 3’ ends of the in-situ hybridization LNA probe) 

combined with the probe-specific Tm confers further specificity for the 

mature miRNA target and minizes the noise from nonspecific background. 

Finally, the work in Chapter II applied LNA probes to detect miR-378* by 

in-situ hybridization, and while miR-378 was discovered recently to have 

multiple variants in human, miR-378* is still considered a unique mature 

miRNA which originates only from one region of the genome. This fact, 

combined with the sequence sensitivity of the LNA technology, provides 

great confidence that the results presented in Chapter II are in fact based 

on specific detection of mature miR-378* in breast cancer tissue.   

Finally, the specificity of small RNA probes and the importance of 

sequence precision for miRNA function also pertain to the gain- and loss-

of-function experiments carried out in Chapters II and III. While these 

chapters study the function of miR-378* predominantly in human cells 

where there are, as of recently, 11 miR-378 paralogs with similar but 

distinct sequences, miR-378* is unique within the human genome. 

Furthermore, the miRNA mimics and inhibitors used to modulate miR-378* 

levels are highly specific tools (as discussed above). Taken together, the 

molecular and biological effects observed in response to experiments 

applying these tools certainly reveal the effects of specifically miR-378* 

and not miR-378 which, regardless of its paralogs, is composed of a 

completely different sequence than miR-378*.  
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6.2 miR-378* directly links the ERR and AMPK 
pathways 

 
 Chapter III links the PGC-1/ERR pathway, through miR-378*, to 

AMPK pathway activity. While a relationship between ERRα and AMPK 

has been established in the cardiac context, where there is indication of a 

feedback loop such that ERRα acts upstream of AMPK activity (Dufour et 

al., 2007a) and vice versa (Hu et al., 2011), a direct molecular mechanism 

explaining these functional responses has yet to be established. 

Interestingly, we found that miR-378* functions to simultaneously target 

ERRγ and AMPK pathway activity (through CAMKK2), directly linking 

these two important metabolic pathways in breast cancer cells and 

expanding the breadth of miR-378* function in cancer cell metabolism. 

While these results do not explain the established link between ERRα and 

AMPK in the heart, they do raise several interesting points. First, it would 

be interesting to understand why, in a breast cancer context, CAMKK2 

rather than the established tumor suppressor, LKB1, is the mechanism 

through which oncogenic miR-378* regulates AMPK pathway activity. 

Such mechanistic specificity is interesting, especially in that it is 

reminiscent of the ERR isoform targeting specificity exhibited by miR-378*. 

Considering, as we have uncovered in Chapter II, that miR-378* targeting 

of ERRγ and not ERRα has important metabolic functional consequences, 

it is tempting to speculate that miR-378* specific targeting of CAMKK2 and 

not LKB1 may have similarly important biological consequences for breast 

cancer cell metabolic function.  

 

6.3 AMPK is inhibited by breast cancer oncogenes 
 

 Second, considering that we have established that miR-378* 

functions downstream of the breast cancer oncogene ERBB2 and that 
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miR-378* expression increases with breast cancer progression in the 

human disease, it is natural to consider miR-378* as an oncogenic miRNA 

in breast cancer. By extension, its negative regulation of ERRγ provides 

further evidence that ERRγ expression correlates with good prognosis, an 

observation which had remained largely unexplained (Ariazi et al., 2002b). 

Similarly, negative regulation of AMPK activity by miR-378* in a breast 

cancer cell context links AMPK activity with breast cancer. While the role 

of LKB1 as an in-vivo tumor suppressor has clearly established a role for 

AMPK pathway activity in cancer (Ollila and Makela, 2011), relevance of 

this pathway in breast cancer is currently less clear. Therefore, the 

placement of AMPK downstream of oncogenic miR-378* strengthens the 

link between this important metabolic pathway and breast cancer and, by 

extension, even suggests a link between AMPK and ERBB2. It is not yet 

clear if AMPK levels are modulated in a biologically-relevant manner in 

breast cancer, so the link between ERBB2, miR-378* and the AMPK 

pathway identified is Chapters II and III of this thesis may be a valuable 

indicator that AMPK levels could be misregulated in breast cancer just as 

it could guide investigators toward the proper breast cancer subtypes to 

investigate such hypotheses. Functionally, it makes sense that oncogenic 

signalling would inactivate AMPK activity. This would allow cells to escape 

the control of cell growth exerted by AMPK, as AMPK functions to activate 

catabolic energy-generating pathways while turning off biomass-

generating anabolic pathways which support cancerous cell proliferation 

(Hardie, 2011). It will be exciting to follow the discoveries to come about 

AMPK in breast cancer cell metabolism. It is clear from the work of this 

thesis that regulation of the AMPK pathway by miR-378* is a relevant part 

of such study which should not be neglected. Furthermore, the total and 

conditional knockout mouse models generated in Chapter V could prove to 

be valuable tools with which to study and validate AMPK pathway function 

in tumorigenesis including ERBB2-induced models of mammary 

tumorigenesis.  
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6.4 Metabolic pathway fine-tuning extends to post-
translational modifications 

 
 Third, the indication from our metabolomics data that the mir-378 

hairpin reduces the availability of products necessary for O-GlcNAcylation 

raises interesting ideas about the extent of mir-378 function. It is possible 

that, in such, the mir-378 hairpin is capable of regulating post-translational 

modification. As discussed in Chapter III, there are multiple avenues 

through which mir-378 could affect the O-GlcNAc pathway. miR-378* may 

directly target OGT, the enzyme responsible for transferring the glucose-

containing moiety onto target proteins. Or, considering that the AMPK 

pathway has been implicated as an upstream regulator of the O-GlcNAc 

pathway, miR-378* control of AMPK pathway activity may contribute to the 

explanation. It is also possible that the mir-378 hairpin functions through 

an entirely different mechanism, perhaps through control of ERRγ or other 

factors upstream of this pathway. All of these possibilities require further 

investigation.  

 Considering that the O-GlcNAc pathway relies on available cellular 

glucose to be shuttled away from glycolysis in order to be utilized in this 

post-translational modification pathway, it seems reasonable that the mir-

378 hairpin, already identified by our work to precisely regulate the 

balance between metabolic pathways, could be implicated in regulating 

the balance between glucose-utilizing pathways. Importantly, the 

metabolomics results were obtained from cells grown in high-glucose 

media. As such, and considering the absence of differences in cellular 

glucose levels observed by metabolomics, this suggests that the mir-378 

hairpin regulates the hexosamine biosynthesis pathway in a manner 

independent of nutrient availability signals. However, nutrient availability is 

a major component of breast cancer cell growth in-vivo, and it will, 

therefore, be necessary and interesting to study the relationship between 
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the mir-378 hairpin and the O-GlcNAc pathway in-vivo and outside of the 

context of excess glucose availability. It will be quite exciting to better 

understand the relationships between this miRNA and these metabolic 

pathways, including the novel idea that the mir-378 hairpin can regulate 

metabolite-based post-translational modification. These ideas are yet 

another reminder of the delicate complexity of metabolic regulation in 

cancer.  

 

6.5 In-vivo cancer metabolism 
 

 Chapters IV and V rely on mouse model approaches to study ERR 

and the mir-378 hairpin in-vivo, undertaken with the ultimate goal of better 

understanding the metabolic roles of these molecules in cancer. Studying 

the ERRα-/- mouse model in the background of mammary tumorigenesis 

allowed us to identify an unexpected component of metabolic function in 

cancer progression; the relevance of ERRα in resisting the onset of cancer 

cachexia. This observation leads to several important conclusions. First, 

the idea that ERRα is implicated in cachexia is entirely new. Considering 

the established metabolic function of ERRα, and that cachexia is a 

disease of metabolic derangements, in hindsight, which is always 20/20, it 

seems logical that ERRα could be implicated in this disease. However, to 

observe unexpectedly and first-hand the wasting of these animals 

throughout disease progression in contrast to their plump wildtype 

counterparts was quite a striking event. Second, the extension of the idea 

that a metabolic regulator such as ERR is necessary for resistance to 

cachexia suggests that ablation or inhibition of other metabolic regulators 

may also be important components of cachexia. By extension, animal 

models for these factors may also prove to be useful tools for studying this 

disease. Third, with these results we have identified what is perhaps one 

of the first genetic-based models of cancer cachexia. While disease onset 

in our model occurred at around 6 months of age and the duration of 
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disease progression was approximately 3 months, which is considered 

moderately aggressive for a genetic model, it is actually rather slow in 

comparison with the available cachexia models where aggressive cancer 

cells are injected into mice that reach disease endpoint approximately 6 

weeks later. There are several major benefits to a genetic model of 

cachexia, including the ability to study less aggressive forms of the 

disease and without the necessity to inject foreign material. Foremost, this 

disease has been notoriously difficult to study, as it is fundamentally 

systemic and, therefore, requires the use of in-vivo models, yet 

identification of appropriate mouse models has proven frustratingly limited. 

Therefore, the identification of successful mouse models of cancer 

cachexia such as ours is likely to prove very useful for the field. Finally, 

these results provide an important warning about the application of ERRα 

inhibitors in the treatment of breast cancer. While this protein acts as an 

oncogene at the onset of mammary tumorigenesis and would, therefore, 

be an appealing target for breast cancer therapies, our work suggests that 

the temporal application of systemic ERRα inhibitors should be considered 

with care.  

 There are also several questions remaining to be answered about 

the role of ERRα in this disease. First and foremost, it will be important to 

identify if the elevated inflammation originating at the site of the tumors is 

the cause of the cachexia induced by the absence of ERRα, or if the 

absence of this protein in metabolic tissues is at fault. This is an important 

question which could be answered using a classical model of cachexia 

such as the Lewis Lung Carcinoma cell model, where highly inflammatory 

cancer cells would be injected into mice of either wildtype or ERRα-/- 

genetic backgrounds. This type of experiment would induce cachexia in an 

ERRα-/- background but with equivalent levels of inflammation between 

the wildtype controls and the ERRα-/- mice of interest, and would provide 

valuable information about the contribution of ERRα-/--induced 

inflammation to the onset of cachectic symptoms. It would also be 
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interesting to identify the underlying mechanism behind the elevated 

inflammation in the ERRα-/- tumors. ERRα function in macrophages has 

already been established (Sonoda et al., 2007c), raising questions about 

the cell type origin of the elevated inflammation observed in the ERRα-/- 

tumors. Is there augmented recruitment of specific types of inflammatory 

cells in the ERRα-/- tumors? If so, which ones? And what is the underlying 

mechanism and explanation for this? Furthermore, the study on ERRα 

function in macrophages implicated PGC-1β in the explanation for the 

observed phenotype. Considering that we have proven that the mir-378 

hairpin is co-expressed with PGC-1β, does this imply a function for the 

mir-378 hairpin in ERR-related immune response? Finally, it is noteworthy 

that the ERRα-/- mouse model studied in Chapter IV exhibited a major 

depletion in fat deposits in response to cancer progression, whereas the 

skeletal muscle was largely resistant to breakdown of a similar scale. ERR 

is known to have an important role in both fat and muscle, raising 

questions about why ERRα-/- adipose tissue is so much more vulnerable 

to the systemic effects of cancer than ERRα-/- skeletal muscle of the same 

animals. While several interesting questions remain, it is clear that our 

study in Chapter IV has identified a novel and clinically-relevant 

compenent to ERRα function in breast cancer.   

