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ABSTRACT 

 

Vitamins A and D are critical for embryonic development and mineral ion homeostasis 

and have proven effective as chemotherapeutic and chemointerventive agents in 

cancer through their differentiation-inducing and anti-proliferative properties.  However, 

little is known about the potential commonly regulated downstream genes which exert 

these effects.  Here we report that the largely unstudied RARRES1, a putative tumor 

suppressor, is one gene commonly regulated by both vitamin A and D in cancer cells.  

The RARRES1 paralogue, latexin, is a putative carboxypeptidase inhibitor shown to be 

involved in the regulation of the haematopoietic stem cell population in mice.  Our 

findings indicate that RARRES1 and latexin are the products of a gene duplication 

event, and that RARRES1 is the ancestral gene in this family.  RARRES1 expression is 

progressively lost in the pathology of prostate cancer and in highly aggressive cancer 

cells vitamins A and D fail to induce its expression.  RARRES1 interacts with and 

regulates the activity of a novel cytosolic carboxypeptidase (AGBL2) that detyrosinates 

the C-terminal EEY-regions of alpha-tubulin and EB1, a protein involved in microtubule 

stability.  RARRES1 is a Golgi-associated transmembrane protein that is transported to 

the cleavage furrow and midbody in dividing cells.  Depletion of RARRES1 increased 
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the incidence of multinucleated cells and impedes cell motility.  Further, RARRES1 

depletion alters the expression of genes involved in normal prostate epithelial biology.  

Zebrafish Rarres1 mRNA is maternally deposited and robustly expressed in the 

periventricular regions of the developing brain, and in the intermediate cell mass, sites 

of neuronal and haematopoietic lineage specification respectively.  Knockdown of 

Rarres1 caused defects in brain development and somitogenesis and dramatically 

alters the viability of wild-type zebrafish embryos.  This data points to a role for 

RARRES1, AGBL2, EB1 and the microtubule tyrosination cycle in cytokinesis, 

tumorigenesis and stem cell lineage specification and identify a novel area for 

intervention.  
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INTRODUCTION 
  

The nutritional content of the food that we eat has implications beyond 

providing the energy we need to function each day.  From the moment that we are 

reliant on our mothers for nutrition in the womb, diet has profound effects on our 

embryonic development, both positively and negatively.  This is the reason why 

expectant mothers are instructed on how to eat properly and are often prescribed 

vitamin supplementation.  Once out of the womb, our diets promote growth and 

continued cellular differentiation.  However, the food that we eat can also facilitate the 

onset and progression of health issues like obesity, cardiovascular disease, diabetes 

and cancer.  It seems that many of the pathways activated by dietary components in 

normal development are paralleled in tumorigenesis and guide the differentiation of the 

cells or tissues in question.  While diet, per se, is not the ultimate focus of this body of 

work, I do attempt to draw conclusions about the extreme down stream molecular 

implications of two major dietary components, vitamins A and D, in cellular 

differentiation during development and tumorigenesis. 

Differentiation of stem cells into progenitor cells and subsequent specific, 

functional cellular units within tissues is an essential process in the normal 

development and maintenance of higher multicellular organisms.  This normally 

occurring phenomenon is often hijacked in cancers, whereby tumor cells can evade the 

terminally differentiated state and continue to proliferate.  Cancer can be viewed as a 

disease of stem cells as it is widely accepted that tumorigenesis is most often the result 

of an accumulation of mutations1.  Therefore, the greater number of mitotic events and 

subsequent longer life span a cell is subject to, the higher the chances are that multiple 
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mutations can accumulate and lead to a transformed phenotype.  In general, the 

amassing of mutations is only practically possible in the stem cell population as more 

differentiated cells do not survive long enough to accumulate the necessary mutations 

for transformation by themselves.  As a stem cell becomes more damaged, its 

daughter cells carry on the inherited mutations and may begin to exhibit abnormal 

phenotypes in both growth and differentiation.   

