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ABSTRACT 

One of the driving mechanisms of cancer progression is the reprogramming of metabolic pathways 

in intermediary metabolism. Cancers increase their energy expenditure by increasing ATP 

production for utilization in anabolic pathways to increase production of proteins, nucleic acids 

and lipids. The Warburg Effect, where cancer cells predominantly use aerobic glycolysis rather 

than oxidative phosphorylation to produce ATP, was long thought to be the main initiating 

pathway in increasing tumor burden. However, compelling new evidence shows that there exists 

metabolic heterogeneity among and within tumors. Mitochondrial respiration often plays a major 

role in tumor progression, as many different cancers contain a subpopulation of slow-cycling 

tumor-initiating cells that are multidrug-resistant and dependent on oxidative phosphorylation. 

These cells represent a target for cancer therapy. However, the identification of endogenous 

regulators of mitochondrial respiration is understudied. Depletion of (RARRES1) occurs in many 

cancers, including melanoma, colon, prostate and breast cancers. Interestingly, in cancers 

associated with fibrosis, such as triple negative breast cancer, pancreatic and hepatocellular 

carcinomas, RARRES1 is overexpressed. Its role in metabolism might explain the duality of this 

protein in cancer. Our data show that RARRES1 and its target CCP2 regulate mitochondrial 

bioenergetics and subsequently alter energy homeostasis by modulating the function of the 

mitochondrial voltage-dependent anion channel (VDAC). The changes in energy homeostasis 

rewire glucose for biosynthetic pathways, such as de novo lipogenesis, that drive the pathogenicity 
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and survival of cancer. These data lay the foundation for metabo-therapy of the many tumor types 

that exhibit RARRES1 depletion or overexpression and may have the added benefit of targeting 

drug-resistant tumor-initiating cells.  
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Introduction 

Metabolism is the basis of any biological entity. From the cellular to the organismal level, 

metabolic signaling is needed in all stages of the living organism. Metabolism is defined as 

chemical reactions in living organisms that either break down molecules to produce energy or 

consume energy to synthesize compounds (1). The molecules and compounds essential in energy 

production and consumption consist of nutrients, like carbohydrates, fatty acids, and amino acids 

(1). Together these pathways are called intermediary metabolism and are essential for energy 

homeostasis. Intermediary metabolism can be defined as 1. Synthesis of molecules or 

polymerization of molecules into complex metabolites (anabolism), and 2. Degradation of 

molecules to release energy (catabolism) (1). These pathways are crucial to maintain existence at 

a cellular and organismal level. Perturbation or reprogramming of energy homeostasis can alter 

the state of the cell.  

Metabolic reprogramming was first appreciated in stem cell biology. Metabolic pathways 

influence the commitment, fate and self-renewal of stem cells (2, 3). For example, several studies 

demonstrated higher levels of glycolytic activity in embryonic stem cells and induced pluripotent 

stem cells compared to more differentiated cells (3). The glycolytic phenotype is coupled with a 

reduced number of mitochondria and oxidative capacity (4, 5). In agreement with the idea that 

stem cells prefer glycolysis, ESC differentiation to cardiomyocytes involves upregulation of 

oxidative phosphorylation and a decrease in glycolysis (4). But interestingly, the opposite was 

observed for ESCs differentiating into neuronal cells (6). This indicates that the metabolic 

preference is dependent on the type of cells in which the ESCs will differentiate into.  
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Perturbation of metabolic pathways is also seen in differentiated cells and can lead to a diseased 

state. In fact, metabolic reprogramming is now considered a hallmark in a wide range of diseases. 

This not only includes metabolic syndrome, diabetes and obesity but also progression of cancer, 

autoimmune diseases, and chronic lung, hepatic and pancreatic fibrosis (7–10).  

In the case of cancer, metabolic reprogramming has been recognized as one of the ten cancer 

hallmarks (11). Solid tumors especially contain significant heterogeneity of perfusion, where 

tumor cells in the center of the tumor bulk inhabit a nutrient and oxygen poor environment while 

cells at the edges of the tumor receive higher levels of oxygen and nutrients (12). These cancer 

cells, along with cancer-associated cells (such as fibroblasts, tumor-associated immune cells and 

adipocytes), adapt to such changes in environment by rewiring their metabolic needs. For example, 

the mitochondrial ETC in cancer cells can meet energy requirements with oxygen levels as low as 

0.5% (13). The most marked alterations of tumor bioenergetics include increase in catabolic 

pathways (such as glycolysis, glutamine metabolism, amino acid and lipid metabolism and 

mitochondrial biogenesis) and regulation of anabolic pathways (like pentose phosphate pathway 

and macromolecule biosynthesis) (11, 12). In the case of Kras-driven pancreatic cancer, cells 

recycle proteins from the extracellular matrix to produce glutamine and other amino acids to feed 

the TCA cycle for cell survival and growth in nutrient-depleted conditions (14). In the absence of 

glucose, the amino acid, glutamine, can produce glutamate and subsequently α-ketoglutarate to 

fuel the TCA cycle, a series of enzymatic reactions called glutaminolysis (1). Glutamine can also 

provide acetyl-coa, a metabolite essential in the TCA cycle as well as de novo fatty acid synthesis, 

to maintain cell survival when pyruvate oxidation is compromised (15). Other pathways have been 
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recognized to play a role in tumorigenesis. Fatty acid breakdown (beta oxidation) in the 

mitochondria can generate acetyl-coa and the reducing equivalents NADH and FADH2, which are 

used by the ETC to produce mitochondrial ATP. In addition, recent studies have demonstrated 

branched chain amino acids (BCAAs) like isoleucine, valine, and leucine, can be converted into 

acetyl-coa and other organic molecules that also enter the TCA cycle (16). The number of 

alternative metabolic pathways enables a striking plasticity in cancer cells and tumor associated 

cells, to adapt to the changing microenvironment of the tumor.  

Oncogenes, tumor suppressors, and the tumor microenvironment dictate the metabolic preference 

of these cancer cells. Hypoxia inducible factor alpha (HIF-1𝛼𝛼), c-Myc, and p53 are the most 

studied factors that regulate metabolism in the context of tumorigenesis (11). HIF-1𝛼𝛼 is important 

during hypoxia. This transcription factor is stabilized in hypoxic conditions and activates genes 

essential to survive in low oxygen environment (17). For example genes that are regulated by HIF-

1𝛼𝛼 are glycolytic genes; this enables an increase of glycolysis and renders these cells independent 

of mitochondrial respiration to produce ATP (17). P53, a tumor suppressor and transcription factor, 

is best known for its function in the DNA damage response. Recent publications have suggested 

that p53 also regulates the glycolysis and oxidative phosphorylation pathways in cells (18).  P53 

decreases the glycolytic rate by inhibiting the expression of glucose transporters, GLUT1 and 

GLUT4, and increases mitochondrial respiration rate (19–21). C-Myc, one of the best studies 

oncogenes is overexpressed or deregulated in at least 40% of cancers (22). This helix-loop-helix 

leucine zipper transcription factor binds to regulatory regions in a sequence-dependent or 

independent manner and represses or promotes transcription of genes (22). These transcriptional 

changes support the production of intermediates for cell growth and proliferation, such as 
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increasing energy production and organic molecule synthesis(23). For example, recent studies 

have shown that c-Myc enhances glycolytic pathways, beta-oxidation, fatty acid synthesis, one-

carbon metabolism and the pentose phosphate pathway (22, 24–26). These emerging studies 

reinforce the importance of oncogenes and tumor suppressors in actively reprogramming the 

metabolic needs of cancer cells to promote survival and invasion of tumors. There is more work 

to be done in order to identify all the players responsible for the striking metabolic plasticity of 

cancer cells. Recent studies have identified new potential players in metabolic reprogramming in 

cancer (27–30). One example is Retinoic acid receptor responder 1, RARRES1, a type II tumor 

suppressor. Not only is RARRES1 differentially expressed in cancer but also in hyperinsulinemia, 

cholestatic liver disease and obesity (31–35). A recent study has suggested that this protein can 

regulate mTOR and SIRT1 expression, two major regulators of energy homeostasis in prostate 

cancer cell lines (32). The capabilities of RARRES1 to metabolically transform cells is the subject 

of my dissertation.  

RARRES1 – A Carboxypeptidase Inhibitor 

RARRES1 was first discovered in psoriatic skin grafts that were treated with retinoic acid. The 

hydrophobic profile of the protein resembled cyclic ADP ribose hydrolase (CD38) in that they 

both consist of a single pass transmembrane, a long extracellular domain (the carboxy-terminal) 

and a small intracellular domain (36). With its transmembrane domain, RARRES1 was 

hypothesized to localize in membranes but its specific function and exact location was unknown.  

Crystallization of the murine latexin protein revealed that the extracellular domain of RARRES1 

has a 30.8% homology with the human protein latexin (37). The extracellular domain of 
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RARRES1 is now called the latexin domain. The latexin protein is a cytosolic carboxypeptidase 

inhibitor which can inhibit the carboxypeptidase A family such as CPA1, CPA2, CPA3 and CPA4 

(37–40) in non-pancreatic tissues, such as the brain. Latexin was found in complex with CPA4 and 

localized in the same compartment as its target (38). Latexin and its targets have been suggested 

to play a role in in the digestion and post-translational modification of proteins and inflammatory 

responses (41). For example, latexin is found expressed constitutively at high basal levels in mouse 

macrophages. Latexin can be further upregulated with a growth factor or proinflammatory stimuli 

(37, 41–43). CPAs have also been shown to correlate with macrophage cytotoxic activity; they 

regulate several proinflammatory mediators, such as endothelin-1 and leukotrienes(43, 44). 

Comparing the electrostatic profiles between RARRES1 and latexin also indicate that these 

proteins might function similarly (Figure 1.1). The electrostatics surface map of RARRES1 shows 

that one face is similar to that of latexin. This may indicate that RARRES1 is a carboxypeptidase 

inhibitor but might interact with peptidase families that do not interact with latexin. And recent 

studies have also suggested different subcellular locations of latexin and RARRES1. Latexin is 

located in the cytoplasm, while RARRES1 is localized in the endoplasmic reticulum and golgi 

compartments; this strongly suggests that these proteins could have different carboxypeptidase 

targets. Both proteins also consist of a two-fold symmetry with loops connecting the two domains 

(37). The loops contribute to the dynamic structure of the proteins, and this allows them to bind 

promiscuously to different carboxypeptidase families. Our group was the first to confirm that 

RARRES1 is a carboxypeptidase inhibitor. We demonstrated that RARRES1 inhibits and binds to 

cytosolic carboxypeptidase 2 (CCP2) or ATP/GTP Binding Protein Like 2 (AGBL2)(45). 



Figure 1.1. RARRES1 and Latexin Structure Modeling. RARRES1 structure was built upon 
the crystalized human latexin protein. Amino acid charge is pictured in the figure. Blue is basic 
amino acids, red is acidic amino acids and white is non-polar amino acids. A. Amino acid 
alignment of RARRES1, depicted as Model_01, with the human latexin PDB structure, named 
1wnh.1.A. B. The cartoon model of RARRES1 and latexin are depicted. The barrel, alpha and 
beta chains are modeled in the panels. B. Surface structure with the amino acid charge is 
depicted. Two faces of each protein was depicted. Swiss Prot was utilized to model the proteins 
(46). The structure is based on the cytoplasmic domain and not the n-terminus transmembrane 
domain.

Sequence comparison by NCBI’s blastp tool search found that the RARRES1 protein also shares 

30-50% homology, depending on species, with the ovocalyxin-32 (OXC-32) protein found in 

birds (47). Phylogenetic analysis suggests that the RARRES1 is orthologous to bird OCX-32 and 

paralogous to the latexin gene (48). My phylogenetic study suggests that the RARRES1-related 

genes fall under the Gnathostomata clade, i.e. Jawed vertebrates. The earliest ancestor of the 

RARRES1 gene is a “lxn-like precusor” gene found in ghost shark (Callorhinchus milii), a 

cartilaginous fish but not in elasmobranchs (sharks). The ancestor then diverged into the Latexin-

like gene found in extinct (Latimeria chalumnae-an early coelocanth), the ancestral bony fish and 
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in all non-extinct bony fish, such as Danio rerio (Figure 1.2). The generated phylogeny tree also 

suggests that the latexin-like gene might have duplicated and given rise to RARRES1 (mammalian 

and xenopous tropicalis)/OCX-32 (birds) and their paralog latexin (Figure 1.2); a study comparing 

the vertebrate genome shows that the region encompassing ovocalyxin-32/RARRES1 and LXN is 

conserved among bony fishes, X. Tropicalis, G. Gallus and mammals (48). This suggests that the 

tandem duplication giving rise to RARRES1/OXC-32 and latexin occurred before the tetrapod 

superclass (48). Although latexin and RARRES1 share the same ancestor with the ovacalyxin-32 

protein, OCX-32 has distinct functions in birds. OCX-32 is expressed in the oviduct and eggshell 

of birds and is a matrix protein that acts as an antimicrobial. Latexin has been linked to 

hematopoietic stem cell differentiation and RARRES1 regulates tubulin post translational 

modification, tumor suppression and stem cell differentiation. As we continue to study these 

proteins in more depth, we may discover a common function between RARRES1/LXN gene and 

OXC-32 gene in the future. 



 8 

Figure 1.2. Phylogenetic Tree of RARRES1 Across All Species. Blastp in NCBI was used 
to generate a phylogenetic tree. The delta-blast algorithm was used to obtain ancestral genes 
of RARRES1. The algorithm constructs a position-specific scoring matrix using the results 
of a Conserved Domain Database search and searches a sequence database. The conserved 
domain in this case is the latexin domain.  

There are two isoforms that translate to RARRES1. Isoform two is 294 amino acids while 

isoform 1 is 228 amino acids [1] (Figure 1.3). The two proteins differ at the C-terminal end, as 

shown in Figure 7. RARRES1 short (TIG1 B) form lacks part of the latexin domain, which is 

thought to retain the carboxypeptidase inhibiting activity. 
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Figure 1.3. RARRES1 (TIG1 A) and its Variant, RARRES1 Short (TIG1 B). RARRES1 has 
a variant called RARRES1 short or TIG1 short. The variant differs from RARRES1 at the carboxyl 
terminal. The variant lacks part of the Latexin domain, it lacks amino acids 229 to 294. The 
variant’s three last amino acids, underlined above, are not present in the long form (45). 

These two variants’ structural differences cause functional alterations between the two 

isoforms. Zaid et al. Demonstrated that the short isoform or TIG1 B is unable to bind efficiently 

to AGBL2, supporting the idea that the latexin domain retains the canonical carboxypeptidase 

inhibiting activity (45). In colon cancer both isoforms retard the migration of cells but only the 

long isoform regulates cell proliferation by delaying the progression from G1 to S phase (49). One 

reason only RARRES1 long is able to delay G1 to S phase, is due to RARRRES1 long’s ability to 

bind to AGBL2 and inhibit the process of detyrosination. As explained earlier, inhibiting 

detyrosination from occurring will cause a halt in tubulin dynamics and thus a halt in cellular 

growth, assuming the cell cycle checkpoints are not dysfunctional. RARRES1 short is unable to 

bind to AGBL2 thus it will not be able to inhibit the microtubule dynamics.  

RARRES1 short’s ability to play an important role in other protein interactions other than 

its inability to inhibit carboxypeptidases has not been explored. Relative expression of the different 

isoforms in varied cell types must be considered to understand their role. Mrna expression of the 

protein is not enough to understand the physiological effects of RARRES1. Unfortunately, 

availability of efficient antibodies against RARRES1 are not available. The development of high-
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quality antibodies must be done to make the study of this protein more feasible.  Developing 

antibodies that specifically target the long form of RARRES1 but not the short form, i.e. An 

antibody that targets amino acids 229-294 (Figure 1.3), will enable scientists to understand the 

effects of the two isotypes, their interacting partners and when each isoform is needed in certain 

cell types and pathways.   

RARRES1 and CCP2, Regulators of the Tubulin Code 

Microtubules are the most abundant cytoskeletal component in eukaryotic cells (50). These 

filamentous components have a variety of different roles in the cell including, maintaining 

structural integrity, cell differentiation, cell signaling, chromosome segregation during cell 

division, organelle and vesicle transportation in the cells (51). The diverse roles of microtubules 

are achieved in part due to post-translational modifications of tubulin and their interactions with 

microtubule associated proteins (51). The microtubules consist of mainly 𝛼𝛼𝛼𝛼-tubulin heterodimers. 

𝛼𝛼 and 𝛼𝛼 mo nomers ar e or ganized in to th ree domains, th e N-terminus th at in teracts wi th 

nucleotides, the intermediate domain, and the C-terminal domain (52). Surprisingly, there are 

multiple genes encoding for 𝛼𝛼 and 𝛼𝛼 tubulin (5 1, 53, 54) (Figure 1.4). Th e tu bulin is otypes 

assemble and create unique configurations and carry out distinctive functions in the cells (52). This 

was supported by studies that discovered that certain isotypes were specifically expressed in 

specialized cells and tissues (55). The isotypes are also differentially expressed during 

development (56). Recently, mutations in tubulin isotypes were associated with 

neurodevelopmental disorders. These mutations can lead to dysregulation of tubulin assembly into 

particular microtubule structures (57, 58).  The isotypes differ from each other in their amino acid 

sequences in the c-terminal tails (Figure 1.4) (52). The c-terminal tail of tubulin consists of a 
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negatively charged tail of about 20 amino acid residues. The c-terminus protrudes from the 

microtubules (51). This allows for post-translational modifications and variations among tubulin 

isotypes to dictate the function of microtubules (51). The PTMs are referred to as “tubulin code” 

(Figure V).  

Figure 1.4. The Human Tubulin Isotypes. The c-terminal tails of each known tubulin isotype is 
depicted. Each isotype has a unique c-terminus. (Adapted from Janke, C. & Kneussel, M., 2011 
(54)) 
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Figure 1.5. The Tubulin Code. The different tubulin post translational modifications that occur 
in alpha and beta tubulin are depicted in this diagram (52).  

The “tubulin code” includes ubiquitous protein modifications such as phosphorylation and 

acetylation, while also consisting of modifications specific to tubulin, such as glutamylation (59) 

(Figure 1.5). Tubulin glutamylation and polyglutamylation is especially abundant in neurons, cilia 

and centrioles (51). One of the most studied PTMs on the C-terminal tail (CTT) of tubulin is the 

GEEY motif of 𝛼𝛼-tubulin (Figure 1.4 & 1.5). This motif undergoes a dynamic tyrosination-

detyrosination cycle that is associated with microtubule stability but does not seem to directly 

control it (52). As shown in figure V, the cycle begins when tubulin tyrosine ligase (TTL) catalyzes 

the addition of a peptide bond between glutamate and tyrosine in the conserved sequence EE/Y of 

free alpha tubulins (60). Ttl-knockout mice die within 24 hours after birth and present with a drastic 

increase in detyrosinated tubulin (61, 62). Studies show the Ttl-null mice are also born with 

neuronal dysmorphism and respiratory problems (62). Such abnormalities and lethality occur due 

to the importance of tyrosinated and detyrosinated tubulin in axonal MTs (63). Specifically, 

detyrosination is associated with modulation of MAP-microtubule interactions (64). 

Detyrosination increases kinesin-1 driven transport in neurons. Detyrosination also hinders 

microtubule plus-end localization of a subgroup of CAP-Gly domain proteins called +tips and 

inhibits microtubule-depolymerizing kinesin activity (65). To further support the importance of 
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tyrosination status in the polymerization of microtubules, detyrosinated tubulin is enriched in long-

lived microtubules (66). In vitro, fibroblasts isolated from Ttl-null mice have impaired motility 

and less-polarized structure (65). These fibroblasts also have excessively detyrosinated 

microtubules that are abnormally long and hyper stable, and this phenotype is rescued by 

overexpression of kinesin-13, a microtubule-end depolymerizer (67, 68). 

The detyrosination of tubulin was first identified 40 years ago, but the identity of the enzyme 

responsible for the activity has remained elusive. In 2012, our group demonstrated a potential 

candidate tubulin tyrosine carboxypeptidase (TTCP), CCP2 (45). Depletion of CCP2 resulted in a 

decrease in detyrosinated tubulin on the C-terminal EEY region of α-tubulin. While RARRES1 

knockdown increased the level of tyrosination on the c-terminus of α-tubulin CCP2 did not appear 

to directly detyrosinate tubulin. Later work confirmed that CCP2 does not have any detyrosination 

enzymatic activity, and it is now known that VASH1 and VASH2 can detyrosinate alpha tubulin 

(Figure 4), although the studies did identifty tubulin detyrosination activity that could not be 

explained through VASH (69, 70).  In 2014, Janke showed that CCP2, along with CCP3, 

deglutamylate the penultimate glutamate on c-terminus of alpha tubulin (71). This deglutamylation 

renders the tubulin unable to reenter the tyrosination cycle (Figure 1.6). Thus it is plausible that 

CCP2 indirectly regulates detyrosination by inhibiting tubulin from getting re-tyrosinated, thus 

decreasing the abundance of tyrosinated tubulin. 
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Figure 1.6. The Post Translational Modification of GEEY Motif on 𝜶𝜶 −Tubulin. VASH 1 and 
VASH2 remove the ultimate tyrosine on the c-terminus of alpha tubulin, while tyrosine ligase 
reverses the activity, by re-tyrosinating the end of tubulin. CCP2 is suggested to hydrolyze 
glutamate from the c-terminus of tubulin. I hypothesize that RARRES1 inhibition of CCP2 activity 
regulates the ∆2 tubulin status of alpha tubulin. 

The dynamic and intrinsically disordered carboxy-terminal tails (ctts) of tubulin are clearly 

involved in regulating binding interactions of tubulin with microtubule associated protein to 

regulate microtubule dynamics. But Recent studies have identified that the ctts are also important 

in metabolic reprogramming. For example, tyrosinated tubulin dictates lipid droplet interaction 

with mitochondria during glucose deprivation and 𝛼𝛼 and 𝛼𝛼 tubulins bind to the mitochondrial 

voltage dependent anion channel (VDAC) to regulate mitochondrial energetics (72–74). 

The C-Terminal Tail of Tubulin Modulates Mitochondrial VDAC 

Oxidative phosphorylation requires transport of metabolites, including cytosolic ADP, ATP and 

citrate, across both mitochondrial membranes for F1F0-atpase to generate ATP in the matrix (75). 

It has been established that VDAC is the central regulator of ATP and ADP flux for mitochondrial 

function (76, 77). This channel is known as the gate of death. It regulates metabolite flux, ion flux 

(i.e. Calcium and potassium), and regulates cytochrome c release from the mitochondria, inducing 

apoptosis (cell death) (73, 76, 77). There are three isoforms known, VDAC1, VDAC2 and 



 15 

VDAC3; they share 70% identity (78). The three are expressed in most tissues, but VDAC1 is the 

most abundant (79).  

Mouse models of VDAC helped elucidate the distinct roles of each isoform. Although mvdac2 and 

VDAC3 deficient mice were viable, VDAC2 was associated with neurodegenerative diseases and 

VDAC3 knockout mice developed heart muscle defects due to attenuation in complex IV activity 

(80, 81). VDAC3 knockout male mice were also infertile due to their sperm’s reduced flagellum 

motility (80). On the other hand, VDAC1 knockout mice, are partially embryonic lethal, a study 

generated mvdac1-/- by deleting exons 2-5. The resulting mutated allele lacks four coding exons. 

The heterozygous (VDAC1+/-) mice had no obvious phenotype, but the VDAC1 +/- mice had a 

reduced number of homozygous deficient mice when mated, by utilizing the Mendelian ratio.  That 

ratio was further exasperated when VDAC1+/− mice were intercrossed. Around 40% of the 

expected number of VDAC1−/− mice and 88% of VDAC1+/−mice were identified (82). The 

surviving Vdac1-/- mice demonstrated that VDAC1 plays an important role in transporting 

metabolites across outer mitochondrial membrane. For example, the VDAC1 knockout model 

displayed a decrease in ADP-stimulated oxygen consumption, defects in the electron transport 

chain, and dysmorphic mitochondria (83). All isoforms were associated with generation of reactive 

oxygen species (ROS), steroidogenesis and mitochondria-ER pathways, such as calcium 

homeostasis (77). VDAC1 and VDAC2 regulate cytochrome C release but VDAC3 does not (84–

86). In vitro studies have also demonstrated that VDAC1 plays a bigger role in metabolite 

transportation compared to VDAC2 and VDAC3 (79). For example, unlike VDAC1 and 2, 

VDAC1 binds to hexokinase and regulates coupling of mitochondrial respiration and glycolysis 

(87, 88)(Figure 1.7).  
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These diverse roles of VDAC require fine tuning and thus multiple factors to modulate its activity. 