 Chapter V was originally undertaken to generate a mir-378 mouse 

model that could be used to study the in-vivo role of this miRNA in breast 

cancer. The conditional knockout mouse model generated in Chapter V 

will be a valuable tool for studying mir-378 hairpin function in breast 

cancer, as it will allow for the specific deletion of the mir-378 hairpin from 

mammary epithelial cells when crossed to MMTV-driven models of 

mammary tumorigenesis. While extremely powerful and interesting, these 

experiments are very long-term, especially considering the necessity to 

backcross our new mouse line to pure FVB background in order to study it 

in combination with a model of mammary tumorigenesis. Therefore, in the 

meantime, considering the absence of in-vivo information about the mir-
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378 hairpin and our knowledge about its importance in metabolic function, 

we chose to study the basal phenotypes of the mir-378 hairpin total 

knockout mouse model. This allowed us to identify basal adipose 

phenotypes, particularly in the brown adipose tissue, as well as gender-

specific cardiac phenotypes. These observations correspond to the known 

functions of the host gene, PGC-1β, placing even more relevance on the 

teamwork between these two molecules. It will be fascinating to uncover 

the in-vivo fine-tuning relationships between mir-378 and its host gene. 

Recent evidence from other groups which was reviewed above has also 

implicated mir-378 in adipocyte and cardiac function. Therefore, it is clear 

that our mouse models generated in Chapter V will be valuable tools for 

the precise elucidation of the functions of the mir-378 hairpin in each 

tissue and disease context in which it will be studied.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CONCLUSION 
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 We have contributed extensively to the understanding of the 

ERR/PGC-1 pathway, including the identification of a role for this pathway 

in breast cancer cell metabolism. We have, furthermore, uncovered that 

the role of ERR in breast cancer extends beyond the primary tumor and, in 

fact, also contributes to the systemic response to disease burden. By 

identifying the relationship of miR-378* to the PGC-1/ERR pathway, we 

have expanded the understanding of its molecular core. We have also 

contributed greatly to the understanding of miR-378* function by 

identifying three direct targets and several biological functions in normal 

and disease physiology, as well as by generating two mouse models 

which will allow for further elegant study of this interesting small molecule.  
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CHAPTER VII: Contribution to Original Research 
 
Chapter II 

• I identified that the breast cancer oncogene ERBB2 promotes the 

expression of the PPARGC1b locus, and that the intronic miRNA, 

mir-378, is co-expressed with this transcript. 

• I have shown that miR-378* directly targets ERRγ (but not ERRα) 

and GABPA and modulates the expression of metabolic genes in 

breast cancer cells in an ERR-isoform specific manner. 

• I established that miR-378* induces the Warburg effect in mouse 

mammary and human breast cancer cells. 

• I have shown that the expression of miR-378* correlates with the 

progression of human breast cancer.  

 

Chapter III 
• I identified that miR-378* directly targets CAMKK2, an upstream 

kinase of AMPK. 

• I established that miR-378*, through its regulation of CAMKK2, 

represses AMPK pathway activity in breast cancer cells. 

• I identified that the mir-378 hairpin causes a reduction in UDP-

GlcNAc levels, the glucose-derived metabolite used as a substrate 

for O-GlcNAc post-translational modification of proteins, implicating 

mir-378 in the regulation of post-translational modification.  
 

Chapter IV 
• I observed that the absence of ERRα in a mouse model of ERBB2-

induced mammary tumorigenesis delays tumor onset but 

accelerates disease progression after onset.  



 231 

• I quantified that tumor-bearing ERRα-/- mice fail to maintain the 

normal progression of body weight observed in ERRα+/+ animals. 

• I found that tumors from ERRα-/- mice exhibited elevated levels of 

inflammation. 

• I identified metabolic derangements in the serum, skeletal muscle 

and adipose tissue of tumor-bearing ERRα-/- mice. 

• Taken together, these observations led me to conclude that the 

absence or pharmacological inhibition of ERRα predisposes the 

host to cancer cachexia.  

 
Chapter V 

• I generated two mir-378 mouse models, a total knockout and a 

conditional knockout model. 

• I screened 8 tissues for phenotypes and identified basal differences 

in WAT, BAT and Spleen weight in the mir-378 total knockout mice. 

• I identified basal BAT phenotypes by histology, electron 

microscopy, and gene expression analysis, suggesting an in-vivo 

role for mir-378 in thermogenesis. 
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APPENDIX I 
 

Figure A.2.1. miR-378* does not significantly affect mitochondrial 

content.  

BT-474 cells were analyzed by FACS analysis for mitochondrial content 

after staining with MitoTracker dyes as indicated. Results from non-stained 

cells are shown in A-C, and results from cells stained simultaneously with 

MitoTracker Red and Green (co-stained) are shown in D-E. The effects of 

miR-378* (A), a miR-378* inhibitor (miR-378* inhib) (B, D) or siESRRG (C, 

E) on mitochondrial content are shown, as compared to transfection with a 

miRNA Mimic control, a miRNA inhibitor control or a scramble siRNA, 

respectively.  
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Figure A.2.1
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Figure A.2.2. Genes regulating the glutamine pathway are largely 
unaffected by miR-378*.  
mRNA expression analysis of glutamine pathway genes in BT-474 cells in 

response to transient transfection of miR-378* (A) or a miR-378* inhibitor 

(B) as compared to a control miRNA Mimic or a miRNA inhibitor control, 

respectively, as determined by qRT-PCR and normalized to TUBA1A and 

18S internal controls. *P<0.05. 
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Figure A.2.2 
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Table A.2.1. Primers used for cloning miR-378* target regions into a 
luciferase reporter 
 
Legend: 

Bolded lower-case letters are restriction sites (Xba1) added for cloning.  

Underlined upper-case letters are the miR-378* seed sequence target site.  

Underlined and bolded upper-case letters are the mutated bases within 

the miR-378* target regions.  

Numbers refer to the position of the base within the target gene's 3'UTR (1 

is the first (5') base in the 3'UTR), and indicate the start of the miR-378* 

seed sequence region within the target 3'UTR.  

“Mutb4” indicates that the 4th base in the miRNA target region seed 

sequence was mutated.  

 

Primers are indicated following the model: 

Gene 3’UTR position # 

Forward (F) primer 

Reverse (R) primer 

 

Human primers used for cloning the miR-378* target regions into a 

luciferase reporter:  

 

ESRRG 3’UTR position 1310 
F-ctagaACTGCACATGAGATATAGATCCGTAGAATTGTCAGGAGTGCACCTCTCTACTTGt 

R-ctagaCAAGTAGAGAGGTGCACTCCTGACAATTCTACGGATCTATATCTCATGTGCAGTt 

 

ESRRG 3’UTR position 1310 mutb4  
F-ctagaACTGCACATGAGATATAGATCCGTAGAATTGTCATGAGTGCACCTCTCTACTTGt 

R-ctagaCAAGTAGAGAGGTGCACTCATGACAATTCTACGGATCTATATCTCATGTGCAGTt 

 

ESRRG 3’UTR position 2011 
F-ctagaGAATTAGAGACAATATTGGATGTACAATTCCTCAGGAGACTACAGTAGTATATTt 

R-ctagaAATATACTACTGTAGTCTCCTGAGGAATTGTACATCCAATATTGTCTCTAATTCt 
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ESRRG 3’UTR position 2011 mutb4  
F-ctagaGAATTAGAGACAATATTGGATGTACAATTCCTCATGAGACTACAGTAGTATATTt 
R-ctagaAATATACTACTGTAGTCTCATGAGGAATTGTACATCCAATATTGTCTCTAATTCt 

 

GABPA 3’UTR position 250 
F-ctagaGAAGGCAGGTTCATTGTGGAATAGTTTAACAGTCAGGAAGGCTAAACTGGTCAGt 

R-ctagaCTGACCAGTTTAGCCTTCCTGACTGTTAAACTATTCCACAATGAACCTGCCTTCt 

 

GABPA 3’UTR position 250 mutb4 
F-ctagaGAAGGCAGGTTCATTGTGGAATAGTTTAACAGTCCGGAAGGCTAAACTGGTCAGt 

R-ctagaCTGACCAGTTTAGCCTTCCGGACTGTTAAACTATTCCACAATGAACCTGCCTTCt 

 

 

Mouse primers used for cloning the miR-378* target regions into a 

luciferase reporter:  
 

Esrrg 3’UTR position 2025 
F-ctagaAGAATTAGAGACAGTATTGGATGTATACTTCCTCAGGAGACTACAGTAGTATATt 

R-ctagaATATACTACTGTAGTCTCCTGAGGAAGTATACATCCAATACTGTCTCTAATTCTt 

 

Esrrg 3’UTR position 2025 mutb4 
F-ctagaAGAATTAGAGACAGTATTGGATGTATACTTCCTCATGAGACTACAGTAGTATATt 

R-ctagaATATACTACTGTAGTCTCATGAGGAAGTATACATCCAATACTGTCTCTAATTCTt 

 

Esrrg 3’UTR position 3074 
F-ctagaTTTCCAGCAAGACCGTTTAGTTAATGCCAGCTGTCAGGAAGATACCAAGGTGTAt 

R-ctagaTACACCTTGGTATCTTCCTGACAGCTGGCATTAACTAAACGGTCTTGCTGGAAAt 
 

Esrrg 3’UTR position 3074 mutb4 
F-ctagaTTTCCAGCAAGACCGTTTAGTTAATGCCAGCTGTCCGGAAGATACCAAGGTGTAt 

R-ctagaTACACCTTGGTATCTTCCGGACAGCTGGCATTAACTAAACGGTCTTGCTGGAAAt 

 

Esrrg 3’UTR position 3704 
F-ctagaTTCAGATATGTAACTCAAATTATTATGCCTTTCAGGAGGATGGTAGAACAATATt 
R-ctagaATATTGTTCTACCATCCTCCTGAAAGGCATAATAATTTGAGTTACATATCTGAAt 

 



 238 

Esrrg 3’UTR position 3704 mutb4 
F-ctagaTTCAGATATGTAACTCAAATTATTATGCCTTTCATGAGGATGGTAGAACAATATt 
R-ctagaATATTGTTCTACCATCCTCATGAAAGGCATAATAATTTGAGTTACATATCTGAAt 

 

Gabpa 3’UTR position 250 
F-ctagaAGAGCAGGTTCATCGGGGTAGTTTGCTAACAGTCAGGAAAGCTAAACTGGTCAGt 

R-ctagaCTGACCAGTTTAGCTTTCCTGACTGTTAGCAAACTACCCCGATGAACCTGCTCTt 
 

Gabpa 3’UTR position 250 mutb4 
F-ctagaAGAGCAGGTTCATCGGGGTAGTTTGCTAACAGTCCGGAAAGCTAAACTGGTCAGt 

R-ctagaCTGACCAGTTTAGCTTTCCGGACTGTTAGCAAACTACCCCGATGAACCTGCTCTt 
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Table A.2.2. Primers Used for Real-Time PCR on Chromatin IP 
Samples 
Short 
name Full gene name Primer sequence  
Negative control region located 4 kb 
upstream of the ESRRA start site 

GTGGCCCACAGGTGTCGCTCAAGTCTTC F 
GGATGCAGTGTCCTTCTCCCCCAGATTG R 

CS citrate synthase TAGATTTTATTAGCCCACTTGTCC F 
  GCATGAATAAAGCAGCCAAGTGAG R 
ACO2 aconitase 2 CCAACTTCTCGTGTACCTGTCCCGGTTG F 
  CAAAAAGAAGAAAGAGGTGCCTCCGCTC R 