This being said, the origin of the so-called cancer stem cell (CSC) remains a 

topic of great debate.  It is unclear if heterogeneic tumors arise from aberrant tissue-

specific stem cells, or if a sub-population of normal, differentiated cells acquire a 

unique mutation, which in and of itself is not tumorigenic but allows the cells to survive, 

de-differentiate and become more stem cell-like.  The latter process may endow the 

cells with an ability to evade the body’s natural defenses and traditional therapeutic 

regimens and acquire the mutations necessary to rapidly progress to malignancy.  

Keeping either avenue in mind, the clarification of specific events which allow stem 

cells and CSCs to self-renew or differentiate, events which are considered mutually 

exclusive2, could pave the way for new insights into all manner of disease and open up 

unique opportunities to eradicate cancers.   

In 2009, prostate cancer is once again expected to be the most frequently 

diagnosed non-cutaneous cancer in US men with 192,280 new cases, and the second 

most lethal, resulting in 27,360 deaths (data from American Cancer Society, 

www.cancer.org).  Much is known about the genetic and epigenetic make-up of this 

disease, and there are screening methods for early detection, though the accuracy of 

the latter, particularly plasma prostate specific antigen (PSA) level, is debatable.  To 
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date, the cancer-initiating factor, and the target cell for that matter have remained 

largely elusive, however, biomarkers for the putative CSC population within prostate 

cancer have been described though as of yet remain largely unexploited3.  Despite the 

continued advances in the early detection and treatment of prostate cancer, it remains 

highly problematic and signifies an area of significant unmet medical need.  Patients 

with late stage disease or who have relapsed are often diagnosed with a hormone 

refractory cancer subtype which is essentially incurable based on current therapy.  

Certainly, the elucidation of the mechanisms governing the potential prostate CSC 

population and its unique biology offers a potent new avenue for therapeutic design.  

This body of work suggests that dietary agents, already implicated in differentiation, 

proliferation and development, may serve as modulators of tumorigenesis in the 

prostate and other tissues, through the control of a unique tumor suppressor gene.  

 

I.A.  RETINOIC ACID: SIGNALING AND CANCER THERAPEUTIC 

  

Retinoic acids (RA) (Figure 1) are ligands which signal through a family of six 

nuclear ligand-activated receptors, termed retinoic acid receptors (RARα, β, and γ) and 

retinoid X receptors (RXRα, β, and γ)4.  These receptors form RXR/RXR homodimers 

or RAR/RXR heterodimers and bind to retinoic acid response elements (RARE) in 

DNA4, 5.  In the absence of RA, the RAR/RXR heterodimers bind to RARE and mediate 

a transcriptional repression of target genes6.  In contrast, when stimulated with 

physiological levels of RA, the ligand binding induces a conformational change in the 

dimer and causes a release of the corepressor complex and a subsequent recruitment 
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of transcriptional coactivators, thereby stimulating transcription of target genes such as 

HOX family members.  Interestingly, RXRs have proven quite promiscuous, having 

been shown to facilitate binding of thyroid hormone receptor (TR) and the vitamin D 

receptor (VDR) to their respective response elements in DNA, indicating a broad role in 

the transcriptional events of many cell types5. 

It is a well accepted dogma that signaling by RA (Figure 1), has profound 

impact on vertebrate embryogenesis.  RA has been described as a morphogen which 

is fundamental in proper embryonic patterning, especially in the rhombomeric region of 

the developing brain (reviewed in reference7).  Embryonic RA signaling is also crucial 

in the augmentation of cell survival, proliferation and differentiation (reviewed in 

reference8).  These observations have made RA the focus of research into its use as a 

front-line therapy in the treatment of human cancers.   

As an example, treatment with all-trans retinoic acid (ATRA), albeit at 

supraphysiologic levels, is the standard of care for patients with acute promyelocytic 

leukemia (APML), a cancerous disorder wherein haematopoietic myeloid progenitor 

cells encounter a block in their differentiation and accumulate within the marrow.  