VDAC opening is regulated by, glutamate, NADH, hexokinase, and several kinases. PKA, 

glycogen synthase 3β (GSK3β), and protein kinase C epsilon (pkcε), phosphorylate VDAC and 

block or inhibit association of VDAC with other proteins, such as Bax and tbid (77, 79). 

Maldanado et al. And other groups have recently shown in vitro, that tubulin physically blocks the 

channel, thus potentially limiting substrate exchange between the cytosol and the mitochondria 

(73, 74, 89, 90).  

Carré et al. Were the first to show that tubulin was associated with the mitochondria (91). 

Specifically, there was an enrichment of tyrosinated alpha tubulin in the mitochondria. They 

subsequently immunoprecipitated VDAC and alpha tubulin, in complex with the channel. Other 

groups have further confirmed this phenomenon and were able to show that the tubulin-blocked 

state is still highly ion conductive, e.g. Calcium, and but is impermeable to ADP and ATP (74, 

92). The tubulin-blocked state of VDAC causes changes in ATP production and NADH 

generation. Sacket et al. Have suggested that the C-terminus of tubulin is the main site where 

interaction with VDAC occurs. Using C-termini’s of alpha or beta tubulin conjugated to BSA, 

detyrosinated alpha tubulin actively bound to VDAC in an electrophysiological setting, and that 

was reversed when the C-terminus was deglutamylated, forming a ∆2-tubulin (89). This 

contradicts Carré et al. Findings, where tyrosinated tubulin was enriched in the mitochondria. 

Replicating the BSA experiments in cells is key to clarify tyrosinated tubulin and its interaction 

with VDAC.  In the case of beta-tubulin, alanine on the c-terminus is needed to see physical 

blockage of VDAC. The blockage is reversed when alanine is removed and replaced with tyrosine. 
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This indicates that VDAC blockage of tubulin is dependent on the post-translational modification 

of tubulin. In cells free tubulin, generated by depolymerizing tubulin, regulated mitochondrial 

membrane potential and ADP/ATP ratio in the cytosol (73). These tubulin effects on VDAC 

activity could potentially affect the metabolic status of cells and may therefore affect the health of 

cells and organisms, although this has not been tested in cell or animal models. Since RARRES1 

and CCP2 regulate PTM of tubulin and have been identified as potential players in metabolism 

associated diseases, I hypothesize that these regulators of the tubulin code might play a role in 

blocking the voltage dependent anion channel. 

Figure 1.7. Multi-Substrate Transport and Gate of Death. A schematic diagram of the 
mitochondrial voltage dependent anion channel, situated on the outer mitochondrial membrane. 
VDAC1 is an important metabolic regulator as it regulates the transport of ATP/ADP and 
NAD+/NADH. Hexokinase, and other metabolic associated enzymes are mainly associated with 
VDAC1. Ion flow, ROS, and apoptosis are regulated by all isotypes of VDAC. (Adapted from 
Magri et al., 2018 (93)) 
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RARRES1 and CCP2 in Metabolic Diseases 

Gene array expression data demonstrate that RARRES1 is differentially expressed in metabolic 

diseases and is associated with biological hallmarks that regulate metabolism (33, 35, 94). One of 

the first studies to mention RARRES1 in metabolic disorders was an obesity study where 

RARRES1 is the most up-regulated gene in subcutaneous fat from obese human subjects on a diet-

induced weight loss regimen (35). In the same study, RARRES1 was one of the most 

downregulated gene (top 15) in adipose tissue during weight maintenance in the obese human 

subjects (35). Another study looking at adipocyte differentiation in vitro showed that RARRES1 

is a potential marker for adipocyte differentiation and dedifferentiation, where RARRES1 

increased in dedifferentiating adipocytes and decreased during differentiation (95). Retinoic acid 

signaling, an inducer of RARRES1 transcription, also negatively regulates differentiation of 

adipocytes. Out of the 530 genes regulated by retinoic acid only 15 were differentially expressed 

in differentiated vs. Differentiated adipocytes and RARRES1 was one of the 15 genes. RARRES1 

was consistently and markedly upregulated in visceral stem cells compared to differentiated 

visceral adipocytes (96). RARRES1 also plays a role in liver fibrosis and liver metabolism. A 

recent study has shown that RARRES1 expression is significantly decreased when treated with 

fenofibrate, a PPARα agonist, in hepatocyte specific PPAR alpha knockout mouse, which develop 

liver steatosis, in comparison to wildtype mice (34). Studies manipulating the expression of 

RARRES1 demonstrate that this protein is able to induce autophagy and modulate expression of 

important regulators of energy homeostasis, SIRT1 and mTOR (32, 97).  

CCP2 can also regulate autophagy in cervical cancer and several studies have demonstrated genetic 

variability in the locus of the AGBL2 gene (CCP2) in diabetic patients (98, 99). Furthermore, a 
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mutation in the AGBL2 gene was identified in a human sample study looking at insulin processing 

and secretion in metabolic syndrome associated men (99). However, the mechanism whereby 

RARRES1 and CCP2 regulate metabolism is unknown. I hypothesize that their regulation of 

tubulin PTMs might be the mechanism behind RARRES1 and CCP2 association with metabolic 

diseases.  

The Role of RARRES1 and CCP2 in Tumorigenesis 

RARRES1 was first implicated in tumorigenesis following studies that showed that RARRES1 

expression was lost in prostate, skin, neck, acute myeloid leukemia, Wilms tumor and colon 

cancers (31, 100–103). Loss of RARRES1 expression was strongly associated with RARRES1 

hypermethylation in the promoter region of poorly differentiated colon adenocarcinoma, prostate 

and nasopharyngeal cancers (100, 101, 104). Jing et al. Demonstrated that transfecting the 

RARRES1 gene in PC3 (prostate cancer cells) cells decreased their tumorigenicity in nude mice 

and inhibited proliferation and invasiveness in vitro (105). In colon cancer cells, the same 

phenomenon was observed (106). RARRES1 was also expressed at low levels in prostate epithelial 

cells enriched for stem cells compared to differentiated committed basal cells (94). These findings 

define RARRES1 as a class II tumor suppressor in these cancers.  

In contrast RARRES1 is overexpressed in hepatocellular carcinoma and pancreatic ductal 

adenocarcinoma (107). Datasets in the Oncomine database, as shown in Table 1, show that in both 

of these cancers RARRES1 expression is at least 2 FC higher compared to normal samples in at 

least 2 publicly available datasets. However studies focusing on RARRES1 in hepatocellular 

carcinoma, show that RARRES1 is in fact silenced in malignant hepatocytes (33, 108) but is highly 

expressed in the activated hepatic stellate cells. Stellate cells are a crucial component in both 
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hepatocellular carcinoma and pancreatic adenocarcinoma. A fibrotic tumor microenvironment is a 

hallmark for pancreatic and liver tumorigenesis (109). In the case of liver cancer, 80% of tumors 

are associated with the chronic inflammation that accompanies liver cirrhosis or fibrosis (109). 

The acute inflammation activates the stellate cells which alters the extracellular matrix and leads 

to chronic inflammation and alterations in the extracellular matrix(110). Fibrosis is acknowledged 

as a protective response to acute injury, but the fibrotic component becomes chronic and 

dysfunctional when the cause of injury, such as cholestasis or viral infection, endures and cannot 

be eliminated (111). This explains why most of HCCs are a result from chronic liver diseases, i.e. 

Alcoholic liver disease, nonalcoholic liver disease and chronic viral hepatitis (111). With the 

combination of hepatocyte death, fibrosis and inflammation the disease can progress into cancer. 

One study identified RARRES1 as a marker for fibrosis and discovered that RARRES1 expression 

is especially elevated in activated stellate cells (33). This phenomenon is also seen in lung and 

kidney fibrosis (33). For pancreatic ductal adenocarcinoma (PDAC), fibrosis is associated with 

progression of PDAC, where stellate cells interact with the cancer cells to create a favorable niche 

for the tumor (112). Unfortunately, there are no data identifying RARRES1 as important in 

pancreatic stellate cells. Nevertheless, since RARRES1 was implicated in liver, lung, and kidney 

fibrosis, it is possible that RARRES1 expression is high in PDAC because of the level of fibrosis 

seen in pancreatic cancer etiology. We thus assessed whether pancreatitis, a disease where 

pancreatic fibrosis is a characteristic feature, and found that RARRES1 was significantly increased 

(Figure 1.8). RARRES1 is also highly expressed in triple negative breast cancer (TNBC) (Table 

1.1) (Figure 1.8) which is also associated with fibrosis. Several studies have shown that 

transforming growth factor 𝛼𝛼 (TGF-𝛼𝛼), a pro-fibrogenic cytokine that promotes stellate cell 

activation, ligands are enriched in the TNBC tumor microenvironment (113). RARRES1 could be 
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overexpressed in the stromal area of the tumor rather than the breast cancer cells in TNBC. We 

used Oncomine to address this speculation. Two datasets were identified that assessed gene 

expression in the stroma of invasive breast carcinoma, and in both datasets RARRES1 is 

significantly overexpressed (Figure 1.8). The publicly available data clearly point at a role for 

elevated RARRES1 in the stromal environment and fibrosis. To the best of our knowledge, there 

are no studies addressing the mechanism behind RARRES1 expression in fibrosis.  RARRES1 and 

its function in cancer associated fibroblasts must be assessed to understand the discrepancy of 

RARRES1 expression in TNBC, HCC, and PDAC.  

Table 1.1. Oncominetm Analysis: Cancer Summary for RARRES1 Expression. 

The Oncomine database was queried for RARRES1 expression in the available datasets based on the 
following criteria: cancer type, cancer versus normal, cancer versus cancer, cancer subtype, cancer versus 
baseline, pathway and drug and outlier analyses. The 'red' cells represent RARRES1 overexpression and 
the 'blue’ cells represent RARRES1 underexpression. The levels of expression are based on the gene rank 
percentile. This disease summary was performed using a criterion of a 2-fold change for RARRES1 
expression and a p-value of 1E-4. (Oncominetm platform (C). 
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Figure 1.8. Comparison of RARRES1 Across Twelve Analyses of Breast Cancer Stroma, 
TNBC, Pancreatic Cirrhosis/Cancer, and Liver Cirrhosis Datasets. 12 Different datasets were 
selected from Oncominetm that analyzed the expression of RARRES1 gene in invasive breast cancer 
with ERBB2/ER/PR Negative status, pancreatic adenocarcinoma, pancreatitis, and liver cirrhosis. 

There are only two studies that suggest a role for CCP2, the target of RARRES1, in cancer. One 

study identifies CCP2 as a promoter of oncogenesis by driving autophagy through aurora kinase 

in hepatocellular carcinoma (98). The group suggests that CCP2 is highly expressed in 

hepatocellular carcinoma and ectopic expression of CCP2 enhanced proliferation rate as well as 

cell survival in vitro (98). Another study identified CCP2 as an oncogene in gastric cancer. CCP2, 

along with RARRES1, regulated proliferation and chemotherapy resistance in cancer cells (114). 

Examining AGBL2 gene expression in different cancers, there is no significant differential 

expression of AGBL2 in cancers (Table 1.2). Since AGBL2 is an enzyme, gene expression might 

not be the best approach to identify the clinical relevance of AGBL2 in cancer. Its enzymatic 

activity needs to be assessed instead.   
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Table 1.2. Oncominetm Analysis: Cancer Summary for AGBL2 Expression. 

The Oncomine database was queried for AGBL2 expression in the available datasets based on the following 
criteria: cancer type, cancer versus normal, cancer versus cancer, cancer subtype, cancer versus baseline, 
pathway and drug and outlier analyses. The 'red' cells represent AGBL2 overexpression and the 'blue’ cells 
represent AGBL2 underexpression. The levels of expression are based on the gene rank percentile. This 
disease summary was performed using a criterion of a 2-fold change for AGBL2 expression and a p-value 
of 1E-4. (oncominetm platform (C). 
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Statement of Purpose 

Bioenergetic dynamics are emerging as a basis for understanding the pathology of cancer. As 

malignancy progresses its metabolic pattern and mitochondrial respiration become more 

dysfunctional. The pathways that regulate bioenergetic dynamics are poorly understood, and the 

characterization of proteins implicated in those processes must be assessed. One understudied 

protein and type II tumor suppressor is retinoic acid receptor responder 1 (RARRES1). RARRES1 

is induced by retinoic acid and vitamin D (two major metabolic regulators) (45, 115) and was 

recently linked to metabolic associated diseases.  

The biological function of RARRES1 and how that relates to its tumor suppressor traits is still 

poorly understood. Recent findings in our laboratory show that RARRES1 binds to EB1, a mitotic-

spindle associated protein. RARRES1 was also simultaneously bound to CCP2, a glutamate 

carboxypeptidase (45). These proteins are thought to be essential in regulating microtubule 

dynamics. Since CCP2 is a glutamate carboxypeptidase, it was found to remove glutamate residues 

at the c-terminal end of 𝛼𝛼-tubulins, whereas RARRES1 inhibits this activity and increases 

glutamylation of the c-terminal (Figure I). Glutamylation of 𝛼𝛼-tubulin is a topic that is 

understudied, but some studies indicate that alpha and beta tubulin dimers are important in binding 

to and blocking the voltage-dependent anion channel (VDAC). The removal of glutamate on the 

c-terminus of alpha tubulin reverses the VDAC blockage (89). VDAC is located in the outer

membrane of the mitochondria and regulates ATP and ADP substrate exchange between the 

cytoplasm and the mitochondria. Thus regulation of VDAC blockage controls substrate 

availability for bioenergetic pathways like mitochondrial respiration (74), and such regulation will 

control the overall oxidative phosphorylation activity. We propose that CCP2 and RARRES1, 
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could attribute to the metabolic regulation by tubulin via modulating the activity of voltage 

dependent anion channel. Our studies might help elucidate mechanism whereby RARRES1 and 

CCP2 regulate metabolic associated diseases and cancer.  
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Specific Aims 

Aim 1 
To characterize the role of glutamylation changes of tubulin by RARRES1 and CCP2 on the 
regulation of mitochondrial voltage dependent anion channel activity.  

Aim 2 
To characterize the role of RARRES1 in fatty acid metabolism in epithelial cells. 

Aim 3 
To identify mechanisms of endogenous transcriptional regulation of the RARRES1 gene. 



 27 

Chapter 1-Tumor Suppressor RARRES1 Links Tubulin Deglutamylation to Metabolic 

Reprogramming and Cell Survival  

Introduction 

Cancer cells and stem cells share several common features including similar changes in 

metabolism and resistance to mitochondria mediated cell death (116–118). Many 

oncogenic pathways influence these processes, usually indirectly following multistep alterations 

in metabolic enzymes (75). There is growing interest in the notion that directly targeting 

glycolysis or mitochondrial metabolic function may influence cancer in much the same way that 

metformin can be used to treat diabetes (9). Indeed metformin, a mitochondrial respiration 

inhibitor, has quite striking anti-cancer activities, although these may involve additional 

metabolic targets (117, 119). However, with the exception of LKB1, which regulates the 

cytoplasmic ATP sensor AMPK, no tumor suppressor genes are known to directly regulate 

glycolysis or mitochondrial metabolic activity  (120).  

RARRES1, a retinoic acid regulated tumor suppressor gene associated with ageing, metabolism 

and stem cell differentiation is among the most commonly methylated loci in multiple cancers 

but has no known molecular function (20, 36, 104). Like LKB1, the RARRES1 homologue 

latexin is essential for hematopoietic stem cell differentiation and ageing (121). RARRES1 and 

latexin are putative carboxypeptidase inhibitors and we showed earlier that RARRES1 

interacts with cytoplasmic carboxypeptidase 2 (CCP2/AGBL2) (45). Both RARRES1 and 

CCP2 have been associated with metabolic diseases and several studies have identified the 

proteins as important 
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regulators of autophagy (32, 97–99). CCP2 is a member of the CCP family of deglutamylases 

important for the removal of glutamic acid residues from the C-terminal tail of several tubulin 

isoforms (53, 71, 122, 123). Glutamylated and polyglutamylated tubulin is enriched in mitotic 

spindles and other structures, such as axonemes/cilia that contain arrays of stable microtubules 

(54, 71, 124). Although ccps have not been associated with cancer, the enzymes that modify 

tubulin (TTL and ttlls) and detyrosinated tubulin have (123). Peptide mimics of the acidic C-

terminal tail of tubulin can also directly influence the activity of mitochondrial voltage dependent 

anion channels (VDAC) and mitochondrial membrane potential, raising the possibility that 

pathways that alter its acidic C-terminal tail could influence mitochondrial activity directly by 

influencing VDAC function (74, 89, 90). We now show that the metabolic and tumor suppressor 

effects of RARRES1 are mediated by its inhibition of CCP2 catalyzed tubulin deglutamylation, 

which in turn regulates mitochondrial bioenergetics and subsequently alters energy homeostasis 

by modulating the function of the mitochondrial voltage-dependent anion channel 1 (VDAC1). 

Methods 

PWR-1E, MCF10A, MDA-MB-231, MDA-MB-157, Human neonatal foreskin primary epidermal 

keratinocyte (HFK) cells were maintained according to the recommendation of American Type 

Culture Collection. Human pancreatic stellate cells (hpastec) were cultured and maintained 

in Stellate Cell Medium (sciencecell Research Laboratories) according to supplier’s directions. 

Antibodies and Reagents 

All-trans-RA and Erastin were obtained from Sigma-Aldrich (St. Louis, MO). Primary antibodies 

targeting the following antigens were used: rabbit anti-human RARRES1, mouse B3-

polyglutamylated tubulin, mouse anti-β actin, and mouse anti α-tubulin were from Sigma-Aldrich 

Cell Culture
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and GT335-polyglutamylated tubulin was from Adipogen and Δ-2 tubulin antibody was from 

Upstate. Phosphorylated AMPK and total AMPK antibodies were from Cell Signaling. 

Sirna, Expression Constructs, and Transfection

 Codon-optimized full-length human RARRES1 cloned into bglii and hindiii sites in the peyfp-N1 

vector (Clonetech) and pglue vector were provided by Genscript. AGBL2 (CCP2; Myc-DDK-

tagged) construct was from Origene Technologies, Inc. (Cat #RC206949). ON-targetplus 

smartpool Human RARRES1 (Cat #L-009925-00), sigenome smartpool Human AGBL2 (CCP2) 

(Cat #M-012937-00) and Non-Targeting control sirna (Cat #D-001210-01-20) were from Thermo 

Scientific Dharmacon. Cells were seeded at 100,000 cells per well in 6-well plastic tissue culture 

dishes on day 0. On day 1, for each cell sample, 7.5μl of Lipofectamine 3000 (Invitrogen, 

Carlsbad, CA) was added to 125μl of OPTI-MEM I (Gibco-Invitrogen, Grand Island, NY) in a 

sterile eppendorf tube, and mixed. 2.5μg of DNA or 75pmol of siRNA in 125ul of OPTI-MEM 

were added with or without 5ul of P3000, mixed, and incubated for 5 minutes at room 

temperature.  The mixture was then added dropwise to cells.  

RARRES1/CCP2 shRNA  

Constructs for stable depletion of RARRES1 and CCP2 were obtained from the RNAi Consortium 

(Moffat et al., 2006) via SIGMA-Aldrich (NM_002888 for RARRES1 and NM_024783 for 

CCP2). Five pre-made constructs were obtained for both RARRES1 gene (Clone ID: 

TRCN0000063373, TRCN0000063374, TRCN0000063375, TRCN0000063376, 

TRCN0000063377) and CCP2 gene (Clone ID: TRCN0000073908, TRCN0000073909, 

TRCN0000073910, TRCN0000073911, TRCN0000073912) and individually tested to identify 

those able to achieve efficient knockdown at the protein level. Negative control constructs in the 

siRNA Constructs, Expression and Transfection

RARRES1/CCP2 shRNA
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same vector system (vector alone, plko.1 puro) were obtained from SIGMA-Aldrich 

(NM_003177).  

Western Blot 

Cells were washed with PBS and lysed in RIPA lysis buffer (0.25% sodium deoxycholate, 0.5% 

NP-40, 1% Triton X-100, 1mm EDTA, 50mm Tris-HCL ph7.5, 150 mm nacl) for 30 minutes on 

ice. Protein concentration was determined using protein microplate assay (Bio-Rad Laboratories). 

5-25μg of cell lysates were separated on 4-12% SDS/PAGE, transferred to PVDF membrane

(Millipore), blocked with 5% BSA-PBS, and incubated in primary antibody in 1% BSA-PBS 

overnight at 4°C.  Blots were washed 3 times for 5 minutes each in PBS-0.1% tween 20, followed 

by incubation in HRP-conjugated secondary antibody (KPL, Gaithersburg, MD) for 1 hour at room 

temperature on an orbital.  Blots were washed 3 times in PBS-0.1% tween 20, followed by 1 wash 

in PBS.  Detection of immunoreactive bands was carried out using chemiluminescence with ECL 

Western Blotting Detection Reagents (Amersham, Piscataway, NJ). 

Immunofluorescence 

Cells were seeded at 1X105 and grown on glass coverslips for 24 hours. 24 or 48 hrs post-

transfection, cells were fixed with freshly prepared 3% paraformaldehyde for 20 minutes and 

permeabilization of cells is then performed on ice, in PBS containing 0.5 % Triton X-100 for 3-5 

min. Cells were blocked for 1 hour in blocking solution (B/B solution= 1:1 ratio of 2% BSA in 

PBS and 1x Animal-Free Blocker (VECTOR Laboratories Cat # SP-5030) and then incubated in 

primary antibodies diluted in B/B solution overnight at 4oc. Cells were washed 3 times in 1X PBS 

and incubated in secondary antibodies conjugated to Alexa-488 and Alexa-568 fluorophores 

(Molecular Probes-Invitrogen, Carlsbad, CA). For permanent mounting, use Molecular Probes, 
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Inc. “prolong Antifade Kit” and slides were observed and photographed using the Zeiss LSM 510 

confocal microscope and Olympus BX 61 DSU Fluorescent microscope. 

Cell Cycle Analysis and Flow Cytometry 

Cells were fixed in 70% ethanol and stained in PBS containing 0.1% Triton X-100, 50 μg/ml 

RNase, and 50 μg/ml propidium iodide. Samples were analyzed by flow cytometry and the 

hypodiploid peak constituted the apoptotic population in this analysis. DNA content was measured 

on a facsort flow cytometer (Becton Dickinson, Franklin Lakes, NJ), and data were analyzed using 

modfit software (Verity Software House, Topsham, ME) in LCCC Flow Cytometry and Cell 

Sorting Shared Resource. At least 1x106 cells were analyzed per sample. For Annexin V Labeling, 

samples were stained with fluorescein-labeled Annexin V and propidium iodide (Trevigen) 

according to the manufacturer's protocol and analyzed by the LCCC Flow Cytometry and Cell 

Sorting Shared Resource. The two Annexin V positive quadrants of the analysis were taken as the 

apoptotic fraction.  For Anoikis Assays, confluent cells were trypsinized into a single cell 

suspension. 700,000 cells were plated in 150-mm tissue culture dishes coated with 0.8% agarose, 

to which they could not attach. At the various time points, the cells were collected, washed in PBS, 

and any cell aggregates were dispersed by trypsinization, and cells were then analyzed for 

apoptosis. To perform the analysis of cell surface markers (CD44+/CD24-, CD49+/CD24-), 

MCF10A cells were detached with trypsin, washed in blocking buffer (PBS containing 3% FBS), 

then stained with anti-CD24-PE (BD Biosciences, San Diego, CA, USA) and anti-CD44-PE-Cy5 

(BD Biosciences) or anti-CD49-FITC (BD Biosciences) using 1 ml of antibody per 106 cells, and 

incubated at room temperature for 1 hr. Following incubation, cells were washed twice with 1 ml 

PBS. Cells were re-suspended in 1 ml PBS and then were measured by LCCC Flow Cytometry 

and Cell Sorting Shared Resource. 
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Soft Agar Growth Assay 

5,000 cells were plated in 0.3% agar layered on top of 0.6% agar in 6 well plate. After 2 weeks, 

colonies were stained with 0.005% crystal violet and pictures taken to count and measure colonies 

size using metamorph Image analysis software 7.0.   

Statistical Analysis 

Results are shown as the mean ± S.E.M. Statistical significance was calculated by using Student's 

t-test and P < 0.05 was accepted as significant value.

Zebrafish Animal Model 

Zebrafish (Danio rerio) were raised, maintained and crossed as described previously (125) . 