IDH1 
isocitrate 
dehydrogenase 1 AGGACATGCAAACCCCAAGACCTG F 

  CAGTGCTGAGTGTACTCGGTGGGA R 

IDH3A 

isocitrate 
dehydrogenase 3 
alpha TCTCCTTGACAGCTCAGATGCCAG F 

  TCATTTGCTATGTGACCTTGGGAA R 

IDH3B 

isocitrate 
dehydrogenase 3 
beta GGGCGAAGGAGCGGAGAGTTTGTC F 

  ACCTCTCCATGCCCCAGGGTTCCC R 

OGDH 

oxoglutarate (alpha-
ketoglutarate) 
dehydrogenase CTAGGCTGGAAGGAGTCCTGC F 

  GCTTAACCTTGCCAAAGAGAGCTGG R 

DLST 
dihydrolipoamide S-
succinyltransferase 

GTTGAATGAGTTGACCTTGTTGTGGGCTT
TC F 

  
CAAGGCTTTTAAGCTCTCTTGTCTTGGGT
TATG R 

SUCLA2 

succinate-CoA 
ligase, ADP-forming, 
beta CTGACCCAGCCCTTAGTCCG F 

  CTCAGCCCACCGTGCCAGAC R 

SDHB 

succinate 
dehydrogenase 
complex, subunit B GAGCATCCCTGTCAAGTTATCTTT F 

  AATGTCTGGATTCAAATTCTGGTT R 

SDHD 

succinate 
dehydrogenase 
complex, subunit D GGTTCACCCAGCATTTCCTCTTCC F 

  AAGACCCCTCACCTCGGCCTCCTA R 
FH fumarate hydratase CCAGCCGCAGCCTTAGCTTC F 
  GGAATCTCTCCCGCCAAGTC R 

MDH2 
mitochondrial malate 
dehydrogenase CATAGTATGGACAAACCGAGGCTA F 

  GCCAAGTCAAGCACTGTTAAGACA R 

LDHD 
D-lactate 
dehydrogenase GGGAGAGAAGAGAAGTCCTCTGGAGG F 

  CACTCTACACCCACCCACAGTTGCC R 
ESRRA Estrogen-related CCATCCGAGTGGAATTTGAGTCCTAAAG F 



 240 

receptor alpha 
  GAACCGTAGACCCAGTAGCCCCACAGAG R 

GABPA 
GA binding protein 
transcription factor, α 

CGTTCTGCCTAAGTAGCCTAGACGCTCC
C F 

  GGGCAACCCAAGGTCAGGC R 
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Table A.2.3. RT-PCR Primers for human genes 

Short  
gene name Full gene name Primer sequence 

Primer type 
(F=forward 
R=reverse) 

    
Figures 
2.1 and 2.9:    
    
RPS18 (18S) ribosomal protein S18 GATGGGCGGCGGAAAATAG F 
  GCGTGGATTCTGCATAATGGT R 

PPARGC1B 

peroxisome proliferator-
activated receptor gamma 
coactivator-1-β CCAAGACCAGCAGCTCCTACGG F 

  AGTTGGGTCGCTTTGTGACAAG R 

PPARGC1B 

peroxisome proliferator-
activated receptor gamma 
coactivator-1β GTACATTCAAAATCTCTCCAGCGACATG F 

  GAGGGCTCGTTGCGCTTCCTCAGGGCAG R 
    
Figures 
2.2 and 2.9:    
    
RPLP0 ribosomal protein P0 TTAAACCCTGCGTGGCAATCC F 
  GCCCATCAGCACCACGACCTT R 
TUBA1A α tubulin 1a AACTTATCACAGGCAAAGAAGATG F 
  GCCATAATCAACTGAGAGACGTTC R 
RPS18 (18S) ribosomal protein S18 GATGGGCGGCGGAAAATAG F 
  GCGTGGATTCTGCATAATGGT R 
ESRRA estrogen-related receptor α GCTGCCCTGCTGCAACTAGTG F 
  GCCGCCGCTCAGCACCCCCTC R 
ESRRB estrogen-related receptor β CCAAGAGGCAGCATGTGCATT F 
  GCTCTGATCCCTGCTTGTGAA R 
ESRRG estrogen-related receptor γ CTGGTAAAGAAATACAAGAGCATGAAGC F 
  CAGCATCTTGCCAGCTCGACGAGGGTCT R 

GABPA 
GA binding protein 
transcription factor, α GAACAACAGATGAATGAAATAGTTACAA F 

  CTAGCAAAAACTGCCATAGTTGGATTTG R 
    
Figures 
2.4 and 2.9:    
    
TUBA1A α tubulin 1a AACTTATCACAGGCAAAGAAGATG F 
  GCCATAATCAACTGAGAGACGTTC R 
RPS18 (18S) ribosomal protein S18 GATGGGCGGCGGAAAATAG F 
  GCGTGGATTCTGCATAATGGT R 
CS citrate synthase CAACTCAGGACGGGTTGTTCCAGG F 
  GTAGTAATTCATCTCCGTCATGCC R 
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ACO2 aconitase 2 GATCCACGAGACCAACCTGAAGAA F 
  CCTTCATTCTGTTGAGGGCACTGC R 
IDH1 isocitrate dehydrogenase 1 ACCAATCCCATTGCTTCCATTTTT F 
  TCAAGTTTTCTCCAAGTTTATCCA R 

IDH3A 
isocitrate dehydrogenase 3 
alpha ACATCCTTAGTGACTTGTGTGCAG F 

  GCATTGCCTCCCAAATCTTTTGTC R 

IDH3B 
isocitrate dehydrogenase 3 
beta GATGTGCTTGTGATGCCCAATCTC F 

  GTGATACTCAAGATTAAGATGCCG R 

OGDH 

oxoglutarate (α-
ketoglutarate) 
dehydrogenase AGATCATCCGTCGGCTGGAGATGG F 

  CTTCTCAGAGGACCACTTCCGCTG R 

DLST 
dihydrolipoamide S-
succinyltransferase GTTCAGAACATCGGGAGAAAATGA F 

  GTTCCTGCAAGGCAAAGGCTGAGG R 

SUCLA2 
succinate-CoA ligase, ADP-
forming, beta GGGCTGCTGCTCAGGTTCTGGGAAGTTC F 

  GTGCCTTTATCACGACATCTTTTGAACC R 

SDHB 
succinate dehydrogenase 
complex, subunit B CAGCTACTGGTGGAACGGAGACAA F 

  CCCTGGATTCAGACCCTTAGGACA R 

SDHD 
succinate dehydrogenase 
complex, subunit D CCACCATTCTGGCTCCAAGGCTGC F 

  CAGCTTTCTGCAAGGCATCCCCAT R 
FH fumarate hydratase CCATGTTGCTGTCACTGTCGGAGG F 
  CATACCCTATATGAGGATTGAGAG R 

MDH2 
mitochondrial malate 
dehydrogenase GCTCTGCCACCCTCTCCATG F 

  TTTGCCGATGCCCAGGTTCTTCTC R 

GABPA 
GA binding protein 
transcription factor, α GAACAACAGATGAATGAAATAGTTACAA F 

  CTAGCAAAAACTGCCATAGTTGGATTTG R 
HK2 Hexokinase 2 GCTGTGGTGGACAGGATACGAGAA F 
  CGCCGCCCCCTTCCCGCTGCCATC R 
LDHA Lactate dehydrogenase A GACCTACGTGGCTTGGAAGATAAGTGGT F 
  AATCTGGGTGCAGAGTCTTCAGAGAGAC R 
LDHB Lactate dehydrogenase B CTCATTGCACCAGTTGCGGAAG F 
  CATCCACAAGAGCAAGTTCATCAGC R 
LDHC Lactate dehydrogenase C GGACTGTCTGTGATGGATTTGGTAGG  
  GTGTTTCTGCACTCTTCTTGAAAAGGG  
LDHD Lactate dehydrogenase D CTTCCACTGCATCCTGCTGGTCAAC F 
  GGAACTTGTGGGCTAAGTGCTCAGACC R 
    
Figure A.2.2:    

GLUD2 
Glutamate dehydrogenase 
2 GTACAGTGAAGCTGGTGTGACCTT F 

  TCTCCTTAACGGGCTGATTTGGAT R 
GLS Glutaminase TGCTGCATATACTGGAGATGTGTC F 
  TGTCCAAAGTGCAGTGCTTCATCC R 
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GLS2 Glutaminase 2 TGGATATGGAACAGAAAGACTATG F 
  AAGCAGTTTGACCACCTCCAGATG R 

GPT 
Glutamic-pyruvate 
transaminase CGCAGTGCAGGTGGATTACTAC F 

  GAAGGCGAAGCGGATCACGG R 

GPT2 
Glutamic-pyruvate 
transaminase 2 CAAAGCTGTGGAGGCTGCTCAGGC F 

  AGGAAGTTGATGTGGAAGTCTT R 

GOT1 
Glutamic-oxaloacetic  
transaminase 1 GACAATAGCCTAAATCACGAGTATC F 

  CGCTAAGAAATCAGCTCCAATTCG R 

GOT2 
Glutamic-oxaloacetic  
transaminase 2 ACAATGGCTGCAAGAAGTGAAAGT F 

  TTTTGTCATGTAGATGGAGAACTC R 
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Table A.2.4. RT-PCR Primers for mouse genes 
Short gene 
name Full gene name Primer sequence  
    
Figure 2.5:    
    
Arbp 
(Rplp0) 

ribosomal protein, 
large, P0 GCAGCAGATCCGCATGTCGCTCCG F 

  GAGCTGGCACAGTGACCTCACACGG R 

Ppargc1b 

peroxisome 
proliferator-activated 
receptor gamma 
coactivator-1-β CAGCCAGTACAGCCCCGATG F 

  GGTGTGTCGCCTTCATCCAG R 

Esrrg 
estrogen-related 
receptor γ CTCCAGCACCATCGTAGAGGATC F 

  GATCTCACATTCATTCGTGGCTG R 

Gabpa 
GA binding protein 
transcription factor, α GGTGACGAGATGGGCTGCTGCACTGGAA F 

  CTTGGTTGAGACTACATAATTCTCTTCC R 
Cs citrate synthase GTGCCCAATATCCTCTTAGAGCAAGGGA F 
  CACACCCAGTGCCCGAGACACTCCAAAC R 
Fh1 fumarate hydratase AGGCTACTGGGAGATGCTTCAGTGTCCT F 
  GTTTCCTTTAAGGTTGATCCGTTCTTGT R 

Sdhb 

succinate 
dehydrogenase 
complex, subunit B ACCCCTTCTCTGTCTACCGCTGCCACAC F 

  GTTGACAGGCACACTCAGCACGGACTGG R 
    
Figure 2.8:    
    

Ppargc1b 
exon 1, 2/3 

peroxisome 
proliferator-activated 
receptor gamma 
coactivator-1-β CTCTGACACGCAGGGTGGGGACTC F 

  ATTCTCACTGTCAATCTGGAAGAG R 

Ppargc1b 
exon 4, 5 

peroxisome 
proliferator-activated 
receptor gamma 
coactivator-1-β AGACCAGCCTCAGTTCCAGAAGTC F 

  ATCCTCCCCCACCTCCTCCTCCTC R 

Ppargc1b 
exon 7, 8 

peroxisome 
proliferator-activated 
receptor gamma 
coactivator-1-β CTTGGCAAGAAGAGCTTTGAGGAG F 

  TGGGGTGGCTGTGAGCGGAAGAGC R 
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Figure A.3.1. CAMKK2 mRNA is not affected by miR-378  

(A) Transient transfection of naïve BT-474 cells with miR-378 inhibitor 

(miR-378-i) does not affect CAMKK2 mRNA transcript level as compared 

to control inhibitor (ctrl-i).  
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Figure A.3.1 
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Table A.3.1. RT-PCR Primers 

Short  
gene name Primer sequence 

Primer type 
(F=forward 
R=reverse) 

   
RPS18 (18S) GATGGGCGGCGGAAAATAG F 
 GCGTGGATTCTGCATAATGGT R 
PPARGC1B CCAAGACCAGCAGCTCCTACGG F 
 AGTTGGGTCGCTTTGTGACAAG R 
ESRRG CTGGTAAAGAAATACAAGAGCATGAAGC F 
 CAGCATCTTGCCAGCTCGACGAGGGTCT R 
CAMKK2 CACCCGAGTCGCTCTCTGAGAC F 
 CAGGTCCTTCAAGTC CTCAGCTATGT R 
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Table A.3.2. Primers used for cloning miR-378* target regions into a 
luciferase reporter 
Legend: 

Underline indicates seed sequence 

Italics indicates restriction site (Xba1) 

Bold indicates mutated base within targeted seed region 

 

Numbers refer to the position of the base within the target gene's 3'UTR (1 

is the first (5') base in the 3'UTR), and indicate the start of the miR-378* 

seed sequence region within the target 3'UTR.  