APML is generally described (98% of cases) by the characteristic, nonrandom 

translocation of the RARα gene product on chromosome 17 to the promyelocytic 

leukemia gene (PML) on chromosome 15, resulting in a PML-RARα fusion product 

believed to be a driving force in leukemogenesis9, 10.  Treatment of APML patients with 

ATRA initially led to the observation that the leukemic cells had differentiated into 

mature neutrophils, thereby suggesting induced differentiation was critical in the 

success of this treatment11.  It should be noted here that the achievements of ATRA in 
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the context of APML are associated with the unique lesion within this disease, and that 

other cancers may not benefit from such therapy.  This type of phenomenon is the 

driving force behind the idea of individualized medicine. 

RA and synthetic derivatives, termed retinoids, are also currently being 

investigated as a means of prophylactic chemointervention.  One such instance 

showing promise is in the early intervention of prostate cancer by lycopene, a 

carotenoid found in tomato.  This species of naturally occurring RA has been shown to 

reduce oxidative damage to DNA and to induce apoptosis in prostate cancer cell-

lines12.  As such, men on a high lycopene diet demonstrated reduced plasma PSA 

levels and an increase in the apoptotic index of their hyperplastic prostate epithelial 

cells, indicating a successful intervention13.  Notably, patients with late stage androgen-

independent disease do not appear to benefit from high dose lycopene, indicating that 

intact androgen signaling may be required for the effect, and that the use of lycopene is 

better suited as a prophylactic14. 

 An enormous stumbling block in the use of RA is the major side effect 

associated with pharmacological doses, dubbed retinoic acid syndrome.  This 

syndrome is characterized primarily by fever and respiratory distress with potential 

weight gain, pleural and/or pericardial effusions and episodes of hypotension15.  The 

syndrome typically manifests soon after initiation of ATRA treatment and is fatal if not 

diagnosed early and treated.  Death from retinoic acid syndrome can occur as a result 

of the pulmonary interstitium being infiltrated by maturing myeloid cells16.  As a result, 

there is a movement within the field towards the development of retinoids with high 
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receptor affinity and selectivity to reduce the instance of toxicity.  RA, however, is not 

the only dietary component which has demonstrated promise as a cancer therapeutic. 

 

I.B.  VITAMIN D: SIGNALING AND CANCER THERAPEUTIC 

 

 Vitamin D can be ingested through the course of supplemented diets or can be 

acquired by metabolism of 7-dehydrocholesterol through activation by uVB (ultraviolet 

B) light exposure of the skin (Figure 2).  Vitamin D is transported to the liver where it is 

hydroxylated to 25(OH)D3 (cholecalciferol) and subsequently released into the blood.  

This metabolite is then further hydroxylated by the kidney, and under the influence of 

circulating parathyroid hormone, to the active hormonal ligand 1,25(OH)2D3, otherwise 

known as calcitriol.  Calcitriol subsequently signals in a variety of tissues, like the 

prostate, through activation of the vitamin D receptor (VDR) to activate transcription of 

target genes, such as c-myc, laminin and members of the transforming growth factor 

family, downstream of vitamin D response elements (VDRE) (reviewed in references 17, 

18).  The VDR is a member of a nuclear receptor subfamily, also containing RAR and 

TR, which form heterodimers with RXR to carry out their transcriptional activity17.  

 Vitamin D is the preventive agent of nutrition-associated rickets, a defect in 

bone development due to inadequate uptake of dietary calcium.  Prevailing wisdom 

concerning vitamin D signaling implicates the cascade in controlling mineral ion 

homeostasis of calcium and phosphate and in mineralization of the skeleton17.  This is 

predominantly achieved through vitamin D-mediated tight control of intestinal 

absorption of these minerals, as well as adsorption of calcium by the kidneys and 
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mobilization of calcium from the skeletal system by way of osteoclast stimulation17, 19, 20.  

Calcitriol (active vitamin D) has also been shown to modulate immune response, inhibit 

cell proliferation, and induce differentiation and apoptosis in tumor cells21-23.   