Development of embryos was at 28oc and staging was determined by both hpf and morphological 

characteristics (126). All procedures were in accordance with NIH guidelines on the care and use 

of animals and were approved by the Georgetown University Institutional Animal Care and 

Use Committee. For Morpholino oligonucleotide (MO) injection experiments, two mos were 

used to knockdown CCP2 (Agbl2); abgl2 MO1 was designed to block translation, and, agbl2 

MO2 was designed to block splicing. The following mos were synthesized by Gene-Tools, LCC: , 

5’-AAGGATCGTCTGATTTCTTCTGCAT; agbl2(CCP2) MO2, 5’-

CCGTGTTGTCATTATAAATGAACGC; and tp53 MO, 5’-

GCGCCATTGCTTTGCAAGAATTG. The Standard Control MO from Gene Tools was used as 

control. Solutions consisting of 4 ng/nl MO plus 0.5% tetramethyl rhodamine dextran in dh20 were 

microinjected into one to four cell stage embryos. Acridine orange staining was done as previously 

described (127). Briefly, embryos were manually dechorionated, anesthetized in 0.016% tricaine 

(Sigma), and then incubated in 50ng/ml acridine orange (Invitrogen, A1301) for 1hr. Following 

several washes in fish water, the embryos were mounted in 3% methyl cellulose and imaged. 
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Images were acquired using a Zeiss Axioplan2 microscope fitted with an axiocam camera using 

axiovision software, or a Zeiss dissecting microscope fitted with a Cannon Powershot A590 

digital camera. Whole-Mount In Situ Hybridization (WISH) was performed as previously 

described using DIG-labeled riboprobe synthesized from zebrafish lxn cdna (genbank: 

BC086837) (128).  

 MitoTracker and TMRM Assay 

For MitoTracker staining, cells were seeded at 1X105 and grown on glass coverslips for 24 hours. 

24 or 48 hrs post-transfection, cells were stained with MitoTracker@Deep Red FM reagent from 

Life Technologies and more detailed the procedures were followed according to supplier’s 

directions. For TMRM assay, cells were seeded at 1X104 and grown on chamber slides (Lab-Tek 

II Chambered Coverglass W/Cover #1.5 Borosilicate Sterile, Nalge Nunc International) for 24 

hours. 24 or 48 hrs post-transfection, Tetramethylrhodamine methylester (TMRM), a lipophilic 

cationic fluorescent redistribution dye was applied to detect the mitochondrial membrane 

potential (Δψm) fromTMRE & TMRM Assay Kits (immunochemistry Technologies). Cells in 

complete growth medium were loaded for 20 min at 37oc with 70 nm of TMRM and shaking is 

very important to have homogeneous staining of the images in this step. More detailed 

procedures followed the supplier’s directions. TMRM-loaded cells were incubated in 1x Assay 

Buffer in humidified 5% CO2/air at 37oc and imaged with a Zeiss LSM 510 confocal 

microscope (Thornwood, NY). Both Integrated Brightness of  MitoTracker and TMRM assay 

were measured and analyzed by Keyence BZ-X Analyzed software. 

Extracellular Flux Assays 

Bioenergetics profile of transient RARRES1 knockdown in MCF10A and PWR-1E cells 

and stable RARRES1 knockdown MCF10A cells were measured using the xfe96 

Extracellular Flux Analyzer. Oxygen consumption rates and response to mitochondrial stress 

factors were 
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analyzed using the XF Cell Mito Stress Kit. 48 hours prior to analysis, MCF10A and PWR-1E 

cells were transfected with RARRES1 siRNA or scramble siRNA in duplicates. The night before 

the assay, the cells were seeded at an optimized cell density (MCF10A cells: 10,000 and 

PWR-1E cells: 20,000) in the 96-well xfe plate and incubated at 37oc with 5% CO2 overnight. 

The day of analysis, the cells were incubated at 37oc in a CO2-free atmosphere incubator for 1 

hour. Basal oxygen consumption rate and extracellular acidification rate were measured. 

Subsequently, oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) 

responses were observed after separate injections of oligomycin (1 um), carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone FCCP (0.5 um for MCF10A cells or 0.25 um for PWR-1E 

cells), and a combination of rotenone and antimycin A (0.5 um) were respectively prompted in 

the assay. For each injection, there was a total of 3 cycles, each one lasted 3 minutes and a 

measurement was taken at the beginning of each cycle. Glycolysis was also analyzed, using the 

XF Glycolysis Stress Test kit, in the xfe96 Extracellular Flux Analyzer. Cells were transiently 

knocked down with CCP2 siRNA or scramble negative control siRNA and plated at the same 

optimal density as the XF Cell Mito Stress Test protocol. ECAR was measured at baseline and 

after adding glucose (10 mm), oligomycin (1um) and 2-deoxy-d-glucose (100 mm) respectively. 

All experiments were analyzed in duplicates for at least two independent experiments and the 

results were normalized to their protein concentration. Glycolytic Rate Assay was also run 

on transiently CCP2 depleted cells and control cells (transfected with scrambled siRNA). 

Cells were grown in media with 10 mm glucose prior to Seahorse extracellular flux assay. 

During the flux assay, ECAR was measured at baseline and after injecting antimycin A and 

rotenone (0.5 um)  and 2-deoxy-d-glucose (100 mm). 
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LC-MS Analysis and Metabolite Identification 

Ultra-performance Liquid Chromatography-Time of Flight Mass Spectrometry (UPLC TOF 

MS) based metabolomic analyses was done on RARRES1 stable knockdown and the control 

empty vector MCF 10A cells. Refer to Maimouni et al., for the running, metabolite 

extraction, data preprocessing, and statistical analyses methods. The significantly altered 

metabolites (Table 1) were putatively identified via accurate mass based search using the 

Madison Metabolomics Consortium Database (MMCD), the Human Metabolome Database 

(HMDB) and LIPID MAPS. The metabolite identifications were confirmed by comparing the 

retention time under the same chromatographic conditions and by matching the fragmentation 

pattern of the parent ion from the biological sample to that of the standard metabolite using 

tandem mass spectrometry (UPLC-TOFMS/MS). 

Results 

RARRES1, CCP2 and Retinoic Acid Regulate Tubulin Glutamylation 

RARRES1 interacts with AGBL2/CCP2 (CCP2), a member of the CCP family of 

carboxypeptidases responsible for post-translational modifications of the C-terminal region of 

tubulin (45). Although ccps are most commonly associated with ciliated organs, non-ciliated cells 

exhibit varying glutamylated forms of tubulin and CCP2 is expressed in many cancer cells (45). 

Figure S1.1 shows that several human cancer and normal cells express significant CCP2 and 

demonstrate its successful depletion. However CCP1, which is highly expressed in neuronal 

tissues, was barely detectable in only MDA-MB-231 and BT549 breast cancer cells (129) (Figure 

2.1). CCP2 has many splice variants, some of which do not contain the catalytic domain (Figure 

2.2). The qPCR primers used in this study and our previous work only detect forms of CCP2 that 

contain the catalytic domain (Figure 2.2(45)). CCP2 can remove the penultimate glutamate from 
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tubulin to form Δ2-tubulin, an isoform that can no longer be re-tyrosinated and which accumulates 

in neurons and in cancer cells (130). Consequently CCP2 action could indirectly change the 

relative ratio of tyrosinated and detyrosinated tubulin without actually acting as a detyrosinase (45, 

71, 131). Alternatively, changes in glutamylation could alter microtubule-severing activity or 

prevent detyrosinated and deglutamylated tubulin from being retyrosinated (132, 133). In addition 

to forming Δ 2-tubulin CCP2 also removes glutamic acid residues from polyglutamylated side 

chains containing one or more glutamic acids (71). Figure 1.1 shows for the first time that 

RARRES1 and its major regulator, retinoic acid (RA), decrease the level of Δ 2-tubulin and 

increase side chain glutamylation of tubulin in primary human keratinocytes and several different 

normal and cancer cell lines by inhibiting CCP2 activity. Importantly the effect of RA on tubulin 

glutamylation is dependent upon RARRES1. We used two poly-glutamylated tubulin antibodies, 

GT335, which recognizes side chains containing one or more glutamic acids, and B3, which 

detects side chains containing two or more glutamic acids (134). Both antibodies consistently 

showed that CCP2 transient expression reduced glutamylated tubulin levels and that its depletion 

increased levels. Consistent with a role for RARRES1 as a CCP2 inhibitor, its transient expression 

increased glutamylated tubulin and its depletion reduced it. Similar results were obtained by 

immunostaining of cells following RARRES1 or CCP2 depletion (Fig. 2.3). These data strongly 

implicate RA and RARRES1 in the regulation of CCP2-mediated deglutamylation (Figure 2.4G). 
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Figure 2.1. CCP2 Expression in Tumorigenic and Non-Tumorigenic Cell Lines. (A) Relative 
mRNA expression of CCP1 and CCP2 in Non-tumorigenic cell lines, MCF10A, HFK, and PRWR-
1E. CCP2 expression is regulated by cell density in MCF10A cells. Depicted as (low) and (high). 
Low stands for low density and high stands for high density. (B) Relative mRNA expression of 
CCP2 and CCP2 in Tumorigenic cell lines, MDA-MB-157, MDA-MB-231, BT547, and HS578T 
(C) CCP2 knockdown in several cell lines. These results were confirmed by qPCR (data not
shown).
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Figure 2.2. CCP2 Splice Variants and Primer Profiling. The CCP2 gene contains over 13 variants 
six of which are translated (135, 136). The red and black asterisks are splice variant regions predicted 
by ENSEMBL, where red is the splice donor and the black signifies the splice acceptor. Our primer 
sets, we were able to detect four of the known translated variants. This includes the full length variant 
and the catalytically viable version with a truncated c-terminus (exons 19,18, and 17), three processed 
transcripts and one nonsense-mediated decay transcript. Our polyclonal antibody detects five out of 
the six translated splice variants.  

Figure 2.3. Immunocytochemistry of Polyglutamylated Tubulin. (Antibody B3) in RARRES1 
Depleted (A) and Expressing PWRE-1 Cells (B) are displayed in the immunocytochemistry images. 
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Figure 2.4. RARRES1, CCP2 and Retinoic Acid Regulate Tubulin Glutamylation. (A) Δ-2 
tubulin levels are regulated by RARRES1 in MDA-10A, MDA-231, HFK, PWR-1E cells and in 
RARRES1-/- mouse skin. (B) RARRES1 and polyglutamylated tubulin is increased by retinoic 
acid (10-7M all-trans-RA). Western blots in HFK (human foreskin epidermal Keratinocytes), 
PWR-1E, and HPaSteC (Human Pancreatic Stellate Cell) cells. (C and D) Immunoblot for 
RARRES1 and polyglutamylated tubulin in MCF10A, MDA-MB-231, HFK and PWR-1E cells in 
which RARRES1 was exogenously expressed or depleted. (E) Immunoblot of CCP2 and 
polyglutamylated tubulin in CCP2 knockdown MCF10A and MDA-MB-231 cells. (F) 
Immunoblot of RARRES1 and polyglutamylated tubulin after RARRES1 manipulation with or 
without retinoic acid in HFK and PWR-1E cells. (G) Schematic illustrating the effects of RA and 
RARRES1 in CCP2 regulation of tubulin deglutamylation. 
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RARRES1 and CCP2 Reciprocally Regulate Sensitivity to a Variety of Apoptotic Stimuli 

RA is a pleiotropic factor with growth inhibitory, stem cell differentiating and apoptotic properties 

in normal and cancer cells (137). The effects of RA on migration and invasion of prostate cancer 

cells is dependent on RARRES1 (94, 105). We next asked if RARRES1 influenced the 

proliferative and apoptotic effects of RA. RARRES1 manipulation did not affect MCF10A cell 

proliferation or cell cycle in the time frame of the experiment but cell death induced by high doses 

of RA was reversed by depletion of RARRES1 (Figures 2.5A, B and 2.6). Depletion of RARRES1 

reduced apoptosis and exogenous expression of RARRES1 enhanced apoptosis even in the absence 

of RA (Figure 2.5C). Consistent with the function of RARRES1 as an inhibitor of CCP2, 

knockdown and expression of CCP2 had the opposite effect and increased and decreased apoptosis 

respectively (Figure 2.5D). As RARRES1 depletion inhibited both basal and RA induced cell death 

we wondered if it might be a global regulator of mitochondria mediated cell death. MCF10A cells 

are exquisitely sensitive to detachment-induced cell death (anoikis) and express both RARRES1 

and CCP2 (Figures 2.4 and 2.1) (135) . Anoikis analyses confirmed that most control MCF10A 

cells died rapidly if they were not attached to a substrate (Figure 2.5E). In contrast survival of 

detached MCF10A cells in which RARRES1 was stably or transiently depleted was markedly 

enhanced (Figure 2.5E). Similar results were observed in MCF10A cells exogenously expressing 

CCP2 pointing to a role for RARRES1 inhibition of CCP2-mediated tubulin glutamylation in the 

regulation of cell death. Detached RARRES1 depleted cells also formed spheroids while in 

suspension. Cell death induced by treatment with the microtubule stabilizing drug taxol was also 

inhibited by RARRES1 depletion and exogenous expression of CCP2 (Figure 2.5F). Importantly, 

the effects of RARRES1 depletion were abolished when CCP2 was also depleted, strongly 

suggesting that inhibiting CCP2 function mediated the effects of RARRES1 on cell survival. 
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CCP2 knockdown in zebrafish embryos resulted in transient cell death, slightly stunted embryos 

but no specific overt embryological abnormalities (Figure 2.5G). CCP2 MO1 was designed to 

block translation and CCP2 MO2 to block splicing. Injection of either MO resulted in identical 

dose dependent phenotypes. CCP2 knockdown resulted in a distinct cell-death phenotype. By 24 

hpf, tissue became opaque and granular, particularly in the ventral midbrain and hindbrain regions 

suggesting significant cell-death (Figures 1.2G). The cell death phenotype was confirmed by 

staining apoptotic cells with acridine orange. Embryos were co-injected with the CCP2 MO1 and 

a tp53 MO since p53 knockdown is known to suppress potential MO induced off-target effects on 

apoptosis  (139). Counts of acridine orange stained cells at 24 hpf indicated a 10X increase in 

apoptosis in CCP2 knockdown embryos compared to controls (Figure 2.5H). This phenotype was 

transient however, as by 48 hpf, tissues were no longer opaque and granular. Differentiation of the 

remaining cells appeared to be fairly normal as all tissue types were present, although the embryos 

were small and somewhat dysmorphic overall (Figure 2.5G). This phenotype is similar to that 

previously reported in a smaller number of CCP2 morphants (140). In our hands this was the 

dominant phenotype. 
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Figure 2.5. RARRES1 and CCP2 Regulate Apoptosis but not Cell Proliferation. (A) Cells 
were stained with propidium iodide (Sigma) and analyzed by flow cytometry. % S-phase cells are 
expressed as fold change in MCF10A cells exogenously expressing RARRES1 or following 
transient or stable knockdown. (B) RARRES1 depletion inhibits retinoic acid induced apoptosis 
in MCF10A cells. (C) RARRES1 exogenous expression, transient and stable depletion, regulate 
basal levels of apoptosis. Samples were stained with fluorescein-labeled Annexin V and propidium 
iodide and analyzed by flow cytometry.  (D and E) RARRES1 and CCP2 have reciprocal effect 
on anoikis-induced apoptosis. Fold change (D) and phase-contrast photographs of colonies (E) of 
RARRES1 or CCP2 depleted cells following suspension-induced apoptosis (anoikis) in MCF10A 
cells. (F) Taxol-induced cell apoptosis. % cell death after RARRES1 or CCP2 manipulation, with, 
or without taxol (C-control, T-taxol treatment). (G) CCP2 knockdown causes transient cell death 
in zebrafish embryos. (1-10) Phenotype following injection of 8 ng control MO (1, 3, 5, 7, 9), or 
8 ng agbl2 MO (2, 4, 6, 8, 10). (H) Quantification of CCP2 knockdown induced cell death 
measured by acridine orange staining. 
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Figure 2.6. FACS Analysis of Annexin Stained Cells. (A) RARRES1 knockdown MCF10A 
without or with retinoic acid in dose dependent manner. (B) MCF10A controls, RARRES1 
transient knockdown, and RARRES1 stable knockdown, and RARRES1 overexpression. Samples 
were stained with fluorescein-labeled Annexin V and propidium iodide (Sigma) and analyzed by 
flow cytometry to measure apoptosis. Experiments were repeated three times with consistent and 
repeatable results. 
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RARRES1 and CCP2 Reciprocally Regulate Anchorage Independent Growth and Are 
Associated with Stem Cell Differentiation 

Resistance to anoikis is a requirement for anchorage-independent colony formation, a cardinal 

indication of transformation and is also a characteristic of many stem cells (141–143). To test if 

RARRES1 could regulate colony formation in soft agar we first created stable RARRES1 

knockdown cells (see Materials and Methods). Parental and PLKO control vector MCF10A cells 

formed very few colonies after 2 weeks in soft agar. Loss of RARRES1 was associated with 

enhanced colony growth within soft agar (Figures 2.7A, B and C). As control MCF10A cells do 

not form colonies in soft agar we cannot use them to measure inhibition of colony formation. 

Instead we chose a breast cancer cell MDA157, which forms many colonies in soft agar. These 

cells express CCP2 but not RARRES1 and stable expression of RARRES1 in MDA157 and other 

cells without endogenous RARRES1 causes cell death prior to establishment of stable 

transfectants. However stable CCP2 knockdown reduced both the size and number of colonies in 

MDA157 cells (Figure 2.7A, B and C). 

RARRES1 and its homologue latexin have been implicated in the regulation of stem cell 

differentiation and ageing (36, 94). Breast epithelial stem cells are characterized by, high CD49f 

(α6-integrin) expression. Consistent with a role in the regulation of stem cell differentiation 

depletion of RARRES1 from MCF10A cells resulted in a 3-fold increase in cell surface CD49f 

(Figure 2.7D, 2.8). Conversely, depletion of CCP2 reduced CD49f cell surface expression and 

completely prevented the stimulatory effects of RARRES1 depletion. Taken together these data 

demonstrate that RARRES1 and CCP2 reciprocally regulate, expression of stem cell marker 

CD49f, anoikis, anchorage independent growth and sensitivity to a variety of apoptotic stimuli in 
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cells and zebrafish. Moreover depletion of CCP2 reversed the effects of RARRES1 depletion 

consistent with a role for RARRES1 as an inhibitor of CCP2 function. As CCP2 is a tubulin 

deglutamylase and RARRES1 both interacts with CCP2 and regulates tubulin glutamylation these 

data are consistent with a role for tubulin glutamylation in stem cell differentiation and the 

regulation of cell survival. How these functions might involve tubulin deglutamylation is not 

immediately obvious. 

Several studies have pointed to an association of glutamylated tubulin, tubulin glutamylases (ttlls) 

and the CCP2 product Δ2-tubulin with cancer and resistance to treatment, but the molecular 

mechanism(s) or the result of these associations is completely unknown (53, 123). Taken together 

with its effects on apoptosis shown here and elsewhere, these data point to a role for RARRES1-

mediated changes in tubulin glutamylation in the general regulation of metabolism and 

mitochondrial function. Consistent with this possibility are biophysical studies that show a marked 

effect of BSA conjugated to tubulin-like C-terminal peptides on the activity of the mitochondrial 

voltage dependent anion channel (VDAC) and mitochondrial membrane potential. This activity is 

reversed when both the C-terminal tyrosine and the penultimate glutamic acid are removed to form 

a Δ2-tubulin-like C-terminal or if cells are treated with erastin, which displaces tubulin from 

VDAC (89). The studies complement multiple earlier demonstrations that certain isoforms of 

tubulin are often found associated with mitochondria(91). The regulation of the VDAC is likely to 

influence oxidative phosphorylation and energy balance, functions that are important in stem and 

cancer cell function as well as resistance to apoptosis. As the pleiotropic effects of RARRES1 

involve the regulation of tubulin C-terminal modifications by CCP2 (including the formation of 

Δ2-tubulin) we next asked if RARRES1 could alter mitochondrial membrane potential. 
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Figure 2.7. RARRES1 and CCP2 Regulate Anchorage Independent Cell Growth and CD49f. 
(A) RARRES1 depletion increases MCF10A colony number and size. (B) CCP2 depletion
decreases MDA-157 colony number and size. (C) Phase-contrast images of colonies formed
following RARRES1 or CCP2 manipulation. (D) RARRES1 and CCP2 reciprocally regulate stem
cell marker, CD49f. Flow cytometry of CD49f labeled cells.
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Figure 2.8. RARRES1 and CCP2 Reciprocally Regulate Stem Cell Marker CD49f. (A) 
Results for the flow cytometry for CD49f demonstrates increased cell surface CD49f following 
RARRES1 knockdown by siRNA and culture of MCF10A cells. (B) CCP2 knockdown reduces 
CD49f cell surface expression. 

RARRES1 Regulates Mitochondrial Membrane Potential (MMP) and AMPK Activation 

MMP like other aspects of mitochondrial function is finely tuned to the proliferative and energetic 

status of the cell; vdacs that are too active might lead to dangerous levels of reactive oxygen 

species, vdacs that are not active enough could lead to a change in ATP/ADP ratio and a switch to 

aerobic glycolysis (the Warburg effect). This “Goldilocks” like aspect of VDAC regulation 

perhaps explains the existence of multiple pathways that regulate its activity (73, 89). We 

wondered if the effects of RARRES1 on tubulin glutamylation might contribute to the regulation 

of the VDAC and influence MMP. To test this, we first imaged RARRES1 and CCP2 manipulated 

cells with mito-tracker. This dye changes color depending on the ph of the mitochondrial lumen 

and provides an indirect (and rough) assessment of MMP. Figure 2.9A-D shows that alterations 

in mitochondrial ph (and morphology) take place in RARRES1 depleted cells. To further 
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investigate this we labeled cells with the MMP-sensitive dye TMRM and quantified the effects of 

RARRES1 depletion on MMP (Figure 2.10). One caveat of our depletion studies is that RARRES1 

and CCP2 knockdowns are rarely 100% (usually in the range of 75-90%, Figure 2.1) and cannot 

address any graded response, such as that observed with the effects of glutamylation on 

microtubule severing (132). Nevertheless, these data confirm that depletion of RARRES1 

significantly increased MMP likely indicative of an increase in oxidative phosphorylation. RA 

treatment also decreased MMP in a RARRES1 dependent manner. In contrast CCP2 depletion 

reduced MMP and its exogenous expression increased it. To confirm that RARRES1/CCP2 

regulation of MMP involved VDAC we used erastin. Although originally discovered in a screen 

for inhibitors of ras signaling, erastin is now known to be a VDAC interactor that displaces acidic 

tubulin-like peptides from the VDAC (73, 144, 145). Co-treatment with erastin inhibited the 

decrease in MMP following CCP2 depletion providing strong evidence that the effects of 

CCP2/RARRES1 on MMP are mediated by regulation of VDAC activity by tubulin glutamylation 

(Figure 2.10H).  

Figure 2.9. MitoTracker Staining. (A and B) MitoTracker staining in PWR-1E 
control, RARRES1 and CCP2 manipulated cells. (C and D) Integrated brightness of MitoTracker 
measured by Keyence analysis software.  
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Figure 2.10. RARRES1 Regulates Mitochondrial Membrane Potential (MMP). (A-D) MMP 
measurement by, TMRM assay after RARRES1/CCP2 manipulation, retinoic acid or erastin 
treatment, in MCF10A, HFK, and PWR-1E cells. Fluorescent images of cells treated with the 
indicated reagents. Integrated brightness of TMRM assay measured by Keyence analysis software 
and converted to fold change.   
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RARRES1 and CCP2 Control Mitochondrial Respiration by Regulation of VDAC1-
Mediated Intracellular Substrate Availability 

To further test the idea that the RARRES1/CCP axis affects cellular energetics and metabolism we 

examined the effects of RARRES1 manipulation on oxygen consumption rate, extracellular 

acidification and metabolic flexibility. To determine whether RARRES1 and CCP2 regulate 

mitochondrial activity and glycolytic potential, they were silenced and oxygen consumption rates 

(OCR) and extracellular acidification rates (ECAR) analyzed. We were initially concerned that 

any data we generated from RARRES depleted stable cell lines may reflect an indirect, adaptation 

response to long term RARRES1 knockdown. This was not the case however, as in all experiments 

the results from either stable or transient knockdowns were similar. Silencing RARRES1 in both 

MCF-10A and PWR-1E cells improved their energetic status (Figure 2.11). Basal OCR increased 

suggesting that RARRES1 depleted cells rely more on mitochondrial respiration and increased 

ATP-turnover (Figure 2.11A). The spare respiratory capacity increased, which indicates higher 

substrate availability with which to conduct mitochondrial respiration and electron transport chain 

activity. The uncoupling response (UR) OCR, measured after oligomycin injection, was 

significantly increased compared to controls. This indicates an increase in ATP production, most 

likely to supply the high energetic demand that RARRES1 depleted cells need to conduct anabolic 

reactions. To confirm that the interaction of RARRES1 with CCP2 contributes to its effects on 

mitochondrial respiration and glycolytic capacity, we depleted MCF10A and PWR-1E cells of 

CCP2 (Figure 2.11B). Consistent with a role for RARRES1 as an inhibitor of CCP2, CCP2 

knockdown displayed the opposite phenotype of RARRES1 depleted cells. In contrast to RARRES1 

knockdown CCP2 depletion decreased the uncoupled respiration rate and spare respiratory 

capacity and resulted in an overall decrease in the energetic status of cells (Figure 1.5B).  We also 

depleted cells of RARRES1 and CCP2 simultaneously and found that RARRES1 depletion could 
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not rescue the effects of CCP2 knockdown in cells (Figure 2.11C) indicating that the effect of 

RARRES1 on mitochondrial respiration is a consequence of its regulation of CCP2, as it was in 

cell survival (Figure 2.11F).  