“Mutb4” indicates that the 4th base in the miRNA target region seed 

sequence was mutated.  

 

Primers are indicated following the model: 

Gene 3’UTR position # 

Forward (F) primer 

Reverse (R) primer 

 

Human primers used for cloning the miR-378* target regions into a 

luciferase reporter:  

 

CAMKK2 3’UTR position 597 
F-ctagaAAGGATTTTTAAATTTTTTATGGGTAGAATTGTAGTCAGGAAAACAGAAAGt 

R-ctagaCTTTCTGTTTTCCTGACTACAATTCTACCCATAAAAAATTTAAAAATCCTTt 

 

CAMKK2 3’UTR position 597 mutb4  
F-ctagaAAGGATTTTTAAATTTTTTATGGGTAGAATTGTAGTCCGGAAAACAGAAAGt 

R-ctagaCTTTCTGTTTTCCGGACTACAATTCTACCCATAAAAAATTTAAAAATCCTTt 
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Figure A.4.1. Non-amino acid metabolites differentially regulated in 

serum and skeletal muscle of Neu ERRα-/- mice. 

(A) Serum metabolite levels identified by metabolomics are expressed as 

fold from values obtained from Neu ERRα-/- mice normalized to values 

obtained from Neu WT mice. White bars indicate measurements from 

tumor-free mice, black bars represent data from tumor-bearing mice. n=4. 

(B) Skeletal muscle metabolite levels are expressed as fold from values 

obtained from Neu ERRα-/- mice normalized to values from Neu WT mice. 

n=5. Unpaired Student’s t test was used for evaluation of statistical 

significance. *P< 0.05, **P< 0.01. 
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Figure A.4.1 
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Table A.4.1. RT-PCR Primers 

Short  
gene name Primer sequence 

Primer type 
(F=forward 
R=reverse) 

   
Arbp (Rplp0) GCAGCAGATCCGCATGTCGCTCCG F 
 GAGCTGGCACAGTGACCTCACACGG R 
Hprt GCCCCAAAATGGTTAAGGTT F 
 CAAGGGCATATCCAACAACA R 
Ifit1 GAGAGCAGAGAGTCAAGGCAGGTT F 
 TCTCACTTCCAAATCAGGTATGTC R 
Tnfsf9 CCAACACTACACAACAGGGCTCTC F 
 TGTGTTTGTGAATGTTGGACTGAG R 
Fos TACGGACTCCCCACCCAGTCTGCT F 
 TGGCAATCTCAGTCTGCAACGC R 
Vegfa ACCAAAGAAAGACAGAACAAAGCC F 
 CAAAGTGCTCCTCGAAGAGTCTCC R 
Irs2 GCCACAGTTCAGAGACCTTTTCCTC F 
 CCAGGGTACTGCTGCCTTCACTGC R 
Pik3c2g CCCTGAATGAAGAGCTTTCCAAGGAG F 
 GGGTTCAGAGGAAGATGGCAAGTC R 
Atg10 CAGATAGGCGATGGCTGGGAATG F 
 CGTCACTTCAGAATCATCCATTGGTAGC R 
Becn1 GCTGGACAAGCTCAAGAAAACCAATG F 
 GCATGGAGCAGCAGCACTGTCTG R 
Bnip3 CAGCGTTCCAGCCTCCGTCTC F 
 GGTGTCTGGGAGCGAGGTGGG R 
Ctsf GATGGCTCCACTCTTCAAGGACTTC F 
 GGTGATCCCATACTGAGCTGTGCC R 
Ctsl GTCCTCTGCTTGGGAACAGCCTTAG F 
 CGTGCTGCCCGTTGCTGTATTC R 
Fbxo32 CACTGGTGCAGAGAGTCGGCAAGTC F 
 GGCAGGTCGGTGATCGTGAGG R 
Mstn CACGGAAACAATCATTACCATGCCTACAG F 
 GAGTCTCAGGATTTGCACAAACACTGTTG R 
Cebpb CAAGAAGACGGTGGACAAGCTGAG F 
 GAACAAGTTCCGCAGGGTGCTG R 
Fabp4 GATGCCTTTGTGGGAACCTGGAAGC F 
 GTGACCAAATCCCCATTTACGCTGATG R 
Lep GCAGTGCCTATCCAGAAAGTCCAG F 
 GAGGACCTGTTGATAGACTGCCAGAG R 
Lepr GTTCAGGAGTCTGGAGTGACTGGA F 
 GTTGGAGAAGGTAACTTTGCTAAC R 
Lpl GGACACTTGTCATCTCATTCCTGG F 
 GCTGACACTGGATAATGTTGCTGG R 
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Nrip1 GAACACATCCAGGAGGTGCG F 
 CATCATCTTTCGTTGCTCACC R 
Plin1 GTTCCTCCTGCCACCAGACAAG F 
 GGTGCTGACCCTCCTCACAAG R 
Gr TCTGTATGAAAACCTTACTGCTTC F 
 AATTCAATACTCATGGACTTATCC R 
Cebpa GCATCTGCGAGCACGAGACG F 
 CCTTCTCCTGCTGTCGGCTGTG R 
CD36 TTGCGACATGATTAATGGCACAGA F 
 CAAAGGCATTGGCTGGAAGAACAA R 
Klb AGATCCGAAAGTACTACTTGGAGA F 
 GGCTGACCACACGCAGGACTTCTG R 
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Figure A.5.1. Cardiac tissue analysis by electron microscopy of male 
WT and mir378KO mice. 
Electron microscopy images at 8800X (top panels) and 19500X 

magnifications (bottom panels).  
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Figure A.5.1 
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Table A.5.1. RT-PCR Primers 

gene name Primer sequence 

Primer type 
(F=forward 
R=reverse) 

   
Fig. 5.1B F1, R CTGACTCCAGGTCCTGTGTGTTAC F1 
 GCCCTTTGCACATCAGACTTCAAG R 
Fig. 5.1B F2, R ATCAGGATGATCTGGACGAAGAGC F2 
 GCCCTTTGCACATCAGACTTCAAG R 
Genotyping for 
Fig. 5.1C top 
panels, (f, r1) CCACCCCCTTTTAACTTAATCACG f 
 GATGGAGAAACACGGCTGGAGAGT r1 
Genotyping for 
Fig. 5.1C lower 
panel, (f, r2) GGGTGATCTTTGCCGGGCCAACTT f 
 CCTCTTCCCCAACTGTAAAATGAG r2 
Arbp (Rplp0) GCAGCAGATCCGCATGTCGCTCCG F 
 GAGCTGGCACAGTGACCTCACACGG R 
Ppargc1b CAGCCAGTACAGCCCCGATG F 
 GGTGTGTCGCCTTCATCCAG R 
Dio2 CATGCTGACCTCAGAAGGGCTG F 
 CTGAACCAAAGTTGACCACCAGTG R 
Thra GCCAATGTCCCCTGAAAAGC F 
 GCAGCCCTCACAAGTGATACAGC R 
Nrf1 CCATGTAGCCACGTACACTGAGCACAG F 
 CGTTTCCGTTTCTTCCCTGTTGCCAC R 
Gabpa GCACATTACGACCATTTCAGACGAGACC F 
 CTTGGGGACCGTTGCACTTTAGCTG R 
Tfam CCAGGAGGCAAAGGATGATTCG F 
 CCAACTTCAGCCATCTGCTCTTCCC R 
Ucp1 CATCACCTTCCCGCTGGACAC F 
 CACACCTCCAGTCATTAAGCC R 
Prdm16 GGGTAGAAAAGCGGAAGGTGGC F 
 CTTCATGGCTGCAAAGCTCTCC R 
Adipoq CGTGATGGCAGAGATGGCACTCC F 
 GCGATACACATAAGCGGCTTCTCC R 
Fabp4 GATGCCTTTGTGGGAACCTGGAAGC F 
 GTGACCAAATCCCCATTTACGCTGATG R 
Pten GGCGGGAGGACAAGTTCA F 
 GGTTTCCTCTGGTCCTGG R 
Ppargc1a CAGTCCTTCCTCCATGCCTG F 
 GGGTTTGTTCTGATCCTGTGG R 
Ppara CGTTCTGTGACATCATGGAACCC F 
 GTGTCATCTGGATGGTTGCTCTGC R 
Pparg1 GAAAGAAGCGGTGAACCACTGATATTC F 
 CACAGAGCTGATTCCGAAGTTGGTG R 
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Pparg2 GAGATTCTCCTGTTGACCCAGAGC F 
 GATGTCAAAGGAATGCGAGTGGTCTTC R 
Esrrg CTCCAGCACCATCGTAGAGGATC F 
 GATCTCACATTCATTCGTGGCTG R 
Esrra CCAGAGGTGGACCCTTTGCCTTTC F 
 CACCAGCAGATGCGACACCAGAG R 
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SUMMARY 

mTOR and ERRα are key regulators of common metabolic processes, 

including lipid homeostasis. However, it is currently unknown whether 

these two factors cooperate in the control of metabolism. ChIP-sequencing 

analyses of mouse liver reveal that mTOR binds to regulatory regions of 

genes on a genome-wide scale, including enrichment at genes shared 

with ERRα that are involved in the TCA cycle and lipid biosynthesis. 

Genetic ablation of ERRα and rapamycin treatment, alone or in 

combination, alter the expression of these genes and induce the 

accumulation of TCA metabolites. As a consequence, both genetic and 

pharmacological inhibition of ERRα activity exacerbates hepatic 

hyperlipidemia observed in rapamycin-treated mice. We further show that 

mTOR regulates ERRα activity through transcriptional control of the 

ubiquitin-proteasome pathway and ubiquitin-mediated degradation of 

ERRα. Our work not only uncovers novel mechanisms of mTOR action in 

metabolism but highlights the existence of a potent mTOR/ERRα 

metabolic regulatory axis with significant clinical impact. 
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HIGHLIGHTS 

• ChIP-sequencing reveals mTOR as a global transcriptional 

regulator of metabolic genes 

• Identification of comprehensive ERRα/mTOR functional crosstalk in 

metabolic control 

• Genetic or pharmacological inhibition of ERRα exacerbates the 

development of rapamycin-induced fatty liver 

• mTOR controls ERRα activity via a ubiquitin/proteasome-

dependent mechanism 
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INTRODUCTION 

The mammalian target of rapamycin (mTOR), a phosphatidylinositol 3-

kinase (PI3K)-related serine/threonine kinase, plays a major role in cell 

growth, proliferation and survival, in part by controlling mRNA translation 

(Averous and Proud, 2006; Heinz et al., 2010; Wullschleger et al., 2006). 