Interestingly, studies have indicated that vitamin D deficiency and adequate 

exposure to sunlight may negatively modulate risk in several cancers, including 

prostate24-26.  Vitamin D and subsequent signaling has been shown in a number of 

studies to inhibit the growth of prostate cancer cells, an effect that depends on the 

presence of an intact androgen receptor signaling pathway27, 28.  Vitamin D may also 

promote a differentiated phenotype in the prostate as several synthetic ligands were 

shown to increase levels of PSA and  prostatic acid phosphatase29.  

As in the case of retinoic acid therapy, the use of pharmacologic doses of 

vitamin D as a cancer therapeutic, or more likely a prophylactic, is limited due to 

associated toxicities.  These side effects manifest as hypercalcaemia and 

phosphataemia which ultimately may cause soft tissue calcification of organs such as 

the kidney, heart, pancreas and intestine resulting in organ failure and death30, 31.  

Again, as with RA, the search for synthetic analogs of activated vitamin D which 

demonstrate anti-proliferative and pro-differentiative or apoptotic function, but alleviate 

the associated calcium-mediated toxicities has been of great interest over the past 

decade.   

Despite the apparent progress in the fields of dietary chemotherapies, very little 

is known about their molecular modes of action in these settings.  We are still 

attempting to elucidate the changes in gene expression and subsequent protein 

functions of the myriad genes affected in normal and aberrant cells by these agents in 
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order to design more specific therapies.  In this body of work, we propose that one area 

being affected involves the modulation of specific intracellular proteases, the 

metallocarboxypeptidases. 

 

I.C.  CARBOXYPEPTIDASES, THEIR INHIBITORS AND LATEXIN 

 

 Functional enzymes of essentially all varieties are invariably inactivated by their 

cognate inhibitors as a measure of control over constitutive activity.  Proteinases are a 

diverse class of enzymes with documented expression in entities ranging from viruses 

to humans.  These enzymes can be localized to membranes, lie within discrete 

subcellular compartments such as the lysosome or are often secreted32-34.  As the 

name implies, their major function is the cleavage of target proteins, whether for 

subsequent activation, translocation or degradation.  Frequently in the pathologic 

progression of cancers, overactivity of certain proteinases like the matrix 

metalloproteinases (MMPs), or lack of their associated inhibitors, tissue inhibitors of 

MMPs (TIMPs), can facilitate invasion of surrounding tissues thereby advancing the 

disease35-37.  These observations, coupled with similar findings in other disease models 

has led to a push for targeting specific proteinases as a therapeutic approach to 

controlling human maladies38, 39. 

 Carboxypeptidases (CPs) are a unique family of exopeptidases which 

hydrolyze the most carboxy-terminal amino acid residue of a polypeptide.  These 

enzymes are present in all manner of organisms from bacteria and yeast to plants and 

animals up to and including humans40-44.  Carboxypeptidases are often classified based 
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upon the substrate preference of the individual enzymes.  Type A CPs typically 

hydrolyze residues containing aromatic or branched hydrocarbon chains, while type B 

CPs prefer residues which contain positively charged/basic side chains.  A second 

method of classification for these peptidases is based upon the mechanism of their 

active sites.  Metallocarboxypeptidases (MCPs) incorporate a metal ion, typically zinc, 

into their active site, while serine and cysteine CPs utilize these residues for the 

nucleophilic attack within their active sites.   

While initially described as digestive enzymes, carboxypeptidases have since 

been implicated in numerous biological processes ranging from blood clotting and 

wound healing to growth factor maturation and even apoptosis45-47.  As such, a great 

interest has been generated in determining methods of their function, and perhaps 

more specifically, their inhibition whether by natural or synthetic methodology.  The 

elucidation of endogenous carboxypeptidase inhibitors (CPI) has been especially 

fruitful in the case of plants like potatos and tomatos, but has also occurred in lower 

animals such as the parasitic round worm (Ascaris spp), the medicinal leech (Hirudo 

medicinalis) and blood ticks (Rhipicephalus bursa)48-52.  These CPIs have proven to 

have a broad range of inhibitory capacity against numerous CPs isolated from 

microorganisms and higher animals. 