We next confirmed that the effects of CCP2/RARRES1 on mitochondrial metabolism required 

VDAC. We focused on VDAC1 since it is the most studied isoform and is the dominant isoform 

in our cell models. The increase in OCR that occurs when RARRES1 is depleted was completely 

reversed when both RARRES1 and VDAC1 were simultaneously depleted in either MCF 10A 

cells or PWR-1E cells (Figures 2.11E and 2.12). Thus, the effects of RARRES1 and CCP2 on 

mitochondrial respiration, are due to regulation of VDAC1 activity.  
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Figure 2.11. RARRES1/CCP2-Mediated Changes in Mitochondrial Respiration Require 
VDAC1. (A) Oxygen consumption rate (OCR) of RARRES1 depleted MCF10A and PWR-E cells 
profiled in the extracellular flux assay. The relative quantification of the area below the curves 
corresponding to the stages labeled as BR (Basal Rate), UR (Uncoupling Respiration Rate), and 
MR (Spare Respiratory Capacity) are shown as histograms. (B) Extracellular acidification rate 
(ECAR) during the uncoupling response compares the glycolytic capacity of RARRES1-depleted 
cells relative to control MCF10A cells (scrambled). (C) OCR in PWR-1E and MCF10A cells 
following transient CCP2 depletion. (D) OCR activity after simultaneous transient knockdown of 
CCP2 and RARRES1 in MCF 10A Cells (E) RARRES1 depleted MCF 10A cells were also 
simultaneously transfected with VDAC1 siRNA OCR was measured in all experimental groups.  
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Figure 2.12. VDAC1 and its Effects on RARRES1 Depletion in PWR-1E Cells and KD Efficiency 
of VDAC1 and RARRES1. A. PWR-1E cells were transfected with scrambled siRNA, RARRES1 
siRNA or VDAC1 and RARRES1 siRNAs. The OCR after FCCP injection and oligomycin injection 
were quantified. B. VDAC1 and RARRES1 KD efficiency. qPCR was run to quantify KD efficiency.  

RARRES1 and CCP2 Reciprocally Regulate Glycolytic Demand 

It is well established that hexokinase II can bind to VDAC1 and alter coupling between 

mitochondrial respiration and glycolysis (88). The binding of HKII to VDAC1 facilitates ATP 

accessibility to HKII and helps the enzyme catalyze the first reaction in glycolysis (146). In 

RARRES1 depleted PWR-1E and MCF 10A cells a significant increase in glycolytic capacity or 

compensatory glycolysis accompanied the ECAR shift that occurred after inhibition of 

mitochondrial respiration. Here we wanted to test if the effects of RARRES1 on glycolytic 
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capacity, is a result of its modulation of tubulin blockade of VDAC1. We thus assessed whether 

the target of RARRES1, CCP2, can regulate coupling between glycolysis and oxidative 

phosphorylation. We used an extracellular Flux Assay to monitor the glycolytic shift that occurs 

following inhibition of mitochondrial respiration, a phenomenon called glycolytic capacity or 

compensatory glycolysis. Uncoupling respiration with oligomycin increased the ECAR indicating 

an improved glycolytic capacity in RARRES1 knockdown cells. The opposite is seen in CCP2 

depleted cells (Figure 2.13A). To confirm that the ECAR shift seen in RARRES1 depleted cells 

is mediated through VDAC1, we transiently depleted VDAC1 in RARRES1 depleted cells and 

measured the ECAR shift after oligomycin treatment. The double knockdown reversed the effects 

of RARRES1 depletion. Thus the glycolytic coupling seen in RARRES1 depleted cells is mediated 

through modulation of VDAC1 activity (Figure 2.13B). To ensure the shift in ECAR is due to 

glycolysis, we examined glycolytic activity of CCP2 depleted cells using the glycolytic rate assay 

as well as the glycolysis stress test. We found that CCP2 depletion caused a significant decrease 

in glycolytic capacity or compensatory glycolysis (Figure 2.13C). 

To further examine a role for RARRES1 and CCP2 in glycolysis, we performed knockdown 

studies in zebrafish embryos and monitored levels of enzymes important in glycolysis. Knockdown 

of RARRES1 increased levels of enolase-1 (eno1), phosphoglycerate mutase 1A (pgam1), 

phosphoglycerate kinase 1 (pgk1), and aldolase c (aldoc) (Figures 2.13D & 2.13E). In contrast, 

knockdown of CCP2 decreased levels of these enzymes. These reciprocal changes in the levels of 

enzymes important in metabolism indicate a function for RARRES1 in central carbon metabolism 

and points to a role for the RARRES1/CCP2 axis in the regulation of coupling between oxidative 

phosphorylation and glycolysis.  
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Figure 2.13. RARRES1 Depleted Cells are Less Dependent on Glycolysis. (A) RARRES1 and 
CCP2 depletion alters ECAR response to inhibition of mitochondrial respiration by oligomycin. 
(B) ECAR response to inhibition of mitochondrial respiration in VDAC1 and RARRES1 double
knockdown MCF 10A cells was assessed. (C)Treatment with glucose, oligomycin and 2-deoxy-d-
glucose determined the glycolytic usage, capacity in CCP2 depleted PWR-1E cells.PWR-1E cells
transfected with scrambled siRNA or CCP2 siRNA were also subjected to glucose prior to the
assay and a combination of antimycin A and rotenone and 2-deoxy-d-glucose were injected. The
compensatory glycolysis rate was assessed. (D) Enzymes related to glycolysis were assessed in
RARRES1 MO and CCP2 MO zebrafish. The transcript level of these genes were quantified using
qPCR (E). Enzymes, byproducts and pathways related to glycolysis that increased (highlighted in
red) or decreased (highlighted in blue) following RARRES1 depletion.
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RARRES1 and CCP2 Depletion Regulate Energy Homeostasis 

VDAC1 regulates ATP/ADP release from the mitochondria and its inhibition by itraconazole and 

knockout studies have shown that VDAC1 regulation of ATP/ADP transport regulates ATP 

availability in the cytoplasm and subsequently dictates AMP kinase activity. AMP kinase is a 

central regulator of metabolic reprogramming and is sensitive to nutrient availability and the 

AMP/ATP ratio  (147). Starvation or increased AMP results in phosphorylation and activation of 

AMP kinase by liver kinase B1 (LKB1) (147). Since RARRES1 and CCP2 govern mitochondrial 

energetics through VDAC1, we examined whether they can affect ATP availability and AMP 

kinase activity. Levels of activated AMPK increase significantly upon exogenous expression of 

RARRES1 or depletion of CCP2 and decreased upon RARRES1 depletion (Figure 2.14A). The 

RARRES1 inducer retinoic acid also activated AMP kinase in an RARRES1-dependent manner 

in both HFK and PWR-1E cells. (Figure 2.14B). 

AMP kinase activation regulates anabolic and catabolic homeostasis, in which glucose and lipid 

metabolism and cell growth are affected (147). AMP kinase directly phosphorylates a number of 

enzymes that mediate metabolism and growth, such as acetyl-coa carboxylase 1 and 2 and 6-

phosphofructo-2-kinase/fructose-2,6-bisphosphatase 2/3. AMP kinase activation rewires 

metabolic pathways to promote energy production by inducing catabolic pathways, such as 

glycolysis and fatty acid oxidation, while inhibiting anabolic pathways such as fatty acid and 

protein synthesis (147). In this study we examined whether other pathways regulated by AMP 

kinase are also altered in RARRES1 depleted cells. Since RARRES1 decreases AMP kinase 

activity, we hypothesized that RARRES1 would reprogram cells to a more anabolic state. We 

validated and measured significantly altered metabolites in the RARRES1 depleted MCF 10A 
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cells. The metabolites were initially identified based on accurate mass and confirmed by 

comparing the fragmentation pattern against standard compounds (Table 2.1). Many metabolites 

participating in central carbon metabolism were altered in the RARRES1 knockdown. Pathway 

enrichment analysis identified a number of metabolic pathways that were significantly changed 

including; the citric acid cycle, glycolysis, fatty acid, glutamate and glutathione metabolism 

(Figure 2.14 & Table 2.1). RARRES1 knockdown increased oxidized glutathione suggesting a 

cellular response to high oxidative stress induced by RARRES1 knockdown. We showed 

previously that basal glycolysis is decreased in RARRES1 depleted cells although their glycolytic 

reserve increased and that RARRES1 depletion redirected glucose metabolism for lipid synthesis. 

In our non-targeted LC-MS analysis of stable RARRES1 knockdown, we also observed a 7-fold 

increase in UDP-N-acetylglucosamine suggesting that part of the glycolytic reserve is being used 

for the production of UDP-N-acetylglucosamine, the end product of the hexosamine pathway 

(Figure 2.14A). The hexosamine pathway is a minor branch of glycolysis where fructose-6-

phosphate is converted to glucosamine-6-phosphate, catalyzed by fructose-6-

phosphate amidotransferase (GFAT). We also observed a 16-foldchange in UDP-glucose, a 

precursor of glycogen (Table 2.1). Glycogenesis is another branch of glycolysis in which glucose 

is converted to glucose-6-phosphate and subsequently catabolized to glycogen. The large (>50 

fold) increase of glutathione along with UDP-glucose and UDP-galactose are also an indication of 

an increase in anabolic pathways such as glycogenesis and the pentose phosphate pathway (Table 

1.1). Taken together these data support the MMP, energy flux and AMP kinase activity assays, 

and indicate that RARRES1 knockdown increased mitochondrial respiration and ATP production 

to drive essential anabolic reactions by attenuating AMP kinase activity (Figure 2.14D).  
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Figure 2.14. RARRES1 Regulates Energy Metabolism. (A) Immunoblot for total and 
phosphorylated AMPK in MCF10A, MDA-MB-231 or in which RARRES1 or CCP2 was 
exogenously expressed or depleted. (B) Immunoblot for total and phosphorylated AMPK HFK 
and PWR-1E cells with or without RA after RARRES1 depletion. (C) Enriched pathways in 
RARRES1 stable knockdown MCF10A cells. The dashed line represents p=0.05. (D) Schematic 
of the biological effects of RARRES1 and CCP2.  
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Table 2.1. Metabolites Significantly Altered in RARRES1 Stable Knockdown MCF 
10A Cells Relative to Empty Vector

The table lists features that were significantly altered in the KD cells via multivariate data analysis. 
These were putatively identified by accurate mass based search using Madison Metabolomics 
Consortium Database (MMCD) and Human Metabolome Database (HMDB). M/z denotes – mass 
in Daltons/charge; FC  - Fold change; KD/C – ( knock down/Control). P-values were calculated 
by student t-tests. The formula and exact mass of the metabolites were also included.  

Inhibition of VDAC1 Activity Re-Sensitizes RARRES1-Depleted Cells to Apoptosis 

Our data shows that RARRES1 and CCP2 reciprocally regulate metabolism through their 

modulation of VDAC1 activity. However these data do not address whether their effects on 
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VDAC1 activity also mediate their effects on cell survival. Therefore to test if the effect of 

RARRES1 on cell survival involves VDAC1, we assessed the “resistant” phenotype of RARRES1-

depleted cells when VDAC1 is also depleted or inhibited. VDAC1 depletion increased apoptosis 

(Figure 2.15A), and apoptosis resistant RARRES1-depleted cells were re-sensitized to apoptosis 

when VDAC1 was also depleted. We also treated cells with retinoic acid and as expected, 

RARRES1 depletion decreased the rate of RA-induced apoptosis but when VDAC1 was depleted 

in these cells, the cells were resensitized to apoptosis (Figure 2.15B). This clearly indicates that 

the RARRES1 effect on apoptosis is mediated through VDAC1. We next used itraconazole, an 

anti-fungal drug that binds to and inhibits VDAC1 in mammalian cells (145). We first assessed 

the effects of itraconazole on mitochondrial respiration and glycolytic coupling. Itraconazole had 

the same effects on mitochondrial respiration as CCP2 siRNA (Figures 2.15C, 2.11B, 2.13 and 

2.14A) and reversed the effects of RARRES1 depletion on apoptosis. As a repurposed non-toxic 

drug it is feasible that Itraconazole could be used as treatment for cancers characterized by 

RARRES1 depletion or other alterations in mitochondrial metabolism.  
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Figure 2.15. VDAC1 Depletion or Inhibition Reverses the Apoptotic Phenotype Seen in 
RARRES1-Depleted Cells. A. Flow cytometry was conducted. Cells were stained with Annexin 
V and propidium iodine (PI). VDAC1 depletion induced apoptosis and RARRES1 depleted cells 
are sensitive to VDAC1 depletion. B. MCF 10A cells were treated with retinoic acid or vehicle 
and subjected to annexin V and PI staining and subsequent flow cytometry analysis. The Retinoic 
Acid treated cells were normalized to vehicle. RARRES1-depleted cells were resistant to apoptosis 
whereas RARRES1-depleted cells with VDAC1 depletion, were sensitive to retinoic acid treatment. 
(Figure 2.16). 



A 

Figure 2.16. FACS Analysis of Annexin Stained Cells. (A) MCF10A controls, RARRES1 
transient knockdown, VDAC1 siRNA and RARRES1 siRNA in combination with VDAC1 siRNA 
were treated with 10^-5 M retinoic acid or vehicle. Samples were stained with fluorescein-labeled 
Annexin V and propidium iodide (Sigma) and analyzed by flow cytometry to measure apoptosis. 
(B) Scrambled siRNA and RARRES1 siRNA were treated with itraconazole. Cells were stained 
with fluorescein-labeled Annexin V and propidium iodide (Sigma) and analyzed by flow 
cytometry to measure apoptosis.

Discussion 

Although no molecular mechanism has been characterized for the pleiotropic effects of RARRES1 

on cells and cancers of multiple origins, we recently demonstrated that RARRES1 modulates 

expression of major metabolic regulators, mTOR and SIRT1 (32). We also showed previously that 

RARRES1 interacts with CCP2, a tubulin C-terminal deglutamylase now known to be responsible 
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for the production of Δ 2-tubulin (45, 71). However, it was not clear how this activity was linked 

to the anti-cancer or metabolic effects of RARRES1. Post-translational modifications of the acidic 

C-terminal tail of tubulin have long been linked with modulation of microtubule function (130).

These modifications included glutamylation, tyrosination and glycylation and are often associated 

with microtubule activities in cilia, spindles and other stable microtubule arrays associated with 

mitosis. Although anti-microtubule drugs are effective anti-cancer agents there is growing 

evidence that their primary therapeutic action does not involve direct effects on mitosis (148). 

Consistent with this view RARRES1 and CCP2 manipulation does not change cell division 

(Figure 2.5A). Biophysical studies have also demonstrated that tubulin-like C-terminal peptides 

can interact with the mitochondrial voltage-dependent anion channel (VDAC) to influence 

mitochondrial membrane potential (89). Here we propose a novel model for the action of a tumor 

suppressor and metabolic regulator gene. Our results show that tumor suppressive and metabolic 

effects (of the carboxypeptidase inhibitor RARRES1 in this case) can be mediated by inhibition of 

CCP-catalyzed tubulin C-terminal deglutamylation which in turn directly regulates VDAC1 

activity, an in turn regulates mitochondrial membrane potential (MMP), reprograms intermediary 

metabolism and influences cell survival (Figure 2.14D). Our data also indicate that this 

mechanism may be particularly important in the action of RA as well as the survival and drug 

resistance of cancer stem-like populations (118).  

The simplest molecular explanation consistent with our results is that high CCP2 activity removes 

glutamic acid residues from tubulin and its side chains to prevent it from attenuating VDAC 

activity. RA through RARRES1 blocks CCP2 to inhibit deglutamylation, inhibit VDAC, reduce 

MMP and activate AMPK (Figure 2.14D). Reduction in RARRES1 increases MMP and oxidative 
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phosphorylation, which in turn alters ADP/ATP flux, and inactivates AMPK with concomitant 

changes in multiple metabolic and transcriptional pathways to result in a more energetic and 

anabolic phenotype. VDAC1 depletion reversed the apoptotic and metabolic phenotype of 

RARRES1 depleted cells. Consistent with this, the RARRES1 gene is heavily methylated in 

multiple cancers. Both tubulin and VDAC1 are highly abundant proteins although their exact 

stoichiometry is not known. However it is clear that most mitochondrial vdacs normally exist in 

the closed state, consistent with the likely high concentrations of tubulin available to interact with 

them (74). Consequently, small, localized changes in VDAC permeability following CCP2-

mediated deglutamylation may have significant effects on anion transport and MMP. 

We recognize that our data is not consistent with the Warburg model in which cancer cells are 

hypothesized to reduce their dependence on oxidative phosphorylation and increase aerobic 

glycolysis (149). However the metabolic and phenotypic changes induced by RARRES1 depletion 

are characteristic of proliferative stem cells and likely activated cancer initiating cells (150). The 

changes we observed are also consistent with the metabolic reprogramming that occurs following 

anchorage independent growth and the switch from quiescent to proliferating mammary cells (21, 

151) . The elevated OCR we observed following RARRES1 depletion might be expected to increase

the production of ROS and our LC-MS studies demonstrate an increase in protective ROS 

scavengers in RARRES1 depleted cells. Increased ROS following increased mitochondrial 

respiration also inhibits glyceraldehyde-3-phosphate dehydrogenase (GAPDH) to activate 

glycogenesis and hexosamine pathways (152, 153). Both pathways are increased by RARRES1 

depletion, suggesting that increased oxidative phosphorylation decreased AMP kinase activity, 
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which in turn decreased anaerobic glycolysis and shifted glucose metabolism toward biosynthetic 

pathways. 

RARRES1/CCP2 also regulates coupling between glucose and mitochondrial metabolism. 

Consistent with a role for RARRES1/CCP2 in regulating VDAC function, VDAC1 is also an 

important regulator of the coupling between glycolytic and mitochondrial metabolism. Hexokinase 

2 (HK2) localizes to the VDAC/adenine nucleotide translocase channel where it stimulates the 

rapid phosphorylation of glucose using ATP that is translocated directly from the mitochondria 

(154). HK2 also enhances ADP recycling between the cytoplasm and the mitochondria potentially 

explaining how RARRES1 loss increased mitochondrial respiration as well as glycolytic capacity 

while CCP2 had the opposite effect (146). VDAC1 depletion in RARRES1 depleted cells was able 

to reverse the increase in glycolytic capacity. Taken together, these data support the concept that 

increased VDAC activity as a result of RARRES1 depletion enhances the coupling of HK2 and 

ATP synthase, while CCP2 depletion displaces HK2 from VDAC1 by mediating tubulin dependent 

blockage of the channel. 

Since polyglutamylated tubulin is highly enriched in stable microtubule arrays such as cilia the 

reason for the high abundance of enzymes that deglutamylate tubulin (the ccps) in ciliated cells 

and in the ciliary proteome is not altogether clear (140, 155). Ciliary axonemes are also rich in 

mitochondria, which provide the large amounts of ATP required for ciilary beating. Our data raise 

the possibility that local CCP2-mediated formation of Δ2-tubulin may act to open VDAC and 

promote local increases in oxidative phosphorylation to power ciliary beating, without 

compromising the metabolism of the rest of the cell. In addition, other non-tubulin substrates for 
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ccps have been identified and it is possible that RARRES1 would also inhibit CCP activity toward 

them (122).  

Our data is consistent with growing evidence that stem cells and cancer initiating cells exhibit 

quite different metabolic characteristics than their differentiated/tumor counterparts (118). Loss of 

RARRES1 in multiple tumor types, its role in stem cell differentiation and in cell survival indicates 

that the RARRES1/CCP2 axis could be a candidate for therapeutic intervention. In the many 

cancers in which the RARRES1 gene is methylated, the unencumbered enzymatic activity of CCP2 

could be inhibited by, new or repurposed drugs (156). Understanding how RARRES1 expression 

is regulated could lead to interventions that increase its levels. Alternatively, one could imagine 

that agents that mimic the effects of RARRES1 (i.e. Inhibit mitochondrial respiration), would 

reverse the effects of RARRES1 loss (157). In this study, we were able to successfully reverse the 

resistant phenotype of RARRES1-depleted cells by treating cells with itraconazole, an anti-fungal 

drug that inhibits the activity of VDAC in mammalian cells. Finally, in an age of deep sequencing 

and personalized medicine our data support the notion that treatments that target fundamental cell 

functions such as, metabolism, immune rejection, DNA replication and mitosis, have an important 

role in the treatment of drug resistant cancers characterized by multiple mutations or translocations 

and/or a proliferative stem-like phenotype.  
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Chapter 2- RARRES1, A Novel Regulator of Fatty Acid Metabolism 

Introduction 

Retinoic acid receptor responder element 1 (RARRES1) or tazarotene induced gene 1 (TIG1) was 

initially identified as a novel retinoic acid receptor regulated gene in the skin(36). RARRES1 is 

also regulated by vitamin D (45, 94, 115). Roy et al. In prostate cancer cells that RARRES1 is able 

to induce autophagy, decrease mTOR and increase SIRT1, two important regulators of energy 

homeostasis (32). RARRES1 also induces autophagy in cervical cancer cells(97). The ability of 

RARRES1 to regulate the expression of metabolic master regulators and induce autophagy 

suggests that it might function to reprogram metabolism in cells. 

RARRES1 is differentially expressed in metabolic diseases and is associated with biological 

hallmarks that require metabolic reprogramming. For example, RARRES1 is among the most up-

regulated genes in subcutaneous fat from obese human subjects on a diet-induced weight loss and 

among the most downregulated genes during weight maintenance (35). In adipocyte differentiation,

in which metabolic reprogramming is crucial, RARRES1 is increased during dedifferentiation and 

decreased during differentiation (95, 96, 158). RARRES1 is also differentially expressed in mouse 

models of hepatic steatosis and cholestatic liver disease(152, 159–163).  

Although RARRES1 is among the most commonly methylated genes in multiple cancers, it is 

actually increased in basal-like hormone receptor negative breast cancer and in liver cirrhosis, a risk 

factor for hepatocellular cancer(31, 33, 100–103, 106, 164). Metabolic reprogramming is now 

considered a hallmark of cancer etiology(11). For decades, aerobic glycolysis (Warburg 

metabolism) was considered to be the most important energetic pathway that cancer cells use to 



68	

survive and proliferate. However, it is now clear that oxidative phosphorylation and fatty acid 

metabolism play a major role in cancer progression and drug resistance(118, 165–167). 

Here we demonstrate that RARRES1 reprograms metabolism by modulating a switch from aerobic 

glycolysis to glucose dependent de novo lipogenesis (DNL). RARRES1 modulated DNL in turn, 

enabled normal breast and prostate epithelial cells, to improve fatty acid oxidation (FAO) activity 

during starvation by utilizing stored endogenous fatty acids. We also show that RARRES1 

expression correlates with that of fatty acid metabolism genes in breast, colorectal and prostate 

cancers. These findings open up a new avenue for metabolic reprogramming and identify RARRES1 

as a potential target for cancers and other diseases with impaired fatty acid metabolism. 

Methods 

Cell-culture 

HEK293T was cultured in DMEM (Gibco-Invitrogen, Grand Island, NY) supplemented with 5% 

fetal bovine serum.  The cells were maintained in a humidified modular incubator at 37° C and 

5% CO2. MCF 10A cells were maintained in DMEM/F12 (50:50 mix) supplemented with 5% 

horse serum, 10 mm HEPES, 10 ug/ml insulin, 20 ng/ml epidermal growth factor, 0.5 ug/ml 

hydrocortisone, 100 ng/ml cholera toxin. Immortalized human prostate epithelial PWR-1E cells 

(a gift from Dr. S.C. Chauhan, University of South Dakota) were maintained according to 

ATCC’s recommendation.  