This kinase is strongly expressed in tissues with high-energy demands 

and its activity is closely linked to PI3K signaling (Willems et al., 2012). 

mTOR is the core component of two distinct complexes: mTORC1 

(complex 1) and mTORC2 (complex 2). mTORC1 is considered to be a 

central integrator of a wide range of physiological cues such as amino acid 

levels, growth factors, energy status, genotoxic stress and oxygen levels 

in order to promote cellular growth and proliferation (Gulati and Thomas, 

2007). The majority of these different stimuli (except amino acids) signals 

to mTORC1 through the modulation of Tuberous sclerosis complex 1 and 

2 (TSC1/2) activity (Gulati et al., 2008; Laplante and Sabatini, 2012). 

mTORC1 is also the only complex sensitive to acute rapamycin treatment 

and has been shown to control protein synthesis via the S6 kinase/S6 axis 

and 4E-BP1 phosphorylation (Sonenberg and Hinnebusch, 2009).  

At a physiological level, the mTORC1 signaling pathway has been 

described to play an important role in the control of energy metabolism, in 

particular, lipid biosynthesis (Inoki et al., 2012). This notion has emerged 

from observations of clinical trials involving rapamycin or rapalogs 

administration. Multiple well-known side-effects of these drugs have been 
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reported including the development of hyperlipidemia and 

hypercholesterolemia and activation of gluconeogenesis in liver, a major 

organ for lipid biosynthesis (Houde et al., 2010; Levy et al., 2006; Morrisett 

et al., 2002). Furthermore, rodents treated with rapamycin and rapalogs 

develop non-alcoholic fatty livers (NAFL) associated with elevated free 

fatty acid (FFA) levels (Patsenker et al., 2011; Pearce, 1983). It is thought 

that the mechanism by which inhibitors of mTOR generate an increase in 

lipogenesis involves of a multitude of factors that includes PPARγ, 

SREBP1 and/or lipin1 (Laplante and Sabatini, 2009; Peterson et al., 

2011). These factors can interplay with each other to regulate the 

lipogenic gene program. 

Aside from the well-established role of mTOR as a kinase in 

phosphorylation signaling cascades, recent studies show that mTOR can 

shuttle between the cytoplasm and nucleus and act as a direct 

transcriptional regulator of gene expression (Bachmann et al., 2006; Kim 

and Chen, 2000; Rosner and Hengstschlager, 2008; Walsh et al., 2012; 

Zhang et al., 2002). Standard chromatin immunoprecipitation (ChIP) 

studies revealed that mTOR is recruited to DNA and can interact with 

various transcription factors such as YY1 and MAF1 to modulate gene 

expression at a transcriptional level (Cunningham et al., 2007; Kantidakis 

et al., 2010). Although the first de novo mTOR target genes identified by 

standard ChIP were polymerase (pol) III-dependent genes, mTOR was 

later shown to also bind to the gene encoding dystrophin, a protein 
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associated with muscle integrity, and two genes encoding proteins 

involved in mitochondrial function, namely cytochrome C and the 

coactivator PGC-1α (Cunningham et al., 2007; Kantidakis et al., 2010; 

Risson et al., 2009; Shor et al., 2010; Tsang et al., 2010). Although these 

findings suggested a distinct mechanism by which mTOR could regulate 

energy metabolism, the limited number of mTOR target genes identified 

thus far currently prevents a full appreciation of the importance of the 

potential role of mTOR as a transcriptional regulator. 

Estrogen-related receptor α (ERRα, NR3B1) is an orphan nuclear 

receptor identified through sequence similarities with that of the estrogen 

receptor (Giguère et al., 1988). In the absence of a known ligand, ERRα 

activity is modulated through interaction with cofactors such as PGC-1α 

and β, RIP140 and Prox1 (Deblois and Giguère, 2011; Villena and Kralli, 

2008). The identification of the first ERRα target gene, Acadm, encoding 

medium-chain acyl coenzyme A, suggested a potential role for ERRα in 

the control of lipid metabolism (Sladek et al., 1997a; Vega and Kelly, 

1997). Mice lacking ERRα are lean and resistant to weight gain under a 

high-fat diet (Luo et al., 2003). Furthermore, several studies demonstrated 

ERRα as a major regulator of mitochondrial function and glucose 

homeostasis (Eichner and Giguère, 2011; Giguere, 2008a). These 

observations have reinforced the concept that ERRα is an essential factor 

in the control of energy metabolism and has been proposed as a 
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therapeutic target for the treatment of metabolic disorders such as 

diabetes (Giguere, 2008a; Patch et al., 2011b).  

While mTOR and ERRα are considered as key regulators of 

metabolism, particularly in mitochondrial function and lipid homeostasis, it 

is currently unknown to which extent the two signaling pathways intersect. 

Herein, we first demonstrate that mTOR, in a manner analogous to ERRα, 

targets metabolic genes on a genome-wide scale. mTOR is then shown to 

positively regulate ERRα expression and activity via transcriptional control 

of the ubiquitin pathway. We further show that the mTOR/ERRα axis is of 

physiological significance as it plays a key role in the development of 

rapamycin-induced NAFL. 

 

RESULTS  

ChIP-sequencing reveals a molecular network linking mTOR and 

ERRα  to the TCA cycle and lipid metabolism 

We first sought to explore whether mTOR plays a global or more restricted 

role as a transcriptional regulator and to investigate its potential interplay 

with the ERRα regulatory pathway. Two independent mTOR and ERRα 

ChIP-sequencing analyses were performed using chromatin obtained from 

mouse livers (Supplemental Tables S1 and S2). Analysis of the datasets 

revealed 9469 peaks bound by mTOR. The distribution of these binding 

events across the genome is shown in Figure 1A. Considering a likely role 

of mTOR as a transcriptional regulator of pol III genes, we initially 
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investigated the extent of mTOR recruitment to pol III-driven genes by 

comparing our mTOR ChIP-seq dataset with a recently published pol III 

ChIP-seq dataset (Carriere et al., 2012). Comparison of the two datasets 

revealed that 44% of the pol III bound RNA-encoding genes are also 

bound by mTOR with a preference for co-localization in intergenic regions 

(Figure S1A). Our analysis demonstrates a striking preference for shared 

pol III/mTOR occupancy of 4.5S RNAs (100%) and tRNAs (76%) 

compared to SINEs (3%) (Table S3). Standard ChIP analysis validates 

that mTOR is indeed recruited to different classes of RNA-encoding genes 

bound by pol III (Figure S1B and C). Next, we examined the mTOR ChIP-

seq dataset for mTOR binding to pol II-transcribed genes. Standard ChIP 

analysis validation of a subset of these genes is shown in Figure S2A. 

4055 of the 9469 mTOR bound peaks which are associated with 54% 

(2969) of the unique genes identified are found within +/- 10 kb of the 

transcriptional start sites (TSSs) of genes (Figure 1B). These binding 

events have a strong preference for a region surrounding +/- 1kb of TSSs 

of genes (Figures 1B and S2B). Ingenuity Pathway Analysis (IPA) 

software analysis of mTOR target genes revealed a strong enrichment in 

physiological functions related to protein metabolism and turnover. More 

specifically, mTOR targets the protein ubiquitination pathway, assembly of 

RNA pol III complex and tryptophan metabolism (Figure 1C). In addition, 

we found a significant enrichment of genes involved in the PI3K/AKT, 

Wnt/β-catenin and insulin receptor signaling pathways. These results are 

consistent with the described role of mTORC1 in protein synthesis and 
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molecular pathways known to be connected to mTORC1 signaling 

(Dellinger et al., 2012; Zhou et al., 2011; Zoncu et al., 2011). In addition, 

mTOR is significantly recruited at genes involved in oxidative 

phosphorylation (OXPHOS) (Figure 1C). Prototypic binding profiles 

illustrating mTOR recruitment to Polr3e, a component of RNA polymerase 

III, Pten and Tsc1 whose gene products are crucial to the 

PI3K/AKT/mTOR signaling pathway, and Cox5b encoding an enzyme of 

the mitochondrial respiratory chain, are shown in Figure 1D. Known and 

de novo motif finding analyses were performed on the entire mTOR ChIP-

seq dataset, as well as using binding peaks restricted to within +/- 10 kb 

and +/- 1 kb of the TSSs of genes. However, we were unable to identify 

with high confidence a consensus motif specifically associated with mTOR 

binding events. 

Mouse liver ERRα ChIP-seq analyses identified 23226 peaks 

significantly enriched for the sequence TCAAGGTCA, the known ERRα 

consensus binding motif (Sladek et al., 1997a) (Figure S3A). Nearly 50% 

of the peaks were found within intronic regions with a substantial 

preference for the first intron close to the TSS (Figures S3A and B). 8077 

of the ERRα bound peaks are found within +/- 10kb of the TSSs of genes 

corresponding to 43% (2373) of the unique genes identified (Figure S3C). 

Next, we investigated the potential cross-talk between ERRα and mTOR 

by comparing the two ChIP-seq datasets. Our analysis revealed a non-

significant overlap in binding peaks (175) implying that ERRα and mTOR 
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do not interact physically with each other on DNA (Figure 1E). In contrast, 

the comparative study revealed that a significantly large proportion of 

genes (3687, ~2/3 of the mTOR target genes) are commonly targeted by 

ERRα and mTOR, indicating that these factors regulate common 

biological functions. As shown in Figure 1F, IPA analysis revealed a large 

number of targets shared by ERRα and mTOR involved in metabolic 

processes including OXPHOS, TCA cycle, glycolysis/gluconeogenesis and 

lipid metabolism. 

We next sought to determine the impact of mTOR and ERRα 

signaling on the hepatic expression of a subset of these genes involved in 

the TCA cycle and lipogenesis (Figure 2A). Interestingly, our results 

uncovered three different classes of genes based on their response to 

rapamycin inhibition of mTOR and/or ablation of ERRα. First, we identified 

genes that are only affected by the loss of ERRα that includes Sdhd and 

Suclg2 whose gene products are enzymes of the TCA cycle (Figure 2B). 

Second, Gpam and Elovl6, whose gene products are implicated in the 

lipogenic pathway, were classified as being only sensitive to rapamycin 

(Figure 2C). Rapamycin treatment resulted in increased mRNA levels of 

these two genes irrespective of the genotype of the mice. Finally, Sdhb 

and Fasn, whose gene products are involved in the TCA cycle and lipid 

biosynthesis pathway, respectively, were classified based on their 

responsiveness to both ERRα and mTOR modulation (Figure 2D). In 

particular, livers of ERRα-null mice were found to have nearly 2.5X more 
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Fasn levels compared to WT and these mRNA levels nearly doubled again 

in the presence of rapamycin. The increased Fasn transcript levels in 

ERRα KO mice by rapamycin indicates that other transcription factors 

could also play a role in the control of this gene. We thus explored the 

expression levels of several transcription factors associated with ERRα 

and/or mTOR signaling known to play a role in energy metabolism 

(Figures 2E and S4). Strikingly, the effects of rapamycin treatment and/or 

loss of ERRα on Pparg expression is similar to that observed for Fasn 

(Figure 2E). Furthermore, while rapamycin treatment did not affect Srebf1 

(encoding Srebp1) levels, those were nearly tripled in ERRα-null mice. 