To date, only one endogenous CPI has been positively identified in mammals, 

the protein latexin, which belongs to the I47 family of CPIs.  Latexin was originally 

identified in rodents as an inhibitor of bovine carboxypeptidase A (CPA) with a discrete 

localization pattern in the rat lateral neocortex alongside the discovery of CPA 

expression in non-pancreatic tissues53-56.  It has been demonstrated that rat latexin has 
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potent inhibitory functions against pancreatic carboxypeptidase A1 (CPA1), CPA2 and 

mast cell CPA3, but has little to no effect on carboxypeptidase B (CPB) or other 

proteases56.  At over 220 residues, mammalian latexin is three-to-five times larger than 

any of the previously described CPIs, and is presumed to have a distinct mechanism of 

inhibition owing to dissimilarity in its carboxy-terminal sequence52, 57.  The folded 

protein exists as two equivalent subdomains which each resemble the structure of 

cystatin C, a member of a distinctly different class of cysteine protease inhibitors57, 58.  

Interestingly, the lack of a membrane anchor signal coupled with immunocytochemical 

analysis in rat neurons and peritoneal mast cells suggests that latexin has a 

cytoplasmic or granular distribution and is not secreted like the cystatins59, 60.  These 

observations suggest that the likely targets of cystatin C and latexin are distinct. 

Rodent latexin is expressed in several tissues, notably in areas such as the 

central and peripheral nervous system as well as within the haematological and 

lymphatic organs53, 54, 61.  In humans, latexin is a 222 amino acid residue, 29 kDa 

protein found in a wide range of tissues, though, this distribution is notably different 

than what is found in rodents.  High levels of mRNA expression exist in organs such as 

the heart, prostate, pancreas, ovary and colon but levels within the brain appear low 

and proved undetectable in peripheral blood leukocytes61.  This seeming dissimilarity in 

distribution is quite intriguing.   

Two emergent biological roles for latexin have been described and both point 

towards its probable importance.  The first potential role, as a participant in 

inflammatory response, is borne out of the observations that latexin is present in rodent 

mast cells in non-secretory, non-lysosomal granular structures, is able to inhibit mast 
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cell CPA3 and is expressed in acute pancreatitis and lung inflammatory disease56, 60, 62.  

Further investigation into this role demonstrates that latexin is expressed, and is further 

induced in macrophages in response to pathogenic stimulation57.  A second and 

perhaps more striking role for latexin details, in rodents, an inverse and seemingly 

direct relationship between expression and the size of the haematopoietic stem cell 

population63.   Indeed, latexin appears to be a bona fide CPI with a potentially wide 

biological scope of importance.  Though structurally latexin is reminiscent of cystatins, 

its closest relatives based upon sequence are the chicken (Gallus gallus) eggshell 

matrix protein OCX32 (ovocalyxin-32) and the putative mammalian tumor suppressor 

gene RARRES1 (retinoic acid receptor responder [tazarotene-induced] 1 or TIG1).  

The major focus of my research has been in the arena of the little studied RARRES1, 

which shares approximately 30% sequence identity with latexin57.   

 

I.D.  RETINOIC ACID RECEPTOR RESPONDER 1 (RARRES1) 

 

 RARRES1 was originally described as being selectively upregulated in skin by 

the RARβ/γ specific synthetic retinoid AGN 190168, or, tazarotene (ethyl 6-[2-(4,4-

dimethylthiochroman-6-yl)-ethynyl]nicotinate)64.  Tazarotene had been under 

investigation as a selective, topical retinoid-based therapy for the treatment of 

psoriasis, an immune disease driven by inflammation65, 66.  Theoretical modeling of 

RARRES1’s three-dimensional structure (Figure 4), based in part upon that of mouse 

latexin, reveals a region consistent with a membrane association domain on one face 

of the protein and an overall appearance very reminiscent of latexin itself, suggesting 
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that RARRES1 may possess some CPI activity57.  Interestingly, paralogous sequences 

for RARRES1/latexin appear to be confined only to vertebrate organisms, suggesting a 

more recent evolutionary emergence. 