Antibodies and Reagents 

Primary antibodies targeting the following antigens were used: rabbit anti-human RARRES1 

(TIG1) (Sigma-Aldrich, St. Louis, MO), GAPDH (Fitzgerald Industries International, Acton, MA) 
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and alpha-tubulin (Sigma-Aldrich, St. Louis, MO). C75 compound was obtained from Cayman 

Chemicals. Oleic acid was purchased from Cayman Chemicals. 

Cell extracts. Cells were washed with PBS and lysed in RIPA lysis buffer (1% sodium 

deoxycholate, 0.1% SDS, 1% Triton X-100, 10mm Tris-HCL ph8, 150 mm nacl) for 15 minutes 

at 4°C.  Protein concentration was determined using a protein microplate assay (Biorad 

Laboratories). 

RNA Extraction and Real-time Quantitative PCR Analysis 

Total RNA was isolated from cells by using Trizol reagent (Invitrogen) according to the 

instructions of the manufacturer. RNA was isolated using the rneasy kit (Qiagen) according to the 

instructions of the manufacturer. Reverse transcription was done using Invitrogen Reverse 

Transcription Kit. The cdna samples were used to quantify RARRES1 expression using the fast 

real-time PCR kit (Thermo Fisher) with the appropriate taqman probes (Thermo Fisher: RARRES1 

Hs00894859_m1 and 18s Hs03003631_g1) in a stepone (Applied Biosystems) compact 

qPCR machine. Transcript levels were normalized to the level of 18S. 

Plasmid and siRNA Constructs 

RARRES1 were directionally cloned into the bglii and hindiii sites in the peyfp-N1 vector 

(Clontech). Full-length RARRES1 (+1 - +897) were cloned into the pglue vector as codon 

optimized versions by Genscript (Piscataway, NJ). RARRES1 (cat# L-009925-00-0005 5 nmol) 

and non-targeting control siRNAs (cat#D-001210-01-20) were from Dharmacon (Lafayette, CO). 

Plasmid DNA was introduced by lipofectamine 3000 and siRNA constructs were transfected using 

RNAi Max. Constructs for stable depletion of RARRES1 were obtained from the RNAi 

Consortium (168) via SIGMA-Aldrich (NM_002888). For the RARRES1 gene, five pre-made 

constructs were obtained and individually tested to identify those able to achieve efficient 
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knockdown at the protein level. Negative control constructs in the same vector system (vector 

alone, plko.1 puro) were obtained from SIGMA-Aldrich (NM_003177). Next, MCF10A cells were 

infected with shRNA lentiviruses. To do this, the cells were plated at sub confluent densities. The 

next day, the cells were infected with a cocktail of 100 ul virus-containing medium, 1 ml regular 

medium, and 8 g/ml Polybrene. The medium was changed 1-day post-infection, and selection 

medium was added 2 days post-infection (5 g/ml puromycin for MCF10A). After 3 days of 

puromycin selection, the mock-infected cells had all died. Stably infected pooled clones were 

studied. 

Oleic Acid Treatment 

Oleic acid treatment was used as recommended by Cayman Chemicals; MCF 10A and HEK 293 

T cells were treated at a 1:5000 dilution for 4 hours or overnight respectively. 

Western Blot Analysis 

To confirm RARRES1-YFP expression or RARRES1 knockdown in cells, samples were subjected 

to western blot analysis (Figure 3.1). 50 g of cell lysate was separated on 4-12% SDS/PAGE, 

transferred to nitrocellulose membrane (Amersham Pharmacia Biotech), blocked with 5% milk-

PBS, and incubated in primary antibody in 5% milk-PBS overnight at 4°C.  Blots were washed 3 

times for 5 minutes each in PBS-0.5% tween, followed by incubation in HRP-conjugated 

secondary antibody (KPL, Gaithersberg, MD) for 1 hour at room temperature on an orbital.  Blots 

were washed 2 times in PBS-0.5% tween, followed by 1 wash in PBS.  Detection of 

immunoreactive bands was carried out using chemiluminescence with ECL Western Blotting 

Detection Reagents (Amersham, Piscataway, NJ). 
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Figure 3.1. RARRES1-YFP and RARRES1 siRNA Transfection Efficiency. (A) RARRES1-
YFP (expected band ~ 60 kda) expression was validated in HEK 293 T cells. Tubulin or GAPDH 
was used as a loading control. The image was cropped, and lanes were juxtaposed; black line is 
drawn to describe the boundary. RARRES1-YFP overexpression was also confirmed in MCF 10A 
cells.  (B) Western blot was done to confirm the transient RARRES1 knockdown efficiency in 
MCF 10A cells. (C) qPCR was run to validate RARRES1 knockdown in PWR-1E cells. Transcript 
levels were normalized to the level of 18S. In our previous study4, we validated through western 
blot that PWR-1E cells is endogenously expressed in PWR-1E cells. (D) Stable RARRES1 
knockdown in MCF 10A cells were validated through RT-PCR. Beta-actin was used as a loading 
control. (E) Stable RARRES1 knockdown was also confirmed through western blot. Alpha-tubulin 
was used as a loading control.  

Nile Red Lipophilic Staining and Oil Red O Staining 

Following RARRES1 or scrambled siRNA transfection, MCF 10A cells were fixed with 10 % 

formaldehyde (Protocols) for 15 minutes at room temperature and washed 3 times with 1X PBS. 

To stain with Nile Red (Sigma, St. Louis, MO, USA), 1 L of a 1 mg/ml stock solution was added 
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to 10 ml of 150 mm NaCl in PBS to make a Nile Red solution. The Nile Red solution was added 

to the cells and incubated for 10 minutes in the dark. Cells were counterstained with DAPI(169). 

Cells were imaged with the Keyence BZ-X microscope (Keyence Corporation, Osaka, Japan). 

MCF 10A cells transfected with siRNA were grown for 48 hours. HEK 293 T cells and MCF 10A 

cells transfected with YFP or RARRES1-YFP plasmids were grown for 24 hours then treated with 

oleic acid for 4 hours or overnight before fixation. Cells were fixed in 10% formalin (Electron 

Microscopy Science, Hatfield, PA), for 10 min. At room temperature. Cells were stained for 

neutral lipids using the oil red O staining kit (American Master Tech Scientific, Lodi, CA). Briefly, 

cells were washed four times with ddh20 (EMD Chemicals Inc., San Diego, CA), incubated for 

10 min RT with oil red O, and counterstained with DAPI (Thermo-Scientific). Cells were imaged 

with the Keyence BZ-X microscope. For both staining methods, oleic acid treatment was used as 

a positive control. Intensity of lipid staining was quantified through imagej62. 

Metabolic Analysis Using Extracellular Flux Assays 

Bioenergetics profile of transient RARRES1 knockdown in MCF10A and PWR-1E cells and 

stable RARRES1 knockdown MCF10A cells were measured using the xfe96 Extracellular Flux 

Analyzer. Oxygen consumption rates and response to mitochondrial stress factors were analyzed 

by using the XF Cell Mito Stress Kit. 48 hours prior to analysis, MCF10A and PWR-1E cells were 

transfected with RARRES1 siRNA or scramble siRNA in duplicates. The night before the assay, 

the cells were seeded at an optimized cell density (MCF10A cells: 10,000 and PWR-1E cells: 

20,000) in the 96-well xfe plate and incubated at 37°C with 5% CO2 overnight. The day of analysis, 

the cells were incubated at 37°C in a CO2-free atmosphere incubator for 1 hour. Basal oxygen 

consumption rate and extracellular acidification rate were measured. Subsequently, oxygen 
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consumption rate (OCR) and extracellular acidification rate (ECAR) responses were observed after 

separate injections of oligomycin (1 M), carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone FCCP (0.5 M for MCF10A cells or 0.25 M for PWR-1E 

cells), and a combination of rotenone and antimycin A (0.5 M) were respectively prompted in the 

assay. For each injection, there was a total of 3 cycles, each one lasted 3 minutes and a 

measurement was taken at the beginning of each cycle. Glycolysis was also analyzed, using the 

XF Glycolysis Stress Test kit, in the xfe96 Extracellular Flux Analyzer. Cells were transiently 

knocked down with RARRES1 siRNA or scramble negative control siRNA and plated at the same 

optimal density as the XF Cell Mito Stress Test protocol. ECAR was measured at baseline and 

after adding glucose (10 mm), oligomycin (1 M) and 2-deoxy-d-glucose (100 mm) respectively. 

Fatty Acid Oxidation measurements were done as recommended by Agilent Seahorse. Cells in 

nutrient-rich media, were treated with BPTES (a glutaminolysis inhibitor), UK-5099 (a glycolysis 

inhibitor) and etomoxir (a fatty acid oxidation inhibitor). The cells were assessed for their 

dependency on each pathway and their plasticity when each pathway is inhibited. To measure fatty 

acid oxidation in a starved state, cells were starved with minimal substrate DMEM for 24 hours. 

The minimal substrate media included 1% serum, 1 mm glutamine, 0.5 mm carnitine, and 0.5 mm 

of glucose.  Insulin, EGF and hydrocortisone were excluded from the media. The day of the assay, 

starved cells were washed and incubated with 1X KHB (111 mm nacl, 4.7 mm kcl, 1.25 mm cacl2 

, 2 mm mgso4, 1.2 mm nah2po4 and supplemented with 2.5 mm glucose, 0.5 mm carnitine, and 5 

mm) in a non-CO2 37°C incubator. 15 minutes prior to the assay, 40 M etomoxir was added to 

the cells to measure endogenous fatty acid uptake for FAO. To measure exogenous fatty acid 

uptake for FAO, Palmitate-BSA and BSA (vehicle) were added to cells right before treating with 

etomoxir and adding the cells to the Flux Analyzer. All experiments were analyzed in duplicates 
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for at least two independent experiments for each cell line and the results were normalized to their 

protein concentration or cell number.  

 ATP Detection 

Cells were transfected with RARRES1 siRNA or scrambled siRNA by RNAi Max in a 6-well 

plate. These cells were left to grow for 24 hours and subsequently replated in a 96-well plate. The 

cells were then treated with 150 M of C75 for 2, 3 and 5 hours. The cells were then harvested, 

and ATP was quantified by luminescence according to the manufacturer’s instructions (Cayman 

Chemicals, Ann Arbor, MI, USA). ATP standards were included (0.01 M to 10 M). 

LC-MS and GC-MS Metabolite Extraction. Cell samples (greater than 107 confluency) were 

processed using 150 μl 100% water. Samples were plunged in to dry ice for 30 seconds and heat 

shocked in a water bath for 90 sec. At 37 ⁰C. The freeze thaw process was repeated twice and the 

samples sonicated for 30 sec. 5 μl of each sample was transferred into a 0.7 ml Eppendorf tube and 

kept at -20 ⁰C for Bradford protein analysis. The remainder of the sample was processed using 600 

μl of methanol containing internal standard. The sample was vortexed and allowed to incubate on 

ice for 15 min. Chloroform was added to each sample (600 μl) and centrifuged (13,000 rpm) at 

4⁰C for 20 min. The two phases were extracted and kept in different Eppendorf tubes. Chilled 

Acetonitrile (600 μl) was added to each phase and allowed to incubate at -20 ⁰C to further 

precipitate cellular debris and proteins. Incubated samples were centrifuged (13,000 rpm) at 4⁰C 

for 20 min. Supernatants from the incubated samples were transferred to another Eppendorf tube, 

dried under vacuum, and stored at -80°C until analysis. For analysis, the dried samples were 

reconstituted in 100 μl of 50% Methanol in water, and both phases combined in a Mass Spec 

Sample tube for LCMS or GCMS analysis.  
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Ultra-Performance Liquid Chromatography-Time of Flight Mass Spectrometry (UPLC 
TOF MS) 

 mm based metabolomic analyses. Each sample (2  L) was injected onto a reverse-phase 50 × 2.1 

BEH 1.7  m C18 column using an Acquity UPLC system (Waters Corporation, USA).  The 

gradient mobile phase comprised of: solvent A- 100% water + 0.1% formic acid; solvent B- 100% 

acetonitrile + 0.1% formic acid; solvent D- 90% isopropanol and 10% acetonitrile + 0.1% formic 

acid (all containing 0.1% Formic Acid). Each sample was resolved for 13 min at a flow rate of 0.4 

ml/min. The gradient consisted of 95% A and 5% B for .50 minutes, then a ramp of curve 6 to 2% 

A and 98% B from 0.5 min. To 8.0 min., then a ramp of curve 6 to 2% B and 98% D to 9.0 min., 

a hold of 2% B and 98% D up to 10.5 min., then a ramp of curve 6 to 50% A and 50% B to 11.5 

min., then a ramp of curve 6 to 95% A and 5% B to 12.5 min., and a hold of 95% A and 5% B to 

13.0 min. The column eluent was introduced directly into the mass spectrometer by electrospray. 

Mass spectrometry was performed on a quadrupole-time-of-flight mass spectrometer operating in 

either negative or positive electrospray ionization mode. Positive mode has a capillary voltage of 

3.0 kv, a sampling cone voltage of 30 V, and a source offset of 80 V. Negative mode has a capillary 

voltage of 2.75 kv, a sampling cone voltage of 20 V, and a source offset of 80 V. The de-solvation 

gas flow was 600 L/hr. And the temperature was set to 500⁰C. The cone gas flow was 25 L/h, and 

the source temperature was 100⁰C. The data were acquired in the Sensitivity and MS Mode with 

a scan time of 0.1 seconds, and inter-scan delay at 0.08 seconds. Accurate mass was maintained 

by infusing Leucine Enkephalin (556.2771 m/z) in 50% aqueous acetonitrile (1.0 ng/ml) at a rate 

of 10 μl/min via the lock-spray interface every 10 seconds. Data were acquired in centroid mode 

from 50- 1200 m/z mass range for TOF-MS scanning. Pooled sample injections at the beginning 

and end of the run (one pool was created by mixing a set aliquot from all samples) were used as 
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quality controls (qcs) to assess inconsistencies that can be particularly evident in large batch 

acquisitions in terms of retention time drifts and variation in ion intensity over time.  

Data Pre-Processing and Metabolite Identification and Validation 

Centroided and integrated UPLC-TOFMS data were pre-processed using the XCMS software 

normalized to the ion intensity of respective internal standards as well as to the total protein 

concentration. The data were log transformed and multivariate data analyses were performed to 

delineate significantly altered metabolites in the two groups.  These metabolites were putatively 

identified via accurate mass-based search using the Madison Metabolomics Consortium Database 

(MMCD), simlipid (Premier Biosoft), the Human Metabolome Database (HMDB) and LIPID 

MAPS(170–172). Selected metabolites in transient RARRES1 KD and scrambled siRNA cells 

were validated using tandem mass spectrometry. The daughter and parent ions for the metabolites 

were matched with the MS/MS spectra available in HMDB, SimLpid and LIPID MAPS. MSE 

results were also subjected to additional lipid validations through SimLipid software V6.01 

(Premier Biosoft, Palo Alto, CA, USA). This validation method has been reported by others(173–

176). It is important to note that our non-targeted LC-MS method and validation approach did not 

allow for the identification of the specific lipid that corresponds to each ion, but we were able to 

identify the lipid classes. Citrate was confirmed by comparing the retention time under the same 

chromatographic conditions and by matching the fragmentation pattern of the parent ion from the 

biological sample to that of the standard metabolite using tandem mass spectrometry (UPLC-

TOFMS/MS) (Figures 3.2 and 3.3). 
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Figure 3.2. Non-targeted LC-MS Analysis of Transient RARRES1 KD in MCF 10A Cells. 
(A) Heat map of all metabolites significantly altered were depicted. (B) Important features in
transient RARRES1 KD MCF 10A cells were selected by volcano plot with fold change threshold
(x) 2 and t-tests threshold (y) 0.05. The red circles represent features above the threshold. Not the
fold changes are log transformed. The further its position away from (0,0), the more significant
the feature is.

A

Peaks(mz/rt)

Lo
g2

 (
F

C
)

-4
-2

0
2

4

-4
-2

0
2

4

C

Peaks(mz/rt)

Lo
g2

 (
F

C
)

-4
-2

0
2

4

-4
-2

0
2

4

Peaks(mz/rt)

Lo
g2

 (
F

C
)

-4
-2

0
2

4

-4
-2

0
2

4

BA

 S1 Figure

S-1

Supplementary Information



78	

Figure 3.3. GC-MS Analysis. (A) Important features in transient RARRES1 KD MCF 10A cells 
Were selected by volcano plot with fold change threshold (x) 2 and t-tests threshold (y) 0.05. The 
red circles represent features above the threshold. Not the fold changes are log transformed. The 
further its position is away from (0,0), the more significant the feature is. (B) Oleic acid GC-MS 
fragmentation pattern peaks in transient RARRES1 KD and scramble MCF 10A cells were aligned 
against the fragmentation pattern peaks available in NIST database. (C) Detected palmitic acid 
was quantified and normalized against the peak intensity of the scramble control. (D) Stearic acid, 
myristic acid and cholesterol were detected in GC-MS and quantified in transient RARRES1 KD 
PWR-1E and primary human hepatocytes. The fold change is in terms of the peak intensity of the 
corresponding metabolites in the appropriate scrambled siRNA transfected control cells. 

LC-Mass Spectrometry Statistical Analyses 

Raw metabolomics data was analyzed using analysis functionalities of Metaboanalyst 4.0 (177). 

Data were log transformed before performing t- statistics to identify significant metabolites. 

Metabolites with an adjusted p-value of less than0.05 and a fold change either less than or equal 

to 0.5 or greater than 1.5 were used to create volcano and Partial Least Squares –Discriminant 

Analysis (PLS-DA) plots (figures1.1). GC-TOF Single Injections. Processed samples were 

transferred (100 L) to a GC vial with a salinized insert, dried in by speed-vac at room temp, caped 
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and kept at 20 degrees for derivatization.  The dry residue was dissolved in 15 L of 20.0 mg/ml O-

Methoxyamine-Hydrochloride in pyridine. The dissolved sample was heated to 40 °C with 

constant agitation for 30 min. N-Methyl-N-(trimethylsilyl) trifluoroacetamide: MSTFA/BSTFA 

WITH 1% TMCS (50:50) was added (60 L) and the sample heated 40 °C with constant agitation 

for 30 min. The sample was then allowed to cool to 20 °C and incubated for 4 hrs. Before injection 

for GC-TOF analysis After TMS derivatization, A 5.0 L aliquot of the derivatized solution was 

injected in (1:5) split mode into an Agilent 7890B GC system (Santa Clara, CA, USA) that was 

coupled with a Pegasus HT TOF-MS (LECO Corporation, St. Joseph, MI, USA). Separation was 

achieved on an Rtx-5 w/Integra-Guard capillary column (30 m x 0.25 mm ID, 0.25 m film 

thickness; Restek Corporation, Bellefonte, PA, USA), with helium as the carrier gas at a constant 

flow rate of 1.0 ml/min. The temperature of injection, transfer interface, and ion source was set to 

150, 270, and 230 °C, respectively. The GC temperature programming was set to 0.2 min. Of 

isothermal heating at 70 °C, followed by 10 °C/min oven temperature ramps to 270 °C, a 4.0 min. 

Isothermal heating of 270 °C, 20 °C/min to 320 °C, and a 2.0 min. Isothermal heating of 320 °C. 

Electron impact ionization (70 ev) at full scan mode (m/z 40–600) was used, with an acquisition 

rate of 30 spectra per second in the TOF/MS setting.  

GC-MS Analysis and Metabolite Validation 

Raw data files were pre-processed through Leco Statistical Compare software to generate an excel 

output. The Excel output data was normalized by internal standard (4- Nitrobenzoic acid). In 

Metaboanalyst 4.0(177), the data was further normalized by log transformation and Pareto scaling 

and a Univariate Analysis was performed. For data analysis, a T-Test and fold change was 

performed to generate a volcano plot. The unique peaks and their respective retention indices were 

used to identify metabolites. Peak detection with background subtraction and subsequent matching 
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of the resulting mass spectra to the Agilent Fiehn GC/MS Metabolomics RTL Library using NIST 

MS searches was done.

Bioinformatics Analysis 

Oncominetm (Compendia Bioscience, Ann Arbor, MI, USA) was used to identify cancers where 

RARRES1 gene expression was significantly upregulated or downregulated. These cancers 

included breast, cervical, colorectal, esophageal, gastric, head and neck, kidney, liver, lung, 

lymphoma, pancreatic and prostate (Table I from oncominetm). Of the identified cancers, three 

(breast, colorectal and prostate) were selected for further analysis given the number of datasets 

found to have significant RARRES1 gene expression changes as well as the literature known about 

RARRES1 and its molecular biology within these cancers. Within the cancers selected, individual 

datasets were chosen given their large sample sizes and subtype analyses. Thus, the The Cancer 

Genome Atlas (TCGA) Breast Cancer, TCGA Colorectal Cancer, and Grasso Prostate datasets 

were selected. The Grasso Prostate dataset was also uniquely selected for its metastatic vs. Primary 

analysis (178). For the TCGA Breast Cancer dataset, subtype analysis was stratified into ER+ vs. 

ER- status; PR+ vs. PR- status and Triple Negative (PR-, HER2- & ER-) vs. Non-Triple 

Negative(179). Metastatic vs. Primary site analysis was performed in the Grasso Prostate dataset.  

All colorectal cancer types (rectal mucinous adenocarcinoma, colonadenocarcinoma, rectal 

adenocarcinoma, colon mucinous adenocarcinoma and cecum  adenocarcinoma)  identified  in  the  

TCGA dataset were also analyzed in comparison to their respective normal samples (180).  

Genes positively or negatively co-expressed with RARRES1 were further identified using 

oncominetm with respect to each dataset of tumor vs. Normal. The sets of co-expressed genes with
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respect to each dataset were pipelined into DAVID to identify enriched pathways (adjusted 

P<0.05) found in the Reactome and Kyoto Encyclopedia of Genes and Genomes (KEGG) 

databases(181, 182). Significantly enriched pathways common across all datasets were then 

identified. In addition, genes important in fatty acid metabolism pathway were further assessed for 

co-expression with RARRES1 with respect to cancer subtypes (e.g. ER+ vs ER-) via correlation 

coefficients. Selected genes included the following: PPARG, PPARA, PPARGC1A, SREBF1, 

FASN, SCD1 and CPT1A.    

In Vitro Data Analysis 

Results are shown as the mean ± SD. Statistical significance was calculated by using Student's 

t-test and P < 0.05 was accepted as significant value (***, p < 0.001; **, p < 0.01; *, p < 0.05). 

At least three biological replicates were done to confirm the results. 

Results 

RARRES1 regulates lipogenesis and lipid droplet accumulation 

Since RARRES1 expression is associated with metabolism-associated diseases and its exogenous 

expression regulates the expression of two important players in metabolic reprogramming (mTOR 

and SIRT1)(32), we examined whether RARRES1 has any functional significance in metabolic 

reprogramming. As RARRES1 is highly expressed in differentiated epithelial cells, we used 

selected epithelial cells as our model. We subjected transient RARRES1-depleted mammary 

epithelial cells to non-targeted LC-MS (Figures 3.4A & 3.5) to get an overview of the metabolic 

changes that occur after decreasing the expression of the gene. We noticed a significant increase 

in neutral lipids, triacylglycerols and the cholesterol derivative 24,25-epoxy-cholesterol. 

Phospholipids, such as phosphatidylinositol (PI), phosphatidylethanolamine (PE), 
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phosphatidylserines and phosphatidylcholines and the eicosanoid substrate, eicosatrienoic acid 

were also increased, as were three metabolites important in the synthesis of sphingolipids, 

sphinganine, niacinamide and sphingosine (Figures 3.4A & 3.2). These data indicate a global 

increase in lipid synthesis. We next used GC-MS to measure free monounsaturated and saturated 

fatty acids, since they are a good indicator of an increase in fatty acid synthesis(183). We found 

an increase in oleic  acid,  the  principle  product of SCD1 (SCD gene), but no change in palmitate 

(Figures 3.4B, 3.3B &  3.3C)(184). However palmitate, a saturated fatty acid, is highly toxic to 

the cell and is usually converted to palmitoleate or oleic acid(185). We also examined lipid 

changes in RARRES1 in normal prostate epithelial cells and primary hepatocytes to ensure that 

this change in lipid content is epithelial specific and not cell line specific, by GC-MS. In both cell 

lines there was increase in cholesterol and saturated fatty acids (stearic acid and myristic acid) 

(Figure 3.3D). Taken together these data demonstrate that manipulation of RARRES1 alters 

global fatty acid metabolism. 