 

Loss of ERRα activity results in impaired TCA cycle activity and 

exacerbates rapamycin-induced NAFL 

We next explored the biological consequence of the loss of both mTOR 

and ERRα signaling in mouse liver. First, we examined that impact on 

TCA cycle activity by quantifying TCA cycle intermediates in liver. To this 

end, we used a metabolomics approach combining GC/MS (citrate, cis-

aconitate, α-oxoglutarate, fumarate and malate) and NMR (succinate) 

studies to measure six intermediates of the TCA cycle (Figure 3, inside 

graphs). In addition, the expression level of one gene for every step of the 

TCA cycle was measured (Figure 3, boxed graphs). Of note, most of these 

genes belong to the sub-group of genes responding to both rapamycin 

and the absence of ERRα (Figure 2D). Treatment of wild-type mice with 



 268 

rapamycin did not significantly affect the levels of the TCA intermediates 

measured. In contrast, ERRα-null mice exhibit higher levels of citrate and 

cis-aconitate (Figure 3). Furthermore, rapamycin treatment in ERRα-null 

mice resulted in increased levels of cis-aconitate and succinate with a 

trend for higher 2-oxo-glutarate levels compared to untreated ERRα KO 

mice. Interestingly, intermediates did not accumulate in later stages of the 

TCA cycle and no further accumulation of citrate was observed. The 

repressed gene expression profiles in the ERRα KO livers of the enzymes 

corresponding to the transitions from citrate through to fumarate suggests 

that the specific metabolite accumulation observed may indicate the 

outcome of an ERRα-dependent blunted TCA cycle between these steps. 

Taken together, and again considering that citrate does not accumulate in 

a rapamycin-dependent fashion, this data suggests that rapamycin 

treatment in ERRα KO mice results, instead, in increased incorporation of 

citrate into FFAs.  

 To test this hypothesis, histological and biochemical analyses were 

performed on the corresponding livers. Hematoxylin and eosin (H&E) and 

Oil Red O staining showed the development of larger vesicles and an 

accumulation of lipids in ERRα KO livers compared to wild-type in 

response to rapamycin (Figure 4A). The effects of the drug and ERRα 

genotype on the mTOR signaling pathway and ERRα expression were 

verified by Western Blot analysis (Figure 4B). As expected, rapamycin 

treatment strongly reduced the phosphorylation of the ribosomal S6 
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protein in both genotypes. There were no noticeable differences in basal 

S6 phosphorylation between the wild-type and the KO mice suggesting 

that the loss of ERRα does not affect the mTORC1-signaling pathway. 

Furthermore, we found that the phosphorylation of AKT, a target of 

mTORC2, was higher in all of the rapamycin treated mice which is 

consistent with this phenomenon as previously noted in the liver 

(Sarbassov et al., 2006). Surprisingly, rapamycin treatment in wild-type 

mice nearly completely abolished ERRα protein levels (Figure 4B), in a 

manner which cannot be explained by the modest decrease in Esrra 

transcript level (Figure S4). These observations suggest that rapamycin 

affects ERRα expression most dominantly at the post-translational level. 

Although no significant difference in basal liver FFAs were identified in 

ERRα-null livers, ERRα KO mice treated with rapamycin exhibited a 

greater hepatic FFA content compared to rapamycin treated wild-type 

mice (Figure 4C). In contrast, no differences in liver cholesterol levels 

were observed between the four groups (Figure 4D). Taken together with 

the metabolomic data (Figure 3), these observations indicate that citrate 

may be reoriented to serve as a substrate for the lipogenesis pathway. To 

further support this notion, mRNA levels of the gene encoding ATP citrate 

lyase (Acly) which is responsible for converting citrate into acetyl-CoA at 

the first committed step of the lipogenic pathway, were found to be highest 

in ERRα-null mice treated with rapamycin (Figure 4E). To further validate 

our findings that rapamycin treatment in mice deficient in ERRα activity 
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worsens the development of NAFL, mice were injected with rapamycin 

and/or compound 29 (C29), a recently developed ERRα inverse agonist 

(Patch et al., 2011b). Similarly to our observations in mice with a genetic 

ablation of ERRα, larger vesicles and higher accumulation of lipids were 

found in livers of co-treated mice (Figure 4F). 

 

 

 

mTOR signaling controls ERRα expression and transcriptional 

activity 

The observation that the expression of ERRα is regulated in a rapamycin-

sensitive manner led us to investigate the molecular link between 

mTORC1 signaling and ERRα transcriptional activity. At the mRNA level, 

treatment of the Hepa 1-6 mouse cell line with siRNAs against mTOR 

resulted in a modest but significant reduction (∼20%) in ERRα transcript 

levels (Figure 5A). The corresponding Western blot analysis confirmed 

that silencing mTOR affects both mTORC1 and mTORC2 kinase activities 

with the observed reduction in S6 and AKT phosphorylation, respectively 

(Figure 5B). Consistent with what we observed previously in livers of 

rapamycin treated mice, ERRα protein expression was strongly abrogated 

in cells lacking mTOR (Figure 5B). Similar results were obtained in a 

human cell line (HeLa) infected with a shRNA directed against mTOR 

(Figure 5C). Hepa 1-6 cells treated with rapamycin display a similar 
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decrease in ERRα mRNA levels to that observed previously with siRNAs 

against mTOR (Figure 5D). Interestingly, rapamycin treatment also 

resulted in a strong decrease in ERRα protein levels in these cells (Figure 

5E). Next, we sought to determine if the effects of rapamycin on ERRα 

also altered recruitment of ERRα to its target genes. Indeed, we observed 

a decrease in ERRα recruitment to its own promoter, Esrra, as well as to 

that of two metabolic targets, Ogdh and Idh3a, in Hepa 1-6 cells treated 

with rapamycin (Figure 5F). The ChIP results parallel the reduction in the 

mRNA levels of these genes in Hepa 1-6 cells (Figure 5G) or mouse liver 

(Figure 3) exposed to rapamycin. To further validate the influence of 

mTORC1 on ERRα expression, we tested the effects of manipulating 

mTORC1 activity by either a genetic approach or physiological stimuli. 

Constitutive activation of mTORC1 signaling in TSC2-null MEFs results in 

an increase in ERRα levels (Figure 5H) while inhibition of mTORC1 

activity via starvation of Hepa 1-6 cells of either amino acids or glucose 

abolished ERRα expression in those cells (Figure 5I). 

 

Rapamycin induces ubiquitin/proteasome-mediated ERRα 

degradation 

We next explored the underlying mechanism responsible for the striking 

decrease in ERRα protein expression in response to rapamycin inhibition 

of mTOR signaling. We hypothesized that post-translational mechanisms 

were of importance as the robust decrease in ERRα protein expression 
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observed after rapamycin treatment cannot be attributed to the modest 

reduction in mRNA levels alone. To test whether mTOR inhibition 

contributes to ERRα degradation via a ubiquitin-dependent mechanism, 

we first examined the effect of mTOR silencing on whole cell protein 

ubiquitination (Figure 6A). mTOR knock-down resulted in decreased 

phosphorylation of S6, mTOR and ERRα protein levels associated with a 

higher amount of ubiquitinated proteins compared to the cells transfected 

with siCtrl. In the presence of rapamycin, nuclear ERRα disappeared after 

drug treatment (Figure 6B). Note that rapamycin treatment resulted in 

decreased P-S6 in both cytoplasmic and nuclear fractions. In parallel, we 

noticed an accumulation of ubiquitinated proteins in both cellular fractions 

in response to the mTOR inhibitor. These data indicate that mTOR 

inhibition leads to an activation of the ubiquitin pathway in hepatocytes. 

We next determined the turnover of ERRα in hepatocytes. Cycloheximide 

treatment shows that the ERRα protein has a relatively short half-life (~4 

hr) as compared to actin, the levels of which levels remained constant 

during this time period (Figure 6C). We then asked if inhibiting the 

proteasome using MG132 can rescue the rapamycin-induced inhibition of 

ERRα protein expression. Indeed, MG132 treatment of Hepa 1-6 cells 

results in a significant accumulation of ubiquitinated proteins and leads to 

ERRα stabilization (Figure 6D)  an increase in ubiquitinated ERRα (Figure 

6E). Interestingly, MG132 treatment was also found to protect against 

rapamycin induced ERRα protein degradation and rescued rapamycin 
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inhibition of S6 phosphorylation (Figure 6F). This result provides further 

evidence that ERRα is eliminated by the proteasome in a rapamycin-

sensitive manner.  

 Next, we investigated whether mTOR regulates the protein 

ubiquitination pathway, the most significantly enriched canonical pathway 

for mTOR ChIP-seq target genes identified by IPA software (Figure 1C). 

Binding peak profiles of mTOR for the genes Ubb and Stub1, also known 

as CHIP, encoding ubiquitin B and an E3-ubiquitin protein ligase, 

respectively, are shown in Figure 6G. Ubb is involved in the direct process 

of protein ubiquitination. However, the molecular mechanisms controlling 

its expression still remain unclear (Chadwick et al., 2012). On the other 

hand, CHIP plays a key role in targeting chaperone bound substrates for 

proteasomal degradation. These proteins include the estrogen receptor α 

and the recently identified CHIP substrate, LKB1, an important kinase 

involved in the regulation of AMPK activity (Fan et al., 2005; Gaude et al., 

2012). To determine whether mTOR regulates the expression of Ubb and 

Stub1, we first show that mTOR recruitment to the Ubb and Stub1 genes 

is rapamycin-sensitive (Figure 6H). Second, Hepa 1-6 cells treated with 

either siRNAs directed against mTOR (Figure 6I) or rapamycin (Figure 6J) 

led to an up-regulation in both Ubb and Stub1 expression. Our data 

indicate that mTOR is a repressor of the protein ubiquitination pathway 

and that inhibition of mTOR signaling leads to an increase in ubiquitinated 

proteins including ERRα and, as a consequence, their degradation 
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mediated by the proteasome. Taken together, our results demonstrate that 

mTOR signaling controls ERRα degradation by regulating the non-

lysosomal ubiquitin/proteasome system at the transcriptional level. A 

model depicting this process is shown in Figure 6K. 

DISCUSSION 

In the study, we have investigated the metabolic gene networks controlled 

by mTOR and ERRα in the liver. ERRα is well-known to play a pivotal role 

in the control of energy metabolism and, like mTOR, is a potential 

therapeutic target for the treatment of diabetes and obesity. The work 

presented herein reveals that mTOR and ERRα bind and control the 

expression of a large set of both unique and common genes implicated in 

mitochondrial function and the lipid biosynthesis pathway. Furthermore, 

we show that rapamycin inhibition of mTOR leads to the degradation of 

ERRα through a proteasome-dependent mechanism, indicating that ERRα 

is integrated into the mTOR signaling pathway as a downstream mediator. 

The finding that rapamycin represses ERRα expression provides an 

additional molecular link between mTOR and ERRα in the control of 

energy metabolism. Our data suggest that the metabolic side effects that 

occur in response to rapamycin treatment are mediated in part through the 

reduction in ERRα expression. The physiological relevance of this finding 

is that the complete absence or pharmacological inhibition of ERRα 

activity exacerbates the development of rapamycin-induced NAFL. A 
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model highlighting the mechanisms and physiological implications of these 

findings is presented in Figure 7. 