Initially, RARRES1 was mapped to the short arm of human chromosome three 

(3p) and identified as a 228 residue, putative transmembrane protein containing a 

potential glycosylation signal which was inducible through RAR but not RXR-specific 

retinoids64.  Subsequent completion of the human genome sequencing project revealed 

that this species is an alternative splice variant of the “complete” mRNA, which 

encodes a 294 residue protein containing essentially all of the features described 

initially.  Comparison of the two amino acid sequences reveals a modification in the 

final four carboxy-terminal residues of the deduced protein sequence for the variant 

isoform (Figure 3B).  Additionally, RARRES1 has been re-mapped and now definitively 

resides on the long arm of chromosome three, at the locus 3q25 (Figure 3A). 

 Expression analysis of RARRES1 indicates that it has a wide tissue distribution 

including the lower gastrointestinal tract, prostate, kidney, lung, liver, heart, brain, ovary 

and bone marrow67, 68.  Early work on RARRES1 indicates that it is lost in malignant 

prostate cell-lines and tissue samples, and is a potential tumor suppressor in the 

prostate as re-expression in aggressive PC-3M prostate cancer cells results in 

decreased invasiveness in vitro and tumor growth in vivo67.  The supposition of 

RARRES1 as a tumor suppressor based solely upon these findings was met with a 

degree of skepticism, but ultimately supported by evidence of promoter 

hypermethylation within prostate cancer cell lines and tissue, frequently a mark of a 

true tumor suppressor gene69, 70.   
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A flood of new studies have since depicted RARRES1 as being a significant 

target of promoter hypermethylation in cancers of the esophagus, endometrium, head 

and neck as well as in the colorectal and nasopharyngeal spectrums and most recently 

in melanoma71-76.  There is some evidence of a coordinated methylation and 

subsequent down-regulation of both RARRES1 and RARβ, though it is not a universal 

phenomenon and it is unclear if silencing of RARβ is causal in the hypermethylation of 

RARRES168, 72, 73, 77.  Interestingly, RARRES1 promoter hypermethylation can be 

assayed in cell-free serum DNA extracts and has demonstrated prognostic value in 

bladder and prostate cancers78, 79.  It also appears that the promoter of RARRES1 

becomes increasingly methylated in ageing normal tissues, as well as along 

progressively more malignant and problematic lesions in particular tissues72, 77, 80-82. 

Very recently, some new evidence for RARRES1’s biological role has come to 

light.  Intriguingly, RARRES1 has been implicated in the regulation of both the 

proliferative and differentiative potentials of two populations of adult adipose derived 

mesenchymal stem cells (MSC)83.  These recent observations have added intrigue as 

to the potentially far reaching effects of RARRES1 activity, however, there is still no 

published information concerning the nature of this activity.  The work described herein 

ascribes, for the first time, a functional role for RARRES1 in the modulation of 

microtubule dynamics. 
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I.E.  TUBULINS, MICROTUBULES AND ASSOCIATED PLUS-END TRACKING PROTEINS 

 

 In mice and humans, as in many eukaryotic organisms, the α- and β-tubulin 

proteins are each encoded for by several closely related genes which result in proteins 

that have a strikingly high sequence identity84-87.  Soluble monomeric tubulins converge 

to form the classic α/β heterodimer which then assembles first into protofilaments and 

subsequently into the so-called “plus end” of growing microtubules.  As depicted in 

figure 5, microtubules form hollow filaments capable of rapid changes in polymerization 

and depolymerization, a process known as dynamic instability, which is mediated by 

the hydrolysis and exchange of guanine nucleotide on the β-tubulin monomer88, 89.  