Since RARRES1 depletion increased several classes of lipids, including neutral lipids, we 

validated the findings by staining lipid droplets in cells. Consistent with the LC/GC-MS data, 

transient RARRES1 depletion in normal breast epithelial MCF 10A cells, lead to significant 

accumulation of lipid droplets, verified by Oil Red O and Nile Red staining (Figures 3.4C & 

3.5). We then transiently overexpressed RARRES1-YFP in MCF 10A and HEK-293T cells. We 

treated the cells with oleic acid for 4 hours or overnight, respectively, to induce lipid droplets. 

Cells that exogenously expressed RARRES1 had a striking decrease in lipid droplet accumulation 

compared to YFP expressing cells and the surrounding cells that did not take up the RARRES1-

YFP plasmid (Figures 3.1D & 3.5B). This indicates that higher levels of RARRES1 leads to the 
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degradation or oxidation of exogenous fatty acids rather than their storage in lipid droplets. 

Conversely, depletion of RARRES1 leads to the accumulation of lipids. Consistent with this 

observation, RARRES1 expression in prostate and cervical cancer cells induces autophagy, a 

cellular response that sequesters and degrades lipid droplets during starvation, a mechanism called 

lipophagy(186,187). 
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Figure 3.4. RARRES1 Regulates Lipid Accumulation. A. Classes of metabolites measured by 
non-targeted LCMS analysis of transient RARRES1 knockdown MCF10A cells and scrambled 
control cells. B. GC-MS was run in transient RARRES1 knockdown MCF10A cells and 
monounsaturated fatty acids were analyzed. Oleic acid is represented in the bar graph. D. 
RARRES1-YFP was exogenously expressed and the transfected cells were treated with oleic acid 
and stained with Oil Red O to localize lipid droplets. The numbers of cells with YFP or RARRES1-
YFP transfection displaying lipid droplets or no lipid droplets were counted in both HEK 293T 
cells and MCF 10A cells. E. A schematic representation of metabolites that were upregulated in 
RARRES1-depleted cells. C. RARRES1 was transiently knocked down in MCF10A cells and Oil 
Red O staining was used to stain for lipid accumulation. The bar graph represents the intensity of 
lipid droplet staining. Each point in the graph represents a biological replicate. 
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Figure 3.5. RARRES1 Regulates Lipid Content. (A) Transient RARRES1 KD MCF 10A cells 
were stained with Nile Red. Oleic acid treatment was used as a positive control. (B) RARRES1-
YFP was overexpressed or YFP (negative control) in oleic acid treated MCF 10A cells and droplets 
were stained with Oil Red O. (C) DAPI staining of RARRES1-YFP and YFP overexpression in 
HEK 293T cells (Figure 3.4B). 

RARRES1 Depletion Regulates Fatty Acylcarnitine Content and Fatty Acid Oxidation 
(FAO) 

We next assessed FAO activity in RARRES1-depleted epithelial cells. Acylcarnitines are 

involved in the first committed step of FAO. Long chain fatty acids are catabolized to acetyl- 
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carnitine deficiency (189). Thus monitoring carnitine levels is an accurate way to assess 

transportation of long chain fatty acids into mitochondria FAO. Acylcarnitines were detected and 

identified in our non-targeted LC-MS analysis of MCF 10A cells in which RARRES1 was 

transiently depleted. Isobutyryl-L-carnitine (AC-4:0) and L-palmitoylcarnitine (AC-6:0) were 

increased in the transient knockdowns (Figure 3.6A). 

The data above suggests that RARRES1 depletion increases the uptake of fatty acids into the 

mitochondria, either for beta oxidation or mitochondrial fatty acid elongation. To address this, we 

examined fatty acid oxidation activity. Oxygen consumption rate (OCR) of RARRES1-depleted 

cells was monitored in nutrient rich media. As carnitine palmitoyltransferase 1 (CPT1) is essential 

for the beta oxidation of long chain fatty acids, cells were treated with etomoxir, a CPT1 inhibitor, 

to measure FAO dependent OCR. There was no significant change in fatty acid oxidation 

dependency between control and RARRES1 depleted cells grown in nutrient rich media (Figure 

3.7A)(190). In addition, there was no difference between the control and RARRES1 depleted 

cells in ATP production until we triggered FAO by treating cells with C75, an irreversible 

inhibitor of fatty acid synthase (FAS), an enzyme important in de novo fatty acid synthesis. Other 

studies have established that treatment with C75, at a concentration of 30 to 60 µg/ml, for 1 to 2 

hours decreases incorporation of acetate into fat and increases ATP production by oxidizing 

palmitate(190, 191). After 2 hours of treatment with 40 µg/ml C75, ATP production was 

significantly increased in RARRES1-depleted cells compared to C75-treated control cells 

(Figures 3.6B). The RARRES1- depleted cells were also capable of increasing ATP content after 

3 hours of treatment unlike the control cells, in which a significant decrease in ATP concentration 

occurred after this time. This indicates that although the RARRES1-depleted cells have more fatty 
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acids available to oxidize for FAO the cells prefer to store the fatty acids in nutrient-rich conditions 

until FAO is triggered by C75. 

Another way to trigger fatty acid oxidation is through glucose and serum starvation. We next 

monitored the mitochondrial activity of transient RARRES1 depleted MCF 10A and PWR-1E 

epithelial cells in starved conditions and inhibited CPT with etomoxir. MCF 10A and PWR-1E 

cells were used to ensure that the changes in fatty acid oxidation are due to epithelial specific 

effects rather than MCF10A specific changes. We first monitored the utilization of exogenous 

fatty acids for FAO by treating the cells with exogenous palmitate or BSA (as a control). The 

OCR of RARRES1-depleted cells was indistinguishable from control cells after treatment with 

exogenous fatty acids (Figure 3.7B). We next examined the utilization of endogenous fatty acids 

for FAO during starvation. RARRES1-depleted PWR-1E and MCF 10A cells had a distinct 

oxygen consumption pattern compared to control cells. RARRES1 depleted MCF 10A cells had 

an increase in mitochondrial respiration that was reversed by treatment with etomoxir (Figure 

3.6C). The normal metabolic needs of prostate epithelial cells are different than mammary 

epithelial cells. For example, they do not produce endogenous fatty acids through DNL; in turn, 

they rely on exogenous fatty acids to induce fatty acid oxidation. Specifically during glucose 

starvation, they rely solely on exogenous fatty acids to produce ATP through mitochondrial 

respiration(192). However, even in these cells, RARRES1 depletion significantly reversed the 

phenotype (Figure 3.7C). 

These data demonstrate that RARRES1 depletion increases availability of endogenous fatty acids 

for FAO, thereby enabling these cells to improve their mitochondrial respiration for ATP 
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production during starvation. The data also suggests that RARRES1 does not affect the activity 

of fatty acid oxidation but rather the pool of fatty acids available for degradation and ATP 

production. As transient starvation is a common phenomenon that occurs during nutrient 

deprivation and in the center of large tumors, our data suggest that cells may adapt to these harsh 

environments by reducing RARRES1 levels. 

Figure 3.6. RARRES1 Increases Substrate Availability for Fatty Acid Oxidation. A. All 
detected Acylcarnitines, AC-4:0 and AC-16:0, were quantified and validated in the non-targeted 
LC-MS results of RARRES1 siRNA transfected MCF 10A cells (Fig. S3). The fold change was 
normalized to scrambled siRNA transfected MCF 10A cells. B. ATP content was quantified in 
transient RARRES1 KD MCF 10A cells and scrambled siRNA MCF 10A cells after 2 and 3 hours 
of 40 ug/ml C75 treatment. C. MCF 10A were starved and treated with etomoxir to measure fatty 
acid oxidation rate dependent on endogenous fatty acids. Scrambled siRNA and transient 
RARRES1 siRNA were measured and compared. Basal respiration and ATP production were 
quantified. 
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Figure 3.7. Fatty Acid Oxidation Activity in RARRES1-Depleted Epithelial Cells. (A) Fatty 
acid oxidation rate in RARRES1-depleted cells was measured in nutrient rich media. FAO 
dependency and flexibility of the cells were calculated. Initial inhibition of FAO by etomoxir 
measures how dependent the cells are on that particular fuel source to meet energy demand. Using 
a combination of glycolytic, glutaminolytic and FAO inhibitors, the cells' capacity and flexibility 
in the meeting energy demand were calculated in terms of oxygen consumption rate. (B) Fatty acid 
oxidation dependent mitochondrial respiration was quantified and the effects of exogenous fatty 
acids on OCR in RARRES1-depleted and scrambled siRNA MCF 10A cells in glucose and serum 
starved media. (C) PWR-1E cells were starved and treated with etomoxir to measure fatty acid 
oxidation rate dependent on endogenous fatty acids. Scrambled siRNA and transient RARRES1 
siRNA were measured and compared. Basal respiration and ATP production were quantified. 
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RARRES1-Depleted Epithelial Cells Enhance De Novo Lipogenesis 

Because RARRES1-depleted cells increased lipid content and enhanced fatty acid oxidation 

activity due to improved utilization of endogenous fatty acids, we next examined the effects of 

RARRES1 on endogenous fatty acid synthesis. De novo fatty acid synthesis occurs when sugars, 

such as glucose, get converted to citrate and subsequently acetyl-coa to produce cholesterol and 

the fatty acid metabolites that were enriched in RARRES1-depleted MCF 10A cells (Figure 3.4A, 

& 3.4B)(193). Consistent with either a high conversion rate of citrate into acetyl-coa and complex 

fatty acids or to decreased DNL, steady state citrate levels were decreased in stable RARRES1-

depleted MCF 10A cells (Figures 3.8A & 3.9). As RARRES1- depleted cells improve their 

utilization of endogenous fatty acids (Figure 3.6) but not exogenous palmitate, this shows that 

the cells increase endogenous fatty acid synthesis, i.e. DNL. 

Since glucose is a major source for DNL, we assessed if RARRES1-depleted PWR-1E and MCF 

10A cells undergo glycolytic reprogramming to redirect glucose usage for de novo fatty acid 

synthesis(194). Aerobic glycolysis was examined in RARRES1-depleted epithelial cells using the 

extracellular flux assay- Glycolysis Stress Test kit (Seahorse, Agilent Technologies, Santa Clara, 

CA, USA). Glycolytic usage was determined by measuring the extracellular acidification rate 

reached by a given cell after the addition of saturating amounts of glucose. The glycolytic capacity 

was determined after oligomycin injection. The capacity depicts the maximum rate of conversion 

of glucose to pyruvate or lactate that can be accomplished immediately by a cell(195). The 

difference between basal glycolysis and the glycolytic capacity determines the glycolytic reserve, 

which is glucose that is not used in the basal state. The glycolytic reserve can provide insight on 

whether glucose is stored or shuttled to other pathways besides aerobic glycolysis. RARRES1-
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depleted MCF 10A cells had a marked decrease in glucose usage but their capacity to induce 

glycolysis was higher than the control cells (Figure 3.10A), which indicates that there is no 

glycolytic dysfunction. OCR after glucose injection was assessed to examine if glucose was 

instead used for mitochondrial respiration. There was no change in OCR (Figure 3.10B). The 

glycolytic capacity phenomenon was also observed in PWR-1E cells (Figure 3.10C). Thus, in 

both cell lines their glycolytic reserve increased (Figure 3.8B). This indicates that in RARRES1-

depleted cells, glucose is either stored or being reprogrammed for other pathways instead of being 

used for aerobic glycolysis or oxidative phosphorylation. 

The changes in citrate levels, lipid synthesis and glycolytic reprogramming in RARRES1- 

depleted epithelial cells suggest that glucose is mostly likely used for glucose dependent DNL 

(Figures 3.4 & 3.8A). To test this, we used the fatty acid synthase inhibitor C75. At 

concentrations of 10µg/ml (40 µm) and 30 minutes to 2 hours of incubation, C75 treatment 

markedly decreases lipid content and increases citrate levels(196–199). We next examined 

whether C75 treatment can reverse the glycolytic reprogramming seen in RARRES1-depleted 

cells. We treated RARRES1-depleted MCF 10A cells with C75 for 1 hour or 2 hours at a 

concentration of 40 µm. In C75 treated MCF 10A cells, both control and RARRES1-depleted cells 

increased glycolytic usage and decreased their glycolytic reserve compared to the vehicle treated 

groups (Figure 3.8C). These observations indicate that MCF 10A cells have a significant basal 

level of DNL. Importantly, treatment of RARRES1-depleted cells with C75 completely reversed 

the decrease in glucose usage seen in the vehicle-treated cells and they had higher aerobic 

glycolytic activity (Figure 3.8C). C75 also reversed the changes in glycolytic reserve seen in the 

transient knockdown, as the glycolytic reserve is indistinguishable from the control group treated 
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with C75 (Figure 3.8C). This indicates that RARRES1-depleted cells use glucose for fatty acid 

synthesis instead of aerobic glycolysis and that inhibition of FAS by C75 reverses this phenotype 

(Figure 3.8D).  

Figure 3.8. RARRES1 Regulates De Novo Lipogenesis.  A. Citrate levels in stable RARRES1 
knockdown MCF10A cells were calculated using MS/MS method and compared to empty vector 
MCF10A cells. B. Glycolytic activity was assessed in MCF 10A and PWR-1E cells. The glycolytic 
reserve was calculated for both cell lines. C. Transient RARRES1 KD and scramble control were treated 
with C75 inhibitor and glycolytic activity was assessed. Glycolytic usage and reserve were assessed in 
vehicle and C75 treated groups D. A schematic diagram of glycolysis and glucose dependent de novo 
lipogenesis pathway in RARES1 depleted epithelial cells and the effect of C75 on these cells is depicted. 
G: Glucose; O: Oligomycin; 2-DG:  2-Deoxy-D-glucose. 
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Figure 3.9. LC-MS of Stable RARRES1 Knockdown MCF 10A Cells. (a) MS/MS LC-MS 
was done to validate and quantify citrate in stable knockdown cells. 

Figure 3.10. Glycolytic activity in RARRES1-depleted Epithelial Cells. (A) Glycolytic usage 
and capacity was quantified in transient RARRES1 knockdown in MCF 10A cells by using the 
Glycolysis Stress Test. (B) Oxygen consumption rate measurement was assessed after glucose 
injection in the Seahorse XF Flux machine. (C) Transient glycolytic activity was assessed in PWR-
1E cells with transient RARRES1 knockdown by using the Seahorse Glycolysis Stress Test. 
Glycolytic usage and capacity was quantified. 
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RARRES1 and Its Effects on Lipid Metabolism Enzymes 

Fatty acid synthase catalyzes the formation of long chain fatty acids (complex lipids) from malonyl 

coa and acetyl-coa (191). Since RARRES1 depletion increases the complex fatty acid content, we 

thus assessed if RARRES1 can alter fatty acid synthase (FAS) protein level. We either depleted or 

overexpression RARRES1 in but we did not see any significant changes in protein level of FAS 

(Figure 3.11A). 

Our previous study has established that RARRES1 and its target can regulate AMP kinase activity 

(Figure 3.14A & 2.14B).  One of the most studied functions of AMP kinase is its regulation of 

lipid metabolism (200). AMP kinase regulates lipogenesis through phosphorylation of acetyl-coa 

carboxylase 1 (ACC1) at Ser79and ACC2 at Ser212 and in turn inhibits the production of malonyl-

coa, a substrate for fatty acid synthase (FAS) and precursor for the de novo synthesis of palmitate 

(201, 202).  We thus assessed the phosphorylation status of Ser79 in ACC1 and Ser212 in ACC2.  

RARRES1 depletion decreased phosphorylation but the protein level of ACC1 and 2 also 

decreased (Figure 3.11B). We also overexpressed RARRES1 in MCF 10A cells, we noticed a 

significant increase in a lower molecular weight band (Figure 3.11C). The band was present when 

immunoblotting for ACC2 protein as well as the phosphorylated ACC2. This could indicate an 

increase in the degradation of ACC2. Ubiquitination status of the ACC2 protein must be assessed. 

ACC2 phosphorylation and degradation after overexpression of RARRES1 must be further studied 

through proteomics and simple ubiquitination immunoblotting after overexpressing RARRES1.  
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Figure 3.11. FASN, ACC1 and ACC2 Expression in RARRES1 siRNA or RARRES1 
Transfected MCF 10A Cells. A. FASN immunoblot was assessed in RARRES1 overexpressed 
and RARRES1-depleted MCF 10A cells. Tubulin was used as a loading control. B. Immunoblot 
of phosphorylated Ser79 ACC1 and ACC1 protein is displayed. RARRES1 expression and 
GAPDH (as a loading control) was immunoblotted. C. Phosphorylated Ser212 ACC2 and ACC2 
protein were assessed through western blot after RARRES1-YFP overexpression. Tubulin was 
used as a positive control and RARRES1-YFP overexpression was confirmed.  
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Table 3.1. Common Pathways Identified in the Analysis of Genes Co-expressed with RARRES1 
in Breast, Prostate, and Colorectal Cancers. 

Pathways that were significantly enriched and shared among the three cancer datasets (TCGA breast, 
TCGA Colorectal and Grasso Prostate Cancers) of genes co-expressed with RARRES1 were listed in 
the table. The number of genes identified in the pathways out of the total genes identified in the 
pathway was listed. Statistical analysis was applied for all datasets and the P-value and Benjamini-
Hochberg value determined for each cancer dataset are included in the table. DAVID platform was 
used to identify the pathways relevant in the cancer datasets. 

RARRES1 Gene Expression in Common Solid Tumors Correlates with Fatty Acid 
Metabolism Genes 

In addition to its role in hepatosteatosis and other metabolic disorders, RARRES1 is among the 

most commonly methylated genes in multiple human tumors (31, 102, 104, 105). As our data 

indicate that RARRES1 has a role in fatty acid metabolism, we wondered if the extensive 

transcriptomic data available for multiple cancers also points to a relationship with fatty acid 

metabolism pathways. We used publicly available cancer datasets to assess whether RARRES1 is 

co-expressed with fatty acid metabolism genes. OncomineTM (Compendia Bioscience, Ann 

Arbor, MI, USA) was used to identify cancers in which RARRES1 is significantly increased or 

decreased (Table 1.1 from OncomineTM).  Of the identified cancers, three (breast, colorectal and

Pathways Enriched in all Datasets 

Number of Genes 
(Breast; Colorectal; Prostate)/ 
(Total Genes in Pathway)

P-Value (Breast;
Colorectal; Prostate)

Benjamini (Breast, 
Colorectal, 
Prostate) 

ECM-receptor interaction (40; 28; 48)/ 87 9.32E-09; 0.0035; 1.10E-08 8.85E-07; 0.032; 
5.38E-07 

Retinol metabolism (27; 29; 30)/65 0.000034; 4.35E-06; 6.09E-04 0.00064; 
9.05E-05;0.0043

Salivary secretion (31; 28; 40)/86 0.000175; 0.0029; 4.80E-05 0.0022; 0.022; 4.85E-04 

PPAR signaling pathway (25; 21; 32)/67 4.88E-04; 0.017; 1.79E-04 0.004; 0.091; 0.00164

Steroid hormone biosynthesis (24; 25; 24)/58 0.00011; 4.66E-05; 0.012 0.0016; 6.17E-04; 0.054 

Regulation of lipolysis/ Fat Digestion (24; 15; 24)/56 0.0000581; 0.0081; 0.0076 0.00092; 0.052; 0.38

PI3K-Akt signaling pathway (98; 83; 124)/345 0.000003; 0.0085; 1.17E-05 0.000078; 0.054; 1.71E-04 

Protein digestion and absorption (40; 41; 41 )/80 
0.00000001381; 6.14E-09; 
3.61E-05 

0.00000363; 4.47E-07; 
4.06E-04 

Table 1

30
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prostate) were selected for further analysis given the number of datasets found to have significant 

RARRES1 gene expression changes. Interestingly, subtype analysis revealed differential 

RARRES1 expression for more aggressive tumor phenotypes. For example, hormone-negative 

breast cancers (e.g. TNBC vs. Non-TNBC, ER+ vs. ER-, PR+ vs. PR-) and metastatic prostate 

cancer have differential RARRES1 gene expression (Figure 3.12A). 

We then sought to determine important pathways associated with RARRES1 expression. Genes 

co-expressed with RARRES1 were identified via oncominetm (Compendia Bioscience, Ann Arbor,

MI) with respect to each cancer dataset (original data file available upon request). The sets of co-

expressed genes were pipelined into DAVID(203, 204) for pathway enrichment  analysis (adjusted 

P<0.05). Enriched pathways common across all three cancer datasets were identified (Table 3.1). 

As expected, the retinol metabolism and protein digestion pathways were enriched across all 

datasets indicating a  role  of  RARRES1  in  retinoic  acid  biochemistry(36)  and cellular 

autophagy(32, 97). Importantly, pathways involved in lipid metabolism, synthesis and signaling 

were identified (Table 3.1). These include PPAR signaling, steroid hormone biosynthesis and 

regulation of lipolysis/fat digestion. 

We next sought to assess the correlation of RARRES1 with important genes implicated in PPAR 

signaling and fatty acid metabolism. These genes include PPARG, PPARGC1A, PPARA, SCD, 

FASN and SREBF1.  SREBF1  or  Sterol  regulatory element-binding  transcription factor  1 

(SREBP-1) protein is a transcription factor activated by mTOR which subsequently upregulates 

genes including SCD or stearoyl-coa desaturase 1 (SCD1) enzyme and FASN or fatty acid synthase 

(FAS) that are essential in lipogenesis(205). The interaction of peroxisome proliferator-activated 

receptor alpha (pparα) protein or PPARA gene with peroxisome proliferator-activated receptor 
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gamma coactivator 1-alpha (PGC1α) protein or PPARGC1A gene induces the transcription of 

genes that are important in fatty acid oxidation(206). These genes correlate with RARRES1 gene 

expression changes when all cancers are considered (Figure 3.12A). For example, PPARGC1A 

and PPARA positively correlated with RARRES1 whereas FASN and SCD negatively correlated 

with RARRES1 gene expression. This correlation pattern was further recapitulated in all individual 

subtype analyses (e.g. TNBC vs. Non-TNBC) (Figure 3.12B). RARRES1 expression therefore is 

positively correlated with fatty acid oxidation genes (PPARGC1A, PPARA) and negatively 

correlated with lipogenesis genes (FASN, SCD). Taken together these data demonstrate the 

association of RARRES1 and fatty acid metabolism in the context of cancer.  

Figure 3.12.  Differential Expression of RARRES1 in Cancers Correlates with Expression of 
Fatty Acid Metabolism Genes. Cancers where RARRES1 gene was differentially expressed were 
chosen and correlative analysis was done. FASN, SCD, PPARG, SREBF1, PPARGC1A and PPARA, 
were chosen as candidate genes important in fatty acid oxidation and lipogenesis. A. Three subtypes 
of breast cancer, 5 types of colorectal cancer and metastatic versus primary sites of prostate cancer 
were analyzed and fold change difference (with p-value <0.01) was plotted for each gene. B. The 
correlative score (calculated using Pearson correlation formula) was calculated between two genes in 
all cancers analyzed. 

Discussion 

In this study, we show that RARRES1 regulates fatty acid metabolism in epithelial cells. First, 

depletion of RARRES1 increased lipid accumulation along with altered fatty acylcarnitine 
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content. When RARRES1 was expressed in the presence of oleic acid, lipid accumulation was 

hindered most likely by lipid degradation through activation of autophagy. Second, ATP 

production was higher in RARRES1-depleted cells after treatment with a CPT1 agonist (FAO 

inducer). Third, triggering endogenous FAO by glucose and serum starvation improved 

mitochondrial respiration due to increased storage of endogenous fatty acids; a phenotype that 

was reversed by inhibiting fatty acid oxidation with etomoxir. Thus RARRES1-depleted epithelial 

cells increase lipid synthesis in a nutrient-rich state and have an improved bioenergetic phenotype 

during starvation due to an increase in the oxidation of stored fatty acids (Figure 3.13). 

RARRES1 expression was also contextually correlated to fatty acid metabolism genes in multiple 

cancer types. This phenotype might be critical for the survival of cells in a nutrient deprived tumor 

environment or stem cell niche (207). 

RARRES1 is silenced in colorectal cancer, prostate cancer, nasopharyngeal cancer, Wilms tumor 

and leukemia (100, 101, 104). Colorectal cancer and prostate cancer cell lines transfected with 

RARRES1 were less invasive and more apoptotic(100, 106). These findings support the idea of 

RARRES1 as a tumor suppressor, although this has not been formally demonstrated in animals. 

However, RARRES1 is increased in some mesenchymal-like cancers such as triple negative 

breast cancer(33, 102, 164), (Figure 3.12A). The present study demonstrates an important role 

for RARRES1 in fatty acid metabolism and may explain the duality of RARRES1 in cancer 

etiology. The role of fatty metabolism on cancer progression is also contextual. During nutrient 

deprivation, fatty acid degradation is necessary and fatty acid synthesis, specifically DNL, is 

increased during metastasis, consistent with the decrease of RARRES1 expression in metastatic 

prostate cancer(15, 166, 208). There is also evidence of changes in fatty acid metabolism 
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preference in different subtypes of breast cancer, in which RARRES1 is differentially expressed. 