The absence of ERRα in mouse liver results in a significant 

dysregulation of the expression of genes involved in the TCA cycle and 

lipogenic pathways. The combination of rapamycin and loss of ERRα 

activity results in a truncated TCA cycle directing citrate to be used as a 

preferential substrate for the synthesis of lipids associated with the 

increase in Fasn and Acly levels. A defect in glucose handling or 

redistribution of lipids from adipose storage to the liver could also play a 

role in the observed lipid accumulation in response to rapamycin 

treatment. Although ERRα is recruited to and can regulate genes of the 

glycolysis/gluconeogenesis pathway, and loss of ERRα correlates with 

improved insulin sensitivity and glucose tolerance in rodent models 

(Charest-Marcotte et al., 2010b; Dufour et al., 2011; Patch et al., 2011b), 

absence of ERRα had no effect on rapamycin-induced glucose intolerance 

in mice (data not shown). In addition, rapamycin has been shown to 

reduce lipoprotein lipase-mediated lipid clearance from white adipose 

tissue and decrease TAG secretion from the liver (Blanchard et al., 2012). 

Thus, exacerbation of NAFL observed in our co-treated mice is most likely 

based primarily on de novo lipid biosynthesis in the liver. 

The mTOR-signaling pathway is one of the major molecular 

mechanisms controlling protein synthesis and energy metabolism. Recent 

studies have attributed a nuclear function to mTOR in the transcriptional 
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control of metabolic genes and protein synthesis. However, only a few 

target genes have been identified to date and the physiological pathways 

governed by this novel transcriptional mechanism remained largely 

unknown. To help elucidate the role of mTOR in gene regulation, ChIP-

seq analyses of mTOR were performed in mouse liver. Our data shows 

that mTOR specifically targets a large subset of pol III-transcribed genes 

(e.g tRNAs and 4.5S RNAs), supporting its role in protein translation. In 

addition, mTOR targets a wide-range of pol II-driven gene programs 

involved in immune signaling, insulin receptor signaling, cancer signaling 

pathways, the ubiquitin/proteasome pathway as well as OXPHOS and 

fatty acid metabolism. The mechanisms by which mTOR regulates 

transcription of these gene networks remains to be elucidated. However, it 

has been previously shown that mTOR can act as a transcriptional 

cofactor through phosphorylation of specific transcription factors (e.g. 

MAF1 and YY1) (Blattler et al., 2012a; Shor et al., 2010). The observation 

that a clear consensus motif associated with mTOR binding events in the 

mouse liver genome could not be identified with high confidence supports 

the concept that mTOR is a pluripotent cofactor that does not work with a 

specific DNA-binding transcription factor. 

Our results demonstrate that ERRα is a nuclear receptor 

functioning downstream of the mTOR signaling pathway and may 

participate in the mTOR-dependent response towards nutrient availability 

and energy sensing. We show that rapamycin treatment, which is known 
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to mimic amino acid-like starvation (Peng et al., 2002), modulates ERRα 

metabolic target genes (e.g. Idh3a and Ogdh), supporting a role for ERRα 

as a component of the mTOR signaling pathway. However, it is clear that 

many genes were affected solely by the rapamycin treatment and were not 

dependent on the presence or absence of ERRα. These results indicate 

that other pathways are involved in the hepatic lipidemia appearance. 

Among them, it is well known that mTOR controls energy metabolism 

through the regulation of SREBP-1. In vitro analyses report an increase in 

SREBP-1 activity along with the induction of lipogenic genes in a 

mTORC1 and AKT-dependent manner (Porstmann et al., 2008; Yamauchi 

et al., 2011). Likewise, studies using adipocyte cell lines demonstrated 

that mTOR inhibition reduced the mRNA and protein levels of PPARγ. In 

our work, although rapamycin treatment triggered Pparg expression, it did 

not affect Srebp1 expression despite a higher level of P-AKT. These 

results are consistent with published data obtained from adipose tissues of 

rats treated with rapamycin (Blanchard et al., 2012). Interestingly, we 

found that ERRα-null mice display a strong basal elevation in Pparg and 

Srebp1 expression that could collectively participate in the induction of the 

lipogenic program observed following rapamycin administration in these 

mice. YY1 is also another important transcription factor shown to play a 

role in the development of rapamycin-induced diabetic-like syndrome. 

Rapamycin treatment induces dephosphorylation of YY1, a direct target of 

mTOR kinase activity in the nucleus, leading to a reduction in the 
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expression of genes involved in the insulin/IGF signaling (Blattler et al., 

2012a; Blattler et al., 2012b). On the other hand, loss of YY1 protects 

against rapamycin-induced insulin resistance (Blattler et al., 2012a). Since 

our data also demonstrate a protective role of ERRα in rapamycin-induced 

NAFL, it would be of interest to dissect the possible crosstalk between 

ERRα and YY1 in the liver. 

An unanticipated finding of our study is that rapamycin regulates 

ERRα activity by targeting the receptor for degradation. Our results 

demonstrate that ERRα is degraded by the non-lysosomal 

ubiquitin/proteasome system in response to rapamycin and that this effect 

can be reversed by the proteasome inhibitor MG132. In particular, ChIP-

seq and functional analyses revealed that mTOR is recruited to a 

significant number of genes involved in this process and show that it can 

repress a subset of these genes, providing a molecular mechanism for the 

observed rapamycin-induced ERRα degradation in the proteasome. 

Indeed, rapamycin inhibition of mTOR can promote ubiquitin-conjugation 

and the degradation of proteins such as Cyclin D1/3 and nitric oxide 

synthetase (iNOS) (Chotechuang et al., 2011; Dong et al., 2005; Garcia-

Morales et al., 2006; Harston et al., 2011; Jin et al., 2009). Our work now 

directly implicates mTOR in this process as a negative transcriptional 

regulator of the ubiquitination pathway and, together with its known 

repressive action on autophagy (Codogno and Meijer, 2005; Kim et al., 

2011; Yu et al., 2010b), enhances its ability to repress protein degradation. 
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Results presented in our report have an important clinical 

relevance, as analogs of rapamycin (e.g. sirolimus) are commonly used to 

treat cancer or as immuno-suppressants to help prevent the rejection of 

organ transplants (Geissler et al., 2008; McMahon et al., 2011; Yuan et al., 

2009). A significant number of patients treated with these molecules 

develop associated side effects including insulin resistance and hepatic 

hyperlipidemia also referred to as a diabetes-like syndrome (Houde et al., 

2010; Levy et al., 2006; Morrisett et al., 2002). Therefore, a better control 

of glucose homeostasis in these rapamycin-treated individuals has been 

proposed, in particular by employing antidiabetic drugs as therapeutic 

strategies to prevent rapalog-induced diabetes (Blattler et al., 2012a; Yang 

et al., 2012). Prior to this study, the use of selective ERRα antagonists to 

improve insulin sensitivity (e.g. compound 29) may have been considered 

to help counteract these side effects (Handschin and Mootha, 2005; Patch 

et al., 2011b). However, genetic and pharmacologic evidence presented 

herein suggest that treating patients with agents inhibiting ERRα, in 

combination with mTOR inhibitors, would exacerbate the development of 

NAFL. Therefore, considering that ERRα-dependent control of metabolic 

gene programs is rapamycin-sensitive, strategies aimed at enhancing 

rather than repressing ERRα activity appears to be a viable therapeutic 

avenue to relieve hepatic hyperlipidemia and steatosis observed in 

patients treated with mTOR inhibitors. 
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EXPERIMENTAL PROCEDURES 

Animals 

Two- to 3-month old male wild-type and ERRα-/- mice in a C57BL/6J 

genetic background were housed and fed standard chow in an animal 

facility at McGill University. Mice were administered daily with 10 mg/kg of 

rapamycin (LC Laboratories, R-5000) and/or 10 mg/kg of Compound 29 or 

vehicles by intraperitoneal injections for a period of 7 or 10 days as 

previously described (Patch et al., 2011b; Sarbassov et al., 2006). For all 

experiments, livers were isolated from mice (n=8-9) sacrificed by cervical 

dislocation at Zeitgeber time (ZT) 4. All manipulations were performed in 

accordance with the McGill Facility Animal Care Committee and the 

Canadian Council on Animal Care. 

 

Cell culture and reagents 

Hepa 1-6, HeLa, TSC2+/+ and TSC2-/- MEFS (Pollizzi et al., 2009) were 

cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented 

with 10% FBS, sodium pyruvate, L-glutamine, and antibiotics and were 

maintained in 5% CO2 at 37°C. Cells were treated with 80 nM rapamycin 

(Calbiochem, 553211), 100 µg/ml cycloheximide (Sigma-Aldrich, C4859) 

or 20 µM MG132 (Calbiochem, 474791). For rescue experiments, MG132 

was added 24 hr post rapamycin addition and cells were collected 24 hr 

later. For nutrients and serum supplementations, cells were cultured in 

minimum essential medium (MEM) for 48 hr and then the media was 
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changed for complete DMEM or lacking glucose (Invitrogen, 11966-025) 

or amino acids (Deval et al., 2008) for a period of 24 hr. 

 

Biochemistry measurements 

Hepatic lipids were extracted by homogenization of 100 mg of liver powder 

with 2 mL of CM buffer (2 volumes of chloroform/1 volume of methanol) 

with shaking for 15 min at room temperature (RT). After centrifugation at 

10,000×g for 10 min, supernatants were collected and 0.2 volumes of 

0.9% NaCl were added. FFAs in liver were assessed by using a 

triglyceride assay kit (Cayman chemical, 10010303-96). Total cholesterol 

was measured using a Cholesterol/Cholesteryl Ester Quantification Kit 

(Abcam, ab65359). 

 

Metabolomics Analysis  

Metabolomics studies were performed at the Metabolomics Core Facility 

at McGill University. Briefly, metabolites were extracted from pulverized 

liver samples using modified Folch extraction. NMR data were acquired on 

a 500MHz Inova NMR system whereas GC/MS data were collected on an 

Agilent 7693MSD (both from Agilent Technologies). See online 

supplemental experimental procedures for further details. 

 

Standard ChIP and ChIP-sequencing  

For ChIP-based experiments, specific ERRα (Epitomics, 2131-1) and 
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mTOR (Abcam, ab32028) antibodies were used and an anti-rabbit IgG 

antibody (Santa Cruz, sc-2027) as a control. For ChIP-seq studies, mouse 

liver chromatin and protein A Dynabeads (Invitrogen) were utilized. ChIP-

seq DNA libraries, sequencing and peak identification were performed at 

the Génome Québec Innovation Centre. ChIP-seq bed files have been 

deposited in the NCBI Gene Expression Omnibus. ERRα and mTOR ChIP 

enrichments were quantified by qPCR analysis using specific primers and 

normalized to the average enrichments obtained using 2 control primer 

sets amplifying non ERRα and mTOR bound genomic regions 

(Supplementary Tables S4 and S5). For a more detailed description, see 

online supplemental experimental procedures. 

 

Binding Motif Analyses 

In vivo binding sequences from mTOR and ERRα mouse liver ChIP-seq 

peak files were retrieved from UCSC Genome Database (mm9, July 

2007). Unbiased motif analysis was performed using HOMER (Heinz et 

al., 2010) to identify statistically overrepresented motifs using default 

parameters. 