Microtubules are intimately involved in a diverse series of cellular functions ranging 

from mitosis and subsequent cell division to cellular movement and they provide a 

substrate for the subcellular trafficking of dyneins and kinesins and their respective 

cargo.   

 The specified function of a particular microtubule as well as its stability is 

attributable, at least in part, to a diverse group of proteins termed plus-end tracking 

proteins (+TIPs).  Different from the classical microtubule associated proteins (MAP) 

which can bind along the lattice of a competent microtubule to exert their effect, the 

+TIP proteins are positioned at dynamic growing end (reviewed in reference88).  Within 

this group, families of proteins can be subdivided based upon their shared structural 

motifs (Figure 6).  The +TIP proteins have been identified as major contributors to the 

maintenance of microtubule stability and conversely, being inducers of microtubule 

catastrophe in the cases of the end-binding (EB) family members and kinesin-13 family 
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members respectively (reviewed in references90, 91).  Still other +TIPs, members of the 

cytoplasmic linker protein (CLIP) family, are involved in rescuing microtubules from 

catastrophe (reviewed in reference92).  Apart from their effects on microtubule stability, 

+TIPs can facilitate the recruitment of dynein, serve as linker proteins between 

microtubules and intracellular membranes as well as the actin cytoskeleton.  The 

literature also suggests that +TIPs may play an as yet undefined role in the mediation 

of cell-cell contact and rearrangement of focal adhesions93-95.  As with most 

phenomena in cell biology, it appears that there is an intricate “code” owing to the 

precise species of tubulin in combination with available +TIP family members, which 

ultimately decides the fate of a particular set of microtubules.   

 

I.F.  TUBULIN POST-TRANSLATIONAL MODIFICATIONS AND THE TYROSINATION CYCLE 

 

 Adding to the previously described complexity of microtubule function is the 

realization that an array of post-translational, post-polymerization modifications exist for 

both the α-tubulin and β-tubulin monomers (Table 1).  These post-translational 

modifications (PTM) include a few well known and more general modifications such as 

acetylation/deacetylation, phosphorylation and palmitoylation96-98.  Other, seemingly 

tubulin-specific PTMs include detyrosination/tyrosination, generation of ∆2-tubulin, and 

the so-named polymodifications like polyglycylation, and polyglutamylation99-103.  Some 

form of tubulin PTM appears to exist throughout eukaryotic evolution, suggesting that 

with the advent of tubulin-based motility, comes a need for the dynamic control of 

microtubule stability and function.  In the case of the most ancient eukaryotes, like the 
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parasite Giardia lamblia, a major PTM is the polyglycylation of the microtubules of the 

flagellar axonemes104.  Interestingly, Giardia seems to possess all described PTMs, 

except for detyrosination and generation of ∆2-tubulin105. These PTMs first appear in 

the modestly less ancient organism, the Trypanosome (Trypanosoma brucei), which 

subsequently displays no evidence of polyglycylation106.  In vertebrates, all of the 

described PTMs have been observed. 

 The work presented here will introduce novel findings about the regulation of 

the mechanism for detyrosination/tyrosination of α-tubulin (the tubulin tyrosination 

cycle, Figure 7).  It has been clear for decades now that the carboxy-terminal tyrosine 

residue of α-tubulin, incorporated during nascent protein synthesis, undergoes a cyclic 

removal from and subsequent reincorporation within the protein at its glutamate-

glutamate-tyrosine (EEY) motif100, 107, 108.  In parallel with this finding, was the discovery 

of the highly specific enzyme, tubulin tyrosine ligase (TTL), which is responsible for the 

reincorporation of Tyr in the absence of ribosomal assistance, one of a very few such 

reactions described in the literature109, 110.  The activity of a carboxypeptidase (CP) 

responsible for the initial post-translational removal of the Tyr reside was also 

described, though due to its apparent instability, the precise identification of the entity 

has proven difficult100.  Recently however, a novel group of cytosolic 

carboxypeptidases (CCP) have been identified in mice which are theorized to 

represent this much sought-after enzyme and may prove useful in future studies111, 112.  