For example, fatty acid oxidation is disproportionately dysregulated in triple negative breast 

cancers compared to other subtypes of breast cancer (24, 209, 210). Hormone receptor status in 

breast cancer also correlates with changes in lipid metabolism (211, 212). 

In summary, this study demonstrates that RARRES1 is a novel regulator of fatty acid metabolism 

and points to an important role in diseases in which lipid metabolism is a hallmark of disease 

progression. Treatments that regulate RARRES1 expression or activity could have utility in 

obesity, cholestatic liver disease, heart disease (in which RARRES1 expression is markedly 

decreased in hypertrophic and dilated cardiomyopathy) and cancers where lipogenesis is crucial 

for the progression of certain tumors (213–215).  
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Figure 3.13. RARRES1 Depletion in Epithelial Cells Increases De Novo Lipogenesis and 
Improves Fatty Acid Oxidation During Starvation. ETC: Electron transport chain; TCA: 
tricarboxylic acid cycle. 

Figure 5
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Chapter 3- Endogenous Transcriptional Regulation of RARRES1 

Introduction 

RARRES1 and CCP2 have a clear role in reprogramming metabolism, stem cell 

differentiation and cell survival with potential implications in diseases such as cancer, liver 

cirrhosis, pancreatitis, obesity and hyperinsulinemia (33, 35, 94, 95, 103, 216). In cancer, 

RARRES1 expression is significantly down regulated (31, 32, 101–103). RARRES1 is 

considered a class II tumor suppressor. Class II tumor suppressors are functionally active in 

cancers but their transcription is downregulated, while class I tumor suppressor genes are 

often deleted or gain mutations and subsequently lose their functional activity (217). The gene 

is downregulated in these cancers due to hypermethylation of the promoter region in tumors 

(31, 101, 102). RARRES1 is also differentially expressed in other diseases, such as 

obesity, where RARRES1 transcription is significantly downregulated, and fibrosis, 

where RARRES1 expression is significantly upregulated (33, 35). Thus identifying 

transcriptional regulation of RARRES1 is important as the gene is very often turned off or highly 

active in a disease context.  

RARRES1 was first identified as a RA-responsive gene (36). Treatment with all-trans RA and 9-

cis RA induces the expression of the gene. A series of events occur within the cell to shuttle the 

signaling molecule into the nucleus, where it induces transcription of retinoic acid- sensitive 

genes. First, all-trans-retinoic acid or 9-cis-retinoic acid binds to CRABPII or FABP5 and is 

transported into the nucleus. These retinoic acid binding proteins transport the retinoic acid into 

the nucleus and transfer the ligand to the nuclear receptors retinoic acid receptors (RARs) 

and retinoid X receptors (RXRs) (137). All-trans retinoic acid and likely 9-cis-retinoic acid 

bind to one or more of three retinoic acid receptors (RAR) and 9 cis-retinoic acid binds to one or 
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more of three retinoid X receptors (218).  RARRES1 was initially found to be induced only by 

retinoid analogues that activate RARs, specifically RAR beta and gamma, rather than RXRs 

(36). Several publications have supported the idea of inducing RARRES1 with all-trans 

retinoic acid treatment, which triggers RAR components rather than RXRs (45, 94, 219). 

Others were able to prompt the expression of RARRES1 through 9-cis-retinoic acid, but as 

mentioned earlier, 9-cis-RA can also induce RARs (45).   

RARRES1 is also regulated by vitamin D3, an agent that promotes differentiation of colon, breast, 

prostate and squamous carcinoma and myeloid leukemia cancer cells. The anti-tumorigenic effects 

of vitamin D in cancer is similar to RA. We treated SKBR3 cells, a breast cancer cell line, with 

retinoic acid and compared our microarray data with publicly available microarray data on vitamin 

D treatment on SKBR3 and caco2 cell-lines (Figure 4.1). Very few genes are commonly regulated 

by RA and vitamin D; one of these genes is RARRES1. We confirmed these findings in normal 

prostate epithelial cells where both RA and vitamin D induced RARRES1 expression but its 

expression did not change in prostate cancer cell lines in which the gene is heavily methylated 

(45). Several studies showed the same trend in colorectal cancer cell-lines and keratinocytes (115, 

220). RA and vitamin D both have anti-cancer properties, by promoting differentiation and 

inducing apoptosis in malignant cells (115, 137, 221). The fact that vitamin D and RA both 

upregulate RARRES1, indicates that this RA/Vit D target gene might be the main player in RA 

and Vit D tumor suppressive effects.  
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Figure 4.1. RARRES1 is Commonly Regulated by Retinoic Acid and Vitmain D. A venn 
diagram was created to identify overlapping genes regulated by RA and vitamin D. The table on 
the right lists genes were commonly regulated in all cell-lines by retinoic acid and vitamin D (The 
data was analyzed and illustrated by Yun Ji).   

Microarray profiling of cytokine cell stimulation reported direct induction of the RARRES1 gene 

following inflammation. IL-10 and IL-6 are cytokines known to date to induce such response. In 

one study, IL-10-treatment of macrophages increased RARRES1 expression 10-fold (222). In 

contrast when IFN-gamma was used to activate monocytes into macrophages and later treated with 

IL-10, RARRES1 expression decreased by 11-fold (222). IL-10 induces homodimerization of 

STAT3 whereas IFN-gamma with IL-10 induces the activation of STAT1 (222, 223). This 

indicates that RARRES1 is induced by the STAT3 transcription factor rather than STAT1 and that 

the gene is induced by IL-10 but inhibited by IFN-gamma, a cytokine that has anti-inflammatory 

and immunosuppressive effects. IL-10 mainly targets antigen-presenting cells and is induced as a 

negative feedback response to inflammation. IL-10 regulates the duration and strength of the 

inflammatory response (224). The literature clearly demonstrates that RARRES1 is directly 
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regulated by retinoic acid signaling and by IL-10 through STAT3 activation. In this study we 

intend to identify other transcriptional regulators of the RARRES1 gene. 

Methods 

Cell Culture 

Primary HH (#HUFS1M, Lot#HUM4132, Triangle Research Labs, Durham, NC) were cultured 

in hepatocyte medium (#5201, sciencell Research Laboratories, Carlsbad, CA).  Triangle 

Research Labs provides freshly isolated human hepatocytes, which undergo a proprietary isolation 

procedure that guarantees 96-99% purity, and only healthy and viable cells, determined through 

trypan blue staining, are provided.  (Wobser H, Dorn C, Weiss TS, Amann T, Bollheimer C, 

Buttner R, et al. Lipid accumulation in hepatocytes induces fibrogenic activation of hepatic stellate 

cells. Cell Res. 2009 Aug;19(8):996-1005. Pubmed PMID: 19546889.) MCF10A cells were 

maintained according to the recommendation of American Type Culture Collection (ATCC). 

Starvation and Treatment 

MCF 10A cells were starved of 5% serum or of insulin, HC, and EGF, concentrations that are 

recommended for the culturing of MCF 10A cells, overnight. Cells starved overnight were then 

supplemented with HC, insulin or EGF at the recommended concentrations for MCF 10A cell 

culture. The concentrations can be found in the ATCC website.  

siRNA Transfection 

YY1 silencerr (Cat # AM16708) and negative control siRNA (Cat #  AM4611) were from Thermo 

Scientific Dharmacon. Cells were seeded at 100,000 cells per well in 6-well plastic tissue culture 

dishes on day 0. On day 1, for each cell sample, 7.5μl of Lipofectamine 3000 (Invitrogen, Carlsbad, 

CA) was added to 125μl of OPTI-MEM I (Gibco-Invitrogen, Grand Island, NY) in a sterile 
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eppendorf tube, and mixed. 2.5μg of DNA or 75pmol of siRNA in 125ul of OPTI-MEM were 

added with or without 5ul of P3000, mixed, and incubated for 5 minutes at room temperature.  

The mixture was then added dropwise to cells. 

DHA Treatment

761 mm DHA stock was diluted to 1 mg/ml in 1XPBS and vortexed until dissolved. The DHA 

working solution was added and conjugated to 1% BSA at a 1:10 dilution.  The solution was 

incubated for 1 hour at 37℃.  The solution was then diluted in the cells’ media to the desired

concentration. The cells were incubated for 30 min, 1 hour, 2 hours, or overnight (17 hours) at a 

concentration of 50 μM or 200 μM. The cells were then harvested in Trizol after incubation time.

Mitochondrial Inhibitors Treatment 

MCF 10A cells were treated with 0-10 mm metformin (diluted in water), 100 nm antimycin A 

(diluted in DMSO) and 10 μM oligomycin (diluted in DMSO) overnight. Cells were harvested 

and RNA was extracted with Trizol. Extracellular Flux assay, Cell Mito Stress Test, was utilized 

to confirm decrease in mitochondrial respiration after treatment with drugs. 

NURSA Data Mining, Harmonizome and PROMO Analyses

Promoter and non-coding regions of RARRES1 gene were obtained from Ensembl and UCSC 

genome browser. The promoter regions from both sources were then pipelined into PROMO to 

predict transcription factors that can bind to the promoter region. We then utilized Harmonizome 

database and examined publicly available data on chip sequencing and chip-chip to identify 

whether the predicted transcription factors were found physically bound to the promoter region 

of RARRES1 gene in cells or organisms. NURSA was then used to assess whether RARRES1 

was regulated by signaling pathways that activate the transcription factors predicted.RARRES1 

gene in cells or organisms. NURSA was then used to assess whether RARRES1 was regulated 

by signaling pathways that activate the transcription factors predicted. 
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      Results 

Density Dependent RARRES1 Expression 

Huebner et al. Used a trophoblast model and discovered that RARRES1 expression is density 

dependent. Where increasing the density of these cells increased the mRNA levels of RARRES1 

(225). We thus assessed whether this phenomenon is relevant in mammary epithelial cells, 

MCF 10A cells. We also noticed the same phenomenon in MFC 10A cells, where RARRES1 

expression is unchanged on a per cell basis at sub-confluent levels but markedly increases once the 

cells reach confluence (Figure 3.2). Contact inhibition, a phenomenon which forces the cells 

into cell cycle arrest between G0/G1 phase, occurs when non-transformed cells are 100% 

confluent. This process also inhibits cells from migrating by changing polarity of the cells. In 

malignant cancer cells, contact inhibition is lost thus enhancing cell proliferation and 

invasiveness of cells. We showed earlier that RARRES1 depletion does not affect cell cycle 

kinetics (Figure 2.3A). However, RARRES1 does regulate the invasiveness of prostate cancer 

cells and colorectal cancer cells. Thus, RARRES1 might be essential during contact inhibition 

to attenuate invasion in cells. Serum starvation has also been used as a means to trigger cells 

to synchronize to G0/G1 phase. We thus assessed whether RARRES1 responds to complete 

serum starvation. We removed growth factors, epidermal growth factor (EGF), hydrocortisone 

(HC) and insulin, and 5% horse serum that’s supplemented in the media. We saw a 

significant increase in RARRES1 expression in a time-dependent manner (Figure 4.3A).  
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Figure 4.2. Relative RARRES1 Expression at Different Densities. MCF 10A cells were plated 
at different densities and RARRES1 mRNA levels were quantified using qPCR 18s was used as a 
loading control. X-axis represents the different densities and the densities were numbered 1-7. 1 
being the lowest density and 7 being the highest.  
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Figure 4.3. RARRES1 Expression is Regulated by Growth Factors. RARRES1 expression was 
assessed in all experiments using qPCR. 18S was used as the house keeping gene (endogenous 
control). A. MCF 10A cells were plated at sub-confluent levels and serum starved. RARRES1 
expression was assessed after 18 hours and 40 hours of serum starvation. B. Growth factors, insulin 
and EGF, were removed from media and RARRES1 expression was assessed. Cells were serum 
starved and growth factors added to the media and RARRES1 expression was assessed. C. Cells 
were treated with EGF and serum starved and RARRES1 expression was assessed. D. Cells were 
serum starved and treated with insulin and RARRES1 expression was examined. E. Cells were 
serum starved and treated with hydrocortisone; subsequently RARRES1 expression was assessed. 
F. Cells were treated with Rapamycin or cells were serum starved; simultaneous rapamycin
treatment with serum starvation could not further increase RARRES1 expression. Insulin and EGF
were used to evaluate whether Rapamycin can reverse the effects of EGF or insulin treatment.
Rapamycin was able to partially reverse the effects of EGF treatment but not insulin. qPCR was
run to assess RARRES1 expression in all conditions. 18S was used as the endogenous control.
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RARRES1 is Regulated by Growth Factors and mTOR 

Serum contains many components, that enhance the survival of cells by promoting energy 

homeostasis and cell proliferation (226). We assessed which components within the media 

regulated the expression of RARRES1.  We first examined whether the growth factors used to 

supplement the media, EGF and insulin, have any effect on RARRES1 transcription. We were able 

to mimic the effects of “complete serum starvation” on RARRES1 expression by removing growth 

factors insulin and EGF from the media and leaving 5% horse serum (Figure 4.3B). We also added 

each factor separately in the media when cells were starved of 5% horse serum and growth factors. 

Insulin, hydrocortisone and EGF significantly decreased RARRES1 expression during complete 

serum starvation (Figure 4.3B-4.3E) 

Insulin and EGF drive pro-survival signaling pathways and it is known that there is crosstalk 

between these pathways (227). The common target of these signaling pathways is the mammalian 

target of rapamycin (mTOR) (227, 228). mTOR is a central regulator of cell metabolism, 

proliferation, growth and survival (229). mTOR forms complexes with different proteins and 

activates distinct signaling pathways dependent on the complex formed (229). The best studied 

mtor complex is mTOR complex 1 (mTORC1). mTORC1 is a master regulator of cell survival 

and proliferation; the complex positively regulates growth by promoting anabolic processes, i.e. 

Fatty acid synthesis, protein synthesis and restricts catabolic activity, such as autophagy (29, 229, 

230).  We have demonstrated that RARRES1 can regulate energy homeostasis; specifically, its 

depletion increases anabolic pathways such as lipid synthesis. We thus assessed whether mTOR 

can regulate the expression of RARRES1. Rapamycin inhibits the activation of mTOR and thus 
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decreases anabolic pathways while inducing a catabolic state in the cells (231). We treated cells 

with rapamycin without starving the cells of growth factors or serum. Rapamycin treatment 

induced RARRES1 expression within 48 hours. We used c-Myc, which is induced by rapamycin, 

as a positive control to ensure rapamycin was in fact working (Figure 4.3F). We thus assessed 

whether we can reverse the inhibitory effects of EGF and insulin on RARRES1. Rapamycin 

was not able to reverse the effects of insulin but we saw a partial increase in RARRES1 

expression when we treated cells with EGF and rapamycin. Thus the effects of EGF on RARRES1 

expression is partly through mTOR activation (Figure 4.3F).  The data above clearly 

demonstrates a role for RARRES1 during depletion of growth factors.  

RARRES1 Expression during Hypoxia and Nutrient Deprivation 

mTOR has the ability to sense a variety of essential nutrients and respond to changes in metabolic 

pathways.  For example, the activation of TOR complex 1 is tightly regulated to the availability of 

nutrients, like glutamine, glucose and oxygen. Since RARRES1 appears to be a target of rapamycin 

and reprograms metabolism in the cell, we examined the effects of nutrient availability on 

RARRES1 expression. We first sought the effects of glucose and glutamine, two important 

metabolic molecules for TCA cycle, on RARRES1 expression after starvation. Glucose and 

glutamine starvation did not significantly affect the expression of RARRES1 in MCF 10A cells 

(Figure 4.4). 



Figure 4.4. RARRES1 Expression after Treatment with Glutamine or Glucose in Serum 
Starved MCF 10A Cells. A. 10 mm glucose was added in glucose free treatment. Cells were 
treated with glucose for 24 hours. RARRES1 expression was assessed using qPCR. B. RARRES1 
expression was assessed, using qPCR after glutamine treatment at a concentration of 2 mm or 8 
mm in serum starved MCF 10A cells.  

Mitochondrial inhibitors such as oligomycin, mimic oxygen deprivation in the cell. Oligomycin 

blocks phosphorylation of p70s6k, a downstream target of mTOR, similar to hypoxic conditions 

(231). We thus examined whether RARRES1 transcription can be regulated by inhibiting 

mitochondrial respiration. We first utilized metformin, an FDA approved drug that is used for type 

II diabetes (119). One of its mechanisms of action is inhibition of mitochondrial respiration. 

Studies have shown in vitro that metformin binds to Complex I of the electron transport chain and 

inhibits mitochondrial respiration (119). We confirmed this by treating MCF 10A cells with 

metformin for 6 hours with concentrations of 0.5 mm, 1 mm, 5 mm and 10 mm. As described 

previously in the literature a decrease in mitochondrial respiration occurred when cells were treated 

with 1 mm of metformin (Figure 4.5A). This concentration is around 35 times higher than the 

concentration found in the plasma of animals or humans that have taken metformin. Although this 

mechanism of action might not be physiologically relevant, at these high concentrations, 

metformin does decrease oxygen consumption. We then measured RARRES1 expression after 

metformin treatment. RARRES1 expression decreased markedly only at higher concentrations of 

metformin, when mitochondrial respiration is drastically attenuated. We then treated cells 
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with potent mitochondrial inhibitors to ascertain if RARRES1 expression changes as a 

consequence is of mitochondrial inhibition. Antimycin A and oligomycin, at concentrations 

known to inhibit mitochondrial respiration, decrease RARRES1 expression significantly 

(Figure 4.5B). CCP2 expression significantly increased after mitochondrial respiration is 

inhibited (Figure 4.5B). As RARRES1 and CCP2 have reciprocal effects on mitochondrial 

respiration his suggests that cells might decrease RARRES1 and increase CCP2 expression 

after mitochondrial inhibition as a coping mechanism to rescue mitochondrial activity.  

Figure 4.5. Inhibition of Mitochondrial Respiration Regulates RARRES1 and CCP2 
Expression: A. Extracellular flux assay was utilized to measure oxygen consumption in MCF 10A 
cells after metformin treatment. The Mito Stress Test was used to measure ATP production rate 
and basal oxygen consumption rate. B. qPCR analysis was used to measure RARRES1 and CCP2 
mRNA expression after treatment with antimycin A, oligomycin or metformin. 18S was used as 
an endogenous control.  
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Prediction of Transcription Factors and Signaling Pathways that Regulate RARRES1 
Transcription 

To determine the factors that regulate RARRES1 transcription, we utilized NURSA and PROMO 

databases (232, 233). NURSA is a database that allows one to explore a relationship between 

nuclear receptors and genes of interest (232). The platform integrates all publicly available data of 

tissue-specific nuclear receptor transcriptomes based on published transcriptomics studies in the 

field of nuclear receptor signaling (232). This platform will enable us to identify potential nuclear 

receptor signaling pathways that can regulate RARRES1 transcription. PROMO is a 

comprehensive bioinformatics approach to predict transcription factor binding sites within a 

genome region (233). In our search for predicted transcription factors, we limited our analysis to 

the RARRES1 promoter region and selected transcription factors predicted with matrix 

dissimilarity of less than 15%. We combined both databases and chose signaling pathways that are 

most likely to regulate RARRES1 in our system, by identifying transcription factors predicted to 

bind to the promoter region of RARRES1 (Table S4.1) and identifying if the transcription factor is 

linked to any signaling pathways in which RARRES1 is differentially expressed in the NURSA 

database (Figure S4.1). We also included insulin and EGF signaling as factors/signaling pathways 

that regulate RARRES1 as Figure 3.3 shows that these factors are important RARRES1 regulators. 

In the PROMO platform, there were 30 transcription factors predicted to bind to the promoter 

region (Table S4.1). In addition to the retinoic acid receptors that are established as inducers of 

the RARRES1 gene, many transcription factors that are known to regulate metabolism, such as 

necrotic factor-kappa-light-chain-enhancer of activated B cells (NF-Kappa B), glucocorticoid 

receptor-beta (GR-beta), Tumor protein 53 (TP53 or P53), pair boxed 5 (Pax-5), peroxisome 
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proliferator-activated receptor (PPAR) alpha and gamma, RXR-alpha and Yin Yang 1 (YY1) 

transcription were identified.    

YY1 Can Reverse the Effects of Growth Factor Starvation-Induced RARRES1 
Transcription 

Several binding sites for Yin Yang 1 (YY1) were found in the introns and promoter region of 

RARRES1 (Figure 4.6A and Table S4.1). YY1 is a ubiquitous transcription factor. The C2H2-

type zinc-finger transcription factor has several roles in embryogenesis, differentiation, replication 

and cellular proliferation (234). It can act as an activator or repressor of gene transcription (235). 

YY1 is required for mitochondrial gene expression to regulate the structural integrity 

and energetics of mitochondria in vivo and in vitro (234). YY1 deficiency in skeletal muscles 

protects against rapamycin induced diabetic-like symptoms and was suggested to repress 

insulin-IGF signaling (236). YY1 also plays a role in hematopoietic stem cell differentiation (237, 

238). Similar to RARRES1, YY1 modulates mitochondrial energetics, responds to 

rapamycin, insulin and starvation and regulates stem cell differentiation. We thus examined 

whether YY1 regulates the transcription activity of RARRES1. We transiently depleted cells 

of YY1 for 24 hours and subsequently starved the cells for another 24 hours. We then 

harvested cells and ran quantitative PCR for mRNA analysis. RARRES1 induction by 

starvation was reversed by YY1 depletion (Figure 4.6A). Rapamycin and its target, mTOR 

regulate YY1 transcription factor activity (235). Our previous publication showed that 

RARRES1 regulates mTOR protein levels and reprograms metabolism in epithelial cells, 

where RARRES1 depletion rendered cells more anabolic. Importantly we showed in 

Figure 3.6B that RARRES1 is activated by rapamycin suggesting that rapamycin induction of 

RARRES1 expression might be through YY1. However, YY1 depletion did not reverse the 

effects of rapamycin (Figure 4.6B). Studies have identified Aurora kinase 
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families, A, B and C, as regulators of YY1 activity (239, 240). These kinases are essential for cell 

proliferation and survival cells especially in the context of cancer. Looking at the phosphorylation 

status of YY1 during starvation will enable us to identify whether RARRES1 can be regulated 

through Aurora kinases. Other pathways also regulate YY1 activity, one example is OCT4 induced 

pluripotency in stem cells differentiation (241–243). We have previously shown that RARRES1 

can regulate the stem cell marker CD49f, in breast epithelial cells. CD49f is known to induce the 

expression of OCT4 to enhance multipotency (244). OCT4-dependent YY1 activation of genes 

can be another possible mechanism of YY1 regulation of RARRES1 expression.  

We showed earlier that RARRES1 expression is inhibited by insulin and EGF in the context of 

serum starvation. We thus assessed which growth factor inhibits the induction of RARRES1 

expression via YY1.  Several studies have demonstrate an association between YY1 and insulin 

and EGF signaling (236, 245, 246). EGF treatment alone combined with YY1 depletion further 

decreased RARRES1 expression indicating that EGF inhibits RARRES1 expression through a 

different pathway. We treated cells with insulin and found that YY1 depletion did not further 

decrease RARRES1 expression (Figure 4.6C). This suggests that insulin signaling inhibits YY1 

activation of RARRES1 transcription, while EGF regulation of RARRES1 is independent of YY1. 
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Figure 4.6. YY1 Reverses Growth Factor Starvation-Induced RARRES1 Expression. A. 
Predicted Binding sites of YY1 on the promoter region of RARRES1. Cells were serum and growth 
factor starved and depleted of YY1. RARRES1 mRNA expression was assessed through qPCR. 
B. Identification of the growth factor regulating YY1 activation of RARRES1 transcription during
starvation. C. Insulin and EGF treatment were used to assess whether the growth factors regulate
the activity of YY1 on RARRES1 transcription.