 

Ingenuity Pathways Analysis of ChIP-seq Target Genes 

Analysis of mTOR and ERRα ChIP-seq target genes found within +/- 10 

kb of the TSS’s of genes for significant biological pathways was done 

using Ingenuity Pathways Analysis software (Ingenuity® Systems, 
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www.ingenuity.com). Canonical pathways analysis identified significant 

pathways for the Ingenuity’s Pathways Analysis library of canonical 

pathways. Fisher’s exact test was used to calculate p-values determining 

the probability that the association between genes in the dataset and the 

canonical pathway is explained by chance alone.  

 

RNA Isolation, Reverse Transcription and qRT-PCR 

Total RNA from cells and liver was isolated using the RNeasy Mini Kit 

(Qiagen). cDNA was made from 2 µg of RNA by reverse transcription with 

Oligo(dT) primer, dNTPs, 5X 1st strand buffer, DTT, RNase inhibitor, and 

Superscript II RNase H Reverse Transcriptase (Invitrogen). cDNA was 

amplified by qRT-PCR using specific primers (Supplemental Table S6), a 

QuantiTect SYBR Green PCR Kit (Qiagen) and a LightCycler instrument 

(Roche) following the Qiagen software protocol.  

 

Histology, Immunoprecipitation and Western Blotting, siRNA and 

Lentiviral shRNA Silencing 

See online supplemental experimental procedures. 

 

SUPPLEMENTAL INFORMATION 

Supplemental information includes 4 Figures, 6 Tables, and Supplemental 

Experimental Procedures and References. 
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LEGENDS TO FIGURES 

 

Figure 1. ChIP-sequencing identifies mTOR as a transcriptional 

regulator of diverse signaling and metabolic pathways 

(A) Mapping of mouse liver mTOR ChIP-seq peaks across the genome. 

TTS (transcription termination site) represents binding peaks found -100 

bp to + 1kb relative to the nearest TSS.  

(B) Histogram illustrating the distribution of mTOR ChIP-seq peaks +/- 10 

kb relative to the TSS of the nearest gene. Peaks were combined into 

1000 bp bins. Inner histogram shows peaks +/- 1 kb relative to the TSS of 

the nearest gene. Peaks were combined into 100 bp bins. 

(C) Subset of significantly enriched canonical pathways identified by IPA 

analysis of mTOR ChIP-seq targets found within +/- 10 kb relative to the 

TSS of the nearest gene. 

(D) ChIP-seq binding profiles of the mTOR bound genes Polr3e, Tsc1, 

Pten and Cox5b. 

(E) Venn diagrams illustrating the overlap in number of binding peaks and 

unique genes identified in the ERRα and mTOR mouse liver ChIP-seq 

datasets. 

(F) Number of ChIP-seq targets bound by either ERRα (red), mTOR (blue) 

or both (green) within metabolic pathways identified by IPA analysis are 

shown. *p < 0.05. 
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Figure 2. Cross-talk between mTOR and ERRα  in the transcriptional 

control of the TCA cycle and lipogenesis 

(A) Schematic illustrating the ChIP-seq targets bound by either ERRα 

(red), mTOR (blue) or both (green) implicated in the TCA cycle and lipid 

biosynthesis. 

(B) qRT-PCR analysis of metabolic genes that are ERRα-responsive in 

livers isolated from WT and ERRα-null mice treated with or without 

rapamycin for 7 days. Data are normalized to Hprt levels. Error bars 

represent ± SEM. Student’s t test, *p < 0.05. 

(C) qRT-PCR analysis of metabolic genes that are rapamycin(?)-

responsive. 

(D) qRT-PCR analysis of metabolic genes that are responsive to both 

ERRα and mTOR. 

(E) qRT-PCR analysis of metabolic transcription factors that are 

responsive to ERRα and/or mTOR. 

 

Figure 3. Metabolic cross-talk between mTOR and ERRα  in the 

production of TCA cycle intermediates 

Quantification of TCA cycle intermediates by either GC/MS or NMR 

analyses of livers collected from wild-type and ERRα KO mice 

administered rapamycin (10 mg/kg) or vehicle on a daily basis by 

intraperitoneal injection during a 7-day period. qRT-PCR analysis was 

performed on the same livers used for metabolomics studies and one TCA 
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cycle gene at every step in the cycle is shown as boxed graphs. qRT-PCR 

data are normalized to Hprt levels. Error bars represent ± SEM. Student’s t 

test, *p < 0.05. 

 

Figure 4. Rapamycin-induced NAFL is exacerbated in mice lacking 

ERRα  or by pharmacological inhibition of ERRα 

 (A) Representative H&E and Oil Red O staining of livers collected from 

wild-type and ERRα KO mice administered rapamycin (10 mg/kg) or 

vehicle on a daily basis by intraperitoneal injection during a 7-day period. 

(B) Western blot analysis of total ERRα, phospho-S6 kinase (S235/S236) 

and phospho-AKT (S473) levels in mouse livers collected from wild-type 

and ERRα KO mice treated with or without rapamycin for 7 days. Actin 

levels are shown as a loading control. 

(C) Measurement of hepatic free fatty acids of wild-type and ERRα-null 

mice following a 7-day treatment of rapamycin or vehicle. Error bars 

represent ± SEM. Student’s t test, *p < 0.05. 

(D) Measurement of hepatic cholesterol of wild-type and ERRα-null mice 

as in (C). 

(E) qRT-PCR analysis of Acly levels in mouse livers collected from wild-

type and ERRα KO mice treated with or without rapamycin for 7 days. 

Error bars represent ± SEM. Student’s t test, *p < 0.05. 

(F) Representative H&E and Oil Red O staining of livers collected from 

wild-type mice administered rapamycin (10 mg/kg), the ERRα inverse 
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agonist compound 29 (10 mg/kg) or both on a daily basis by 

intraperitoneal injection during a 10-day period. 

 

Figure 5. ERRα  expression and activity is positively regulated by the 

mTOR signaling pathway 

(A) qRT-PCR expression analysis of mTOR and Esrra following treatment 

of Hepa 1-6 cells with a pool of siRNAs against mTOR for 96 hr. Data are 

normalized to Hprt levels. Error bars represent ± SEM. Student’s t test, *p 

< 0.05. 

(B) Western blot analysis of total ERRα, mTOR, phospho-S6 kinase 

(S235/S236) and phospho-AKT (S473) in Hepa 1-6 cells treated with a 

pool of siRNAs for 96 hr against mTOR. Actin levels are shown as a 

loading control. 

(C) Western blot analysis shows loss of ERRα protein levels in HeLa cells 

infected with an shRNA targeting mTOR for 72 hr. Actin levels are shown 

as a loading control. 

(D) Esrra mRNA expression levels in Hepa 1-6 cells cells treated with 80 

nM of rapamycin or vehicle for 48 hr. Data are normalized to Hprt levels. 

Error bars represent ± SEM. Student’s t test, *p < 0.05. 

(E) Total ERRα, phospho-S6 kinase (S235/S236) and phospho-AKT 

(S473) protein levels in Hepa 1-6 cells in response to a 48 hr treatment of 

rapamycin. Actin levels are shown as a loading control. 
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(F) Standard ChIP analysis of ERRα target genes in Hepa 1-6 cells 

treated with 80 nM of rapamycin or vehicle as a control for 48 hr. 

(G) qRT-PCR analysis of Esrra, Ogdh and Idh3a expression in Hepa 1-6 

cells treated with 80 nM of rapamycin or vehicle for 48 hr. Data are 

normalized to Hprt levels. Error bars represent ± SEM. Student’s t test, *p 

< 0.05. 

(H) Activation of mTOR signaling in TSC2-null MEFs results in increased 

ERRα and phospho-S6 kinase (S235/S236) protein levels as determined 

by Western blot analysis. Actin levels are shown as a loading control. 

(I) Western blot analysis shows loss of ERRα and phospho-S6 kinase 

(S235/S236) protein levels in Hepa 1-6 cells following a 24 hr starvation of 

total amino acids or glucose. Actin levels are shown as a loading control. 

 

Figure 6. Rapamycin treatment leads to mTOR mediated degradation 

of ERRα via a ubiquitin/proteasomal-dependent mechanism 

(A) Western blot analysis of total ubiquitinated proteins, mTOR, phospho-

S6 kinase (S235/S236) and ERRα in Hepa 1-6 cells treated with a pool of 

siRNAs against mTOR. Actin levels are shown as a loading control. 

(B) Western blot analysis of ERRα, phospho-S6 kinase (S235/S236) and 

ubiquitinated proteins in nuclear and cytoplasmic fractions of Hepa 1-6 

cells treated with 80 nM of rapamycin or vehicle for 48 hr. Lamin B1 and 

tubulin levels are shown as loading controls for nuclear and cytoplasmic 

fractions, respectively. 
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(C) Western blot analysis of ERRα expression in Hepa 1-6 cells treated 

with cycloheximide at the indicated time points. Actin levels are shown as 

a loading control. 

(D) Hepa 1-6 cells were treated with or without the proteasome inhibitor, 

MG132 (20 µM) for 24 hr. Western blot analysis shows an accumulation of 

ubiquitinated proteins and ERRα in the presence of MG132. Actin levels 

are shown as a loading control. 

(E) Immunoprecipitation studies show ERRα ubiquitination in Hepa 1-6 

cells treated with MG132 for 24 hr. Actin levels are shown as a loading 

control. 

(F) Western blot analysis shows that MG132 treatment rescues rapamycin 

mediated inhibition of ERRα and phospho-S6 kinase (S235/S236) levels in 

Hepa 1-6 cells. 

(G) ChIP-seq mTOR binding profiles for the genes Ubb and Stub1 (CHIP). 

(H) Standard ChIP analysis of mTOR target genes in Hepa 1-6 cells 

treated with 80 nM of rapamycin or vehicle as a control for 48 hr. 

(I) Q-RT-PCR analysis of Ubb and Stub1 (CHIP) mRNA levels in Hepa 1-6 

cells treated with siRNAs against mTOR. Data are normalized to Hprt 

levels. Error bars represent ± SEM. Student’s t test, *p < 0.05. 

(J) Loss of mTOR signaling in Hepa 1-6 cells via rapamycin treatment 

leads to a reduction in both Ubb and Stub1 (CHIP) mRNA levels. Error 

bars represent ± SEM. Student’s t test, *p < 0.05. 
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(K) Schematic representation highlighting the molecular link between 

rapamycin, mTOR, ERRα and the ubiquitin/proteasome system. 

 

Figure 7. Model illustrating transcriptional crosstalk between mTOR 

and ERRα  and its role in the development and severity of rapamycin-

induced NAFL 

In a normal liver, mTOR positively regulates ERRα expression by 

repressing the ubiquitin/proteasome pathway. mTOR and ERRα both 

regulate the basal transcription of genes controlling the TCA cycle and 

lipid synthesis pathway. In the presence of rapamycin, repression of 

mTOR-dependent genes involved in the ubiquitin/proteasome pathway is 

relieved, leading to the degradation of ERRα. As a consequence, genes 

regulating lipid synthesis are induced, resulting in the development of 

NAFL. The complete loss of ERRα expression or inhibition of its activity by 

C29, in combination with rapamycin treatment results in diminished TCA 

cycle gene expression and a further increase in lipogenic genes. Our 

findings suggest a model in which accumulation of citrate from the TCA 

cycle shuttles into the fatty acid synthesis pathway, leading to the 

development of an exacerbated fatty liver. 
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