PPARs Regulate RARRES1 Expression 

One of the top signaling pathways predicted to regulate RARRES1 transcription is PPAR signaling 

(Figure 4.7A). The pathway was also identified as one of the most significantly co-expressed 

pathways with RARRES1 in solid tumors (Table 3.1) (Table S4.1). PPAR signaling is especially 

important in activating fatty acid oxidation and gluconeogenesis during starvation and increasing 
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lipogenesis in a fed state (247). PPARs can repress or induce transcription of genes (248, 249). As 

we previously showed a role of RARRES1 in these processes, we next assessed whether PPARs 

can regulate the transcription of RARRES1. ALGEN PROMO was used to predict all the binding 

sites of PPAR gamma and alpha in the non-coding regions of RARRES1 gene (Figure 4.7A and 

Table S4.1) We also utilized the chip-X Enrichment Analysis (CHEA) transcription factor targets 

database, which identifies target genes of transcription factors from published chip-chip, chip-seq 

and other transcription factor binding profiling studies to further examine whether PPAR𝛼𝛼 and 

PPAR𝛾𝛾 physically bind to the promoter region of RARRES1 in cells or animal models (250).  Both 

PPARα and PPARγ were identified as transcription factors that bind to the promoter region of 

RARRES1 in vitro (Table S4.2). We then used hepatocytes and MCF10A cells that have high 

expression of RARRES1 to assess whether PPARs regulate RARRES1 transcription. RARRES1 

responded to endogenous agonists of PPARs, docoshexanoic acid (DHA) (247) (Figure 4.7B). 

Within 30 minutes of DHA treatment, RARRES1 expression decreased. This indicates RARRES1 

is likely a direct target of this endogenous agonist of PPARs. We also treated cells with synthetic 

agonists of PPARγ and PPARα (rosiglitazone and pioglitazone and fenofibrate respectively). We 

observed induction of RARRES1 transcription by PPARγ agonists, rosiglitazone and pioglitazone, 

and reduction in RARRES1 expression with fenofibrate, a PPARα agonist, (Figures 4.7C and 

4.7D) after 48 hours of treatment. Although our experiments only examined activation at 48 hours, 

the CHEA database does indicate that RARRES1 gene is a direct target of PPAR gamma and 

PPAR alpha. For example, the mammalian ChIP-X database indicates that in several 

supplementary ChIP-Seq data in mice and human studies, PPAR 𝛼𝛼 and 𝛾𝛾 are found bound to the 

promoter region of RARRES1 (Table S4.2). The late induction of RARRES1 could be to attenuate 
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the immediate metabolic effects of these PPARs. Rosiglitazone and pioglitazone are known to 

induce lipid  

Droplets whereas fenofibrate increases fatty acid oxidation and decreases lipid droplet content (34, 

247, 251–253). RARRES1 could be regulated to attenuate the metabolic effects that are induced by 

these agonists. PPAR-α is a key regulator of beta-oxidation (254). For example, fenofibrate, the 

PPAR-α agonist, decreases dyslipidemia in metabolic syndrome (253). PPAR- α is also activated 

during fasting and enhances fatty acid oxidation for the generation of ketone bodies (255). PPAR-γ 

is especially important in adipocyte differentiation. PPAR- γ activation increases fatty acid storage 

and enhances glucose metabolism (256). Studies have repeatedly shown that PPAR- γ agonists, 

thiazolidinediones (TZDs), such as rosiglitazone and pioglitazone, improve insulin resistance, a 

number of genes involved in glucose and lipid metabolism are regulated by PPAR-γ (257–260). On 

top of the changes in lipid metabolites and fatty acid oxidation activity (Figures 3.1-3.6), the 

observations on PPAR γ and -α regulation of RARRES1 gene, place RARRES1 as an important 

player in the reprogramming of lipid metabolism.  
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Figure 4.7. PPAR Alpha and Gamma Regulate the Transcription of RARRES1 Gene. A. 
Binding sites of PPAR alpha and PPAR gamma on the RARRES1 promoter region. B. MCF 10A 
cells were treated with 50 𝜇𝜇  M or 200 𝜇𝜇  M for 30 min to 17 hours. C. MCF 10A cells were 
treated with 10 𝜇𝜇  M rosiglitazone, 1 𝜇𝜇  M pioglitazone or 30 𝜇𝜇  M fenofibrate for 48 hours. 
D. Hepatocytes were treated with 10 𝜇𝜇  M rosiglitazone, 1 𝜇𝜇  M pioglitazone or 30 𝜇𝜇  M
fenofibrate for 48 hours.

Discussion

Our previous work demonstrated that RARRES1 is a master regulator of energy homeostasis. 

RARRES1 is a downregulated in cancer cells, upregulated in fibrosis and downregulated in 

obesity (32, 33, 35, 95, 102, 106). Thus transcriptional regulation of RARRES1 in disease 

context is crucial. Understanding how RARRES1 is regulated, may well identify how to 

manipulate the expression of RARRES1 in a disease context. In this study, we used multiple 

approaches to identify signaling pathways and transcription factors that regulate RARRES1 

expression. We identified several metabolism related regulators of RARRES1 expression in 
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 addition to the known regulators of RARRES1 expression, retinoic acid, vitamin D and the 

inflammatory response.  

Cell-cell contact inhibition is a phenomenon that occurs when normal cells contact each other. In 

this contact inhibition phase, proliferation and differentiation is altered in a cell-density dependent 

manner (261). This stage during proliferation is lost in cancer cells (138). A recent study has 

suggested that RARRES1 expression is upregulated as the density of cells increases in a 

trophoblast model (225). We see the same phenomenon in MCF 10A cells. RARRES1 does not 

affect cell proliferation, we thus focused on how cell density can alter nutrient availability, we 

were able to demonstrate that RARRES1 expression is dependent on growth factors, insulin, HC, 

EGF, availability and responds to mitochondrial inhibitors. 

In this study we found that insulin negatively regulates the expression of RARRES1 in mammary 

epithelial cells. The microarray data of a previously published study focusing on hyperinsulinemia 

confirms our findings. One of the genes significantly regulated after insulin treatment in human 

skeletal muscles was RARRES1 gene (216). We also identified the mechanism behind how insulin 

can regulate the expression of RARRES1. Insulin prevents YY1 from activating the expression of 

RARRES1. By starving cells of insulin, the RARRES1 gene is re-expressed at high levels via 

YY1.  

EGF is a known pro-survival growth factor (262–264). It enhances growth of cells partly through 

mTOR activation (227, 228). Here we show that RARRES1 expression is regulated by EGF partly 
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through mTOR activation by showing rapamycin can partially reverse the inhibitory effects of 

EGF on RARRES1 transcription. We have demonstrated that RARRES1 depletion enhances cell 

survival; the negative regulation of RARRES1 expression by EGF might be one mechanism the 

growth factor affects survival and growth of cells. Future studies must assess whether EGF exerts 

its effects on cell survival via RARRES1 by manipulating RARRES1 expression while treating 

cells with EGF and assessing apoptosis. 

RARRES1 and its target CCP2 regulate mitochondrial energetics and in this study we show that 

RARRES1 and CCP2 are sensitive to mitochondrial inhibitors. RARRES1 expression decreased 

after inhibiting mitochondrial respiration while CCP2 expression increased. We suggest that this 

phenomenon is a coping mechanism by the cells to alleviate the consequence of acute inhibition 

of mitochondrial respiration, as RARRES1 is a negative regulator of mitochondrial respiration 

while CCP2 is a positive modulator. We need to assess the effects of RARRES1 and CCP2 genes 

in hypoxic chambers to further elucidate their roles in low oxygen conditions.  

Our previous study, has suggested that RARRES1 regulates lipogenesis and is co-expressed with 

PPAR regulated genes (Figures 3.1-3.6 & Table 3.1). NURSA, Harmonizome and PROMO have 

all predicted PPAR gamma and alpha to regulate RARRES1. Publicly available chip-seq 

supplementary data on PPAR alpha knockout mouse models and PPAR agonists confirmed this 

speculation; we found that the RARRES1 promoter region is a target of PPAR𝛼𝛼 and PPAR𝛾𝛾 in the 

datasets (250, 265). Here we show that in both MCF 10A and primary hepatocytes, endogenous 

and synthetic agonists of the PPAR family regulate the expression RARRES1. The mechanism 

behind how PPAR-alpha and -gamma can regulate the expression of RARRES1 is still elusive. 
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PPAR gamma and PPAR alpha have been repeatedly shown to activate as well as transrepress 

gene expression through different mechanisms. PPARs heterodimerize with retinoid X receptors, 

RXR, and activate genes by binding to the specific DNA response elements in the their target 

genes (247). PPAR can also transrepress genes. Transrepression is when one protein represses the 

expression of the other through a protein-protein interaction (266). For example, PPARs repress 

transcription in a ligand-dependent manner by disrupting the activities of nuclear factor-κb (NF-

κb) and activator protein-1 (AP-1) (256, 267, 268). A chip analysis and DNA electrophoretic 

mobility shift assay must be run in the future to assess the PPAR complexes formed after TZD and 

fenofibrate treatment in the RARRES1 promoter gene. These PPAR agonists also have PPAR-

independent effects on transcription by activating other nuclear receptors (269, 270). It is important 

to knockdown PPAR gamma and PPAR alpha in cells to confirm the effects of the agonists on 

RARRES1 is through PPARs. PPARs can indirectly regulate expression of genes by upregulating 

or down-regulating the expression of co-activators or co-repressors that directly affect the 

expression of the genes (256).  RARRES1 expression must be assessed after inhibition of protein 

synthesis during TZD and fenofibrate treatment to identify whether RARRES1 is regulated 

directly by PPARs or by PPAR targets. Regardless of the mechanism behind how these PPAR 

agonists regulate RARRES1 expression, the direct regulation of RARRES1 by docosahexaenoic 

acid and PPAR agonists strengthen our findings on RARRES1 being a novel regulator of fatty acid 

metabolism in epithelial cells. 

In conclusion, our previous studies have identified RARRES1 as a novel regulator of energy 

homeostasis and identified that the protein is important in tumorigenesis and metabolism 

associated diseases. This study identified several pathways that regulate the expression of 
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RARRES1. In the future, we can utilize these pathways to find novel mechanisms to treat diseases 

with irregular expression of RARRES1.  
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Conclusion 

Metabolic reprogramming in the context of cancer, diabetes and obesity is an important phase in 

the pathology and progression of these diseases. Identifying important players in metabolic 

rewiring is important to understand the disease etiology and recognize novel therapeutic targets. 

We have shown that RARRES1 and its target, CCP2, are novel regulators of metabolic 

reprogramming. These two proteins have a unique mechanism to redirect metabolism and regulate 

cell survival in epithelial cells; the interaction between RARRES1 and CCP2 regulates acidity of 

the c-terminus of alpha tubulin, which in turn regulates the blockage of voltage dependent anion 

channel. To the best of our knowledge, we are the first group to identify an endogenous inhibitor, 

RARRES1, of microtubule associated carboxypeptidases and link their effects on the tubulin code 

to mitochondrial VDAC and metabolism.   

We have demonstrated that RARRES1 and CCP2 regulate the energetics of mitochondria and in 

turn affect coupling between mitochondria and glycolysis. For example, our data show that 

RARRES1 depletion renders cells more energetic and redirects their energy to anabolic pathways 

while CCP2 and VDAC1 depletion has the opposite effect (Figure 5.1). Anabolic pathways that 

RARRES1 affects include fatty acid synthesis and the hexosamine pathway. Three separate groups 

have also identified a role for RARRES1 and CCP2 in autophagy. RARRES1 overexpression 

induced autophagy, which supports the idea that higher levels of RARRES1 promote cell 

catabolism. Microarray and RNA-Seq data show RARRES1 is differentially expressed in 

metabolism associated diseases, such as obesity, hyperlipidemia and hyperinsulinemia (35, 95, 

159, 162). Our findings on RARRES1 and CCP2 limiting substrate availability in epithelial cells 

through VDAC1, explains how RARRES1 and CCP2 play an important role in cell survival, 
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metabolism associated diseases and biological hallmarks that are dependent on metabolic 

pathways.  

Figure 5.1. Proposed Effects of RARRES1 and CCP2 on Metabolic Reprogramming. 

RARRES1 and Stem Cell Metabolism 

We have identified RARRES1 and CCP2 as important players in differentiation of epithelial cells. 

Depletion of RARRES1 in mammary epithelial cells increased CD49f, a stem cell marker for 

epithelial cells (244), and our zebrafish in-situ hybridization of the RARRES1 orthologue gene, 

demonstrate that the gene is localized in the intermediate cell mass and subventricular zone, areas 

where hematopoiesis and neuronal differentiation occur respectively. We are currently developing 

a RARRES1 knockout mouse model and our preliminary results suggest that RARRES1 plays an 

important role in hematopoietic stem cell (HSC) differentiation and HSC niche localization during 

development (data not shown).  Oldridge et al. Have also demonstrated that RARRES1 and its 

homologue, latexin, are highly expressed in differentiated prostate epithelial cells, while their 
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expression is undetectable in progenitor prostate cells and stem cells (94). A recent study has 

demonstrated that CCP2 is highly expressed in breast cancer stem cells, supporting our hypothesis 

on CCP2 playing a role in stem cell function (271).  

Metabolic reprogramming is a key feature in stem cell biology (3). Besides growth factors 

and morphogens, the fate of stem cell differentiation, renewal and proliferation is dictated by 

metabolic pathways (3). Glycolysis and oxidative phosphorylation are crucial in 

differentiation and self-renewal of stem cells (3, 150, 207, 272–274). Although glycolysis is the 

primary energy pathway used in stem cell cells, as stem cells divide and differentiate, their 

oxidative phosphorylation capabilities increase (3, 118). We have shown that RARRES1 

and its target CCP2 are both important in metabolic reprogramming. RARRES1 and CCP2 

rewire glucose metabolism and regulate mitochondrial energetics. It is important to assess the 

roles of RARRES1 and CCP2 in stem cells and progenitor cells. This could be assessed by 

looking at the effects of self-renewal and expansion of these stem cells in the presence or 

absence of RARRES1 and CCP2, and further assess whether stem cell RARRES1 and CCP2 

reprogram their metabolic status to dictate their fate.  

RARRES1 and Obesity 

Several publications have identified both RARRES1 and CCP2 as potential players in obesity and 

metabolic syndrome (35, 97–99, 216). A recent publication identified RARRES1 as a potential 

marker for adipocyte differentiation and demonstrated RARRES1 gene is induced during 

dedifferentiation of adipocytes, while RARRES1 expression decreases during differentiation of 

preadipocytes (95). In one study RARRES1 was discovered to be the most up-regulated gene in 
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subcutaneous fat from obese human subjects on a diet-induced weight loss (35). In the same study, 

RARRES1 was one of the most downregulated gene (top 15) in adipose tissue during weight 

maintenance in the obese human subjects (35). Retinoic acid signaling, an inducer of RARRES1 

transcription, was also demonstrated to negatively regulate differentiation of adipocytes. In the 

same study, microarray data showed RARRES1 was consistently and markedly upregulated in 

visceral stem cells compared to differentiated visceral adipocytes (96). RARRES1 has been 

associated with liver fibrosis and liver metabolism (33, 34, 152, 162, 163). RARRES1 gene 

expression is also significantly altered in a study focusing on the transcriptomic profile of 

hepatocyte specific PPAR𝛼𝛼 knockout mice compared to wildtype mice. The hepatocyte pparα 

knockout mouse model had lipid accumulation in the liver and developed steatosis(34).  

Adipose tissues have a plastic energetic phenotype. For example, adipocytes respond to the 

energetic and hormonal availability in the environment (275). In fact, adipocytes are the source for 

energy-rich fatty acids when nutrient availability in the organism is depleted and imbalanced (276). 

Adipocytes reduce their lipid uptake and decrease lipid storage during starvation (276, 277). When 

nutrient is available in the environment, the cells expand and increase lipid uptake as well as 

storage by increasing lipid droplet (275).  Metabolic reprogramming is also a hallmark during 

adipocyte differentiation (275). Pre-adipocytes tend to avoid storing lipid droplets and increase 

their catabolic pathways by increasing activation of AMP kinase (278). Differentiation of these 

progenitor cells increases lipogenesis and lipid uptake from the environment, enabling their 

expansion (279). We have shown that RARRES1 depletion in epithelial cells increase lipid 

droplets and phospholipids in the cells through changes in AMP kinase activity and substrate 

availability. Our work is consistent with the differential expression of RARRES1 in pre-adipocytes 
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and mature adipocytes (95). Future studies should focus on the effects of manipulating RARRES1 

expression in adipocytes. Would increasing RARRES1 expression in adipocytes decrease lipid 

content by enhancing catabolic activity? RARRES1 could be a potential target for obesity 

and diseases related to dysfunction in adipocyte maturation.  

Oncogene or Tumor Suppressor? – RARRES1 and Its Role in Fibrosis 

Although RARRES1 is one of the most highly methylated genes in multiple cancers our analysis 

on RARRES1 expression in different subtypes of solid common tumors has revealed a unique 

pattern in triple negative breast cancers. Re-examination of Oncomine and TCGA databases, 

revealed that RARRES1 was also overexpressed in hepatocellular carcinoma and pancreatic 

cancers (Table 1). All these cancers are associated with extensive fibrotic pathology and it is likely 

that it is the fibrotic component of these cancers that makes high levels of RARRES1. As 

mentioned earlier, RARRES1 was suggested to play an important role in activated stellate cells.  

RARRES1 expression might be important in stellate cells due to its potential to 

reprogram metabolism. Stellate cells have a unique metabolic status compared to resident 

epithelial cells in tissue. When stellate cells are activated their lipid droplets disappear (280, 

281). In the process of releasing these droplets, nutrients are also released into the environment 

(282–284). Recent studies have shown pancreatic stellate cells promote growth of pancreatic 

cancer cells by metabolic-cross talk (29, 282, 285, 286). Alanine released from stellate cells is 

taken up by pancreatic cancer cells and promotes mitochondrial respiration and lipid 

biosynthesis (282). There is also a close link between lipid metabolism and stellate cell 

activation in liver cirrhosis (287). RARRES1 and its target do induce a catabolic state in 

cells, RARRES1 induces autophagy. There is growing 
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evidence that autophagy is important for the loss of lipid droplets in stellate cells (288–

290). Attenuating autophagy in stellate cells, partially hinders stellate cell 

transitioning into myofibroblast-like cells (289, 291).  

As RARRES1 appears to be strongly associated with fibrosis; future studies should elucidate the 

role of RARRES1 in stellate cells. Does its presence promote stellate cell activation? Does 

it reprogram metabolism in stellate cells and promote cancer growth by enhancing 

metabolic crosstalk between cancer cells and stellate cells?  

Role of RARRES1 and CCP2 in Cardiovascular Diseases 

ATP is essential for sustaining heart contractility. Central to the coordinated energy 

transduction is the mitochondrion (292). The energy hub organelle generates more than 95% of 

ATP used by the cardiomyocytes (293). Mitochondria also regulate calcium homeostasis, 

signaling and cell death (292). Mitochondrial VDAC1 is essential for the proper regulation of 

all major pathways that are directed by the mitochondria (79, 294). It is accepted that fatty acids 

are the predominant substrate used in cardiomyocytes (189). However, other substrates such as 

glucose do become favorable in different circumstances, such as exercise and prolonged fasting 

(295). Such metabolic flexibility is crucial for the normal function of heart. RARRES1 regulates 

fatty acid metabolism and modulates VDAC1 activity through CCP2, thus it is conceivable that 

RARRES1 and CCP2 may play a major role in cardiac activity.  

Microtubules are also an important factor in maintaining normal contractility in cardiomyocytes 

(296). Along with its well-documented role as a roadway for cargo transport, the 

microtubule 
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cytoskeleton is linked to diverse structural and signaling roles in the cardiac myocyte (297). MTs 

can facilitate the rapid transmission of mechanical signals to intracellular effectors, a process 

called mechanotransduction (297). Recent evidence suggests that tubulin detyrosination is 

essential in cardiac mechanotransduction (298). One study elucidated how detyrosinated tubulin 

can regulate MT mechanical loads (69, 299, 300). During contraction, MTs must alter their 

geometry to accommodate the altered shape of myocytes. MT deform into sinusoidal buckled 

configuration and is reversed into a resting configuration after each beat. When the cardiomyocyte 

is compressed, systolic contraction occurs and the MTs buckle under load. The detyrosinated MTs 

are mechanically anchored to the sarcomere, the fundamental structure in muscles that enables 

contractility, and buckling during the contraction (297, 299). When detyrosination is attenuated, 

interaction between the sarcomere and MT is disrupted (297, 299). Thus the sacromeres are 

shortened and stretched and become less resistant (297). Detyrosination has been associated with 

cardiac disease, where detyrosination increased in patients that suffered cardiomyopathy (298, 

299, 301). And suppression of detyrosination has been shown to improve cardiomyocyte function 

(301). Intriguingly, in databases submitted by several human studies RARRES1 is highly 

downregulated in hypertrophic and dilated cardiomyopathy (215, 302). RARRES1 and its 

downregulation in failing cardiomyocytes could be explained through its regulation of PTM in MT 

mechanics, by increasing the glutamylation status of the MTs, or its regulation of metabolic 

activity in the cells, by modulating mitochondrial energetics. According to the Human Protein 

Atlas, RARRES1 is expressed in the heart muscle (303). Therefore RARRES1 manipulation in 

vitro using cardiomyocytes as a model and assessing any metabolic changes through isotope 

tracing and extracellular flux assay and examining contractility and microtubule organization in 

these cells will help elucidate the specific roles of RARRES1 in healthy and diseased 
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cardiomyocytes. 

Other Targets of RARRES1?

We have demonstrated that RARRES1 targets CCP2, a tubulin deglutamylase. CCP2 is one of 6 

members if the M14 CCP protein family. All ccps show the main determinants of substrate 

binding are conserved. All ccps preferentially bind to and cleave acidic amino acids. Thus 

RARRES1 could potentially target other ccps and inhibit their activity. Exogenous co-

expression of RARRES1 and all CCP members in HEK 293T and subsequent co-

immunoprecipitation must be done to confirm this. 

There are certain functions of RARRES1 that we cannot explain through CCP2. For example, 

RARRES1 overexpression attenuates invasion of cancer cells, whereas CCP2 does not affect 

invasion (32, 94). As a putative carboxypeptidase inhibitor, RARRES1 can potentially regulate 

the activity of other enzymes. Endogenous co-immunoprecipitation of RARRES1 and 

subsequent proteomics in different tissues is essential to identify other potential targets of 

RARRES1. Another phenomenon that cannot be explained through CCP2 is RARRES1 

orthologue knockout in zebrafish is embryonic lethal while CCP2 knockout causes transient cell 

death. Thus RARRES1 most likely has other functions.  We do have to keep in mind that 

zebrafish have one endogenous RARRES1 homologue (they do not express latexin), unlike 

mammals that express latexin and RARRES1 (Figure 1.2). Thus the orthologue knockout is not 

an ideal representative of the physiological effects of RARRES1. A full RARRES1 knockout in 

mice is also essential to understand the physiological implications of RARRES1. On the other 

hand, zebrafish do express all CCP isotypes found in humans (140). Thus the CCP2 knockout 
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might be a good representation of the physiological effects of CCP2 depletion. A CCP2 and CCP3 

knockout mouse models were generated by the Janke group and the mice were viable and fertile (71). 

They created a double AGBL2/AGBL3 knockout and these mice were still viable. AGBL2 and 

AGBL3 enzymatic activity on polyglutamylation is specific to the testes, no other organ showed 

detectable changes in tubulin polyglutamylation (71). Our RARRES1 knockout has a significant 

increase in polyglutamylated tubulin in the skin (Figure 3.3), which suggests RARRES1 most likely 

regulates other CCP isotypes. It would be interesting to compare CCP knockout models to conclude 

whether RARRES1 could regulate other carboxypeptidases and play a role in other pathways besides 

targeting CCP2. 

It is clear that RARRES1 and CCP2 play a major role in metabolic reprogramming but how these 

changes apply in stem cell biology, obesity, fibrosis and overall organismal physiology is still poorly 

understood. Addressing the role of RARRES1 in stem cells, adipocytes, stellate cells and generating a 

whole knockout RARRES1 mouse model will elucidate the importance of RARRES1 in metabolic 

reprogramming and metabolism associated diseases. 



 134 

Appendix: Chapter 3 Supplementary Figures 

Figure S4.1. Signaling Pathways that Regulate RARRES1 Expression in the NURSA 
Database. Publicly available transcriptomics studies that show a significant change in 
RARRES1 expression are identified in this graph. The fold change cutoff is ≤-2 FC or ≥2 FC.  
The p-value cutoff was ≤0.05. The red dots symbolize a decrease in RARRES1 expression and 
the blue dots signify an increase in expression. The detailed sample dataset information can be 
accessed in the NURSA database (free online access).  
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Table S4.1. Transcription Factors that Were Predicted to Bind to RARRES1 
Promoter Region in PROMO. 
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Transcription factors with a matrix dissimilarity of less than 15% were chosen. The exact binding 
site sequence is displayed for each predicted transcription factor. 
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Table S4.2. Transcription Factors that Were Found Bound to RARRES1 Gene in 
CHEA (ENRICHR) Database. 

The data were extracted from the supporting material of the published studies. Each study had a 
peak at the RARRES1 promoter region. (265). 
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