As demonstrated in the literature, the detyrosination reaction occurs on post-

polymerized microtubules, both in vitro and in vivo, and not within the free pool of 

soluble heterodimeric tubulin113, 114.  Activity of TTL, however, seems to be 
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predominately within the soluble pool of heterodimeric tubulin suggesting that re-

tyrosination is a post-depolymerization or post microtubule catastrophic event109, 115. 

 Several studies have revealed that microtubules containing high levels of 

detyrosinated tubulin (Glu-tub) are incredibly stable in contrast to the rapid turnover of 

microtubules containing predominantly tyrosinated tubulin (Tyr-tub)116, 117.  Further 

investigations have revealed that alterations in the tyrosinated state of microtubules 

present a dynamic level of control for many cellular processes including mitosis118, 119.  

Reports have indicated that Glu-tub levels influence microtubule associated 

intermediate filaments in a kinesin-specific manner, and that Tyr-tub is required for the 

association of +TIP proteins with microtubules120, 121.  The later observation again 

demonstrates the amazing complexity of the “microtubule code”.    

The tubulin tyrosination cycle is a contributing factor in normal neuronal and 

myogenic differentiation, implying an important role in development122, 123.  Perhaps of 

greater interest are the studies implicating disruption of the tyrosination cycle in a host 

of human diseases.  Low TTL activity has been described for models of cystic fibrosis 

and neonatal hyperthyroidism and several demonstrations of the increase in Glu-tub in 

human cancers are present in the literature124-126.  Though microtubules have long 

been the target of conventional chemotherapies, surely these results make the tubulin 

tyrosination cycle an attractive target for new therapies in human disease.  As such, a 

pre-clinical model for the rapid study and development of therapies based on 

RARRES1 and the tubulin tyrosination cycle is essential.   
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I.G.  ZEBRAFISH AS A MODEL SYSTEM 

 

Zebrafish (Danio rerio) offer several advantages as an animal model.  Unlike 

fruit flies (Drosophila melanogaster), zebrafish are representatives of the vertebrate 

sub-phylum making them more closely related to humans, both structurally and in 

terms of their genetic composition, and therefore a more appropriate model for the 

study of human disease.  In fact, the literature suggests that the genetic makeup of 

zebrafish can be used to define the ancestral set of vertebrate chromosomes127.  

These fish, much like the African clawed frog (Xenopus tropicalis), can provide a 

generous sample size for study, but require substantially less space to maintain owing 

to their smaller size.   

The eggs and embryos of zebrafish are transparent, facilitating manipulation by 

microinjection of nucleic acids, antisense oligos and other agents, as well as allowing 

for easy subsequent monitoring of the early stages of development.  Recently, a group 

at Harvard took transparency one step further, and developed the casper mutant fish 

line which lack both the melanocyte and iridophore cell lineages resulting in truly 

transparent larvae and adults, advancing their usefulness in the tracking of 

development and disease128. Their smaller size and consequently smaller number of 

total cells, coupled with transparency makes the zebrafish an ideal candidate in which 

to trace individual embryonic and adult cell lineages129-132. 

The developmental time line of the zebrafish has been well characterized, as is 

discussed later, and is incredibly rapid in contrast to the mouse (Mus musculus).  

Taking advantage of these unique traits has led to the use of zebrafish as a tool for the 
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discovery of genes important in vertebrate disease and development following random 

mutagenesis and forward genetic analysis133-135.  In much the same manner, zebrafish 

can be employed as a means for the high throughput screening and analysis of small 

molecules and other potential pharmacological agents136-138.  

Taking these factors into consideration, the zebrafish model, like all animal 

models, does have its limitations.  While methods do exist to explore loss and gain of 

function for a candidate gene, so-called reverse genetics, they are largely confined to 

microinjection based deliveries and often transient in nature.  “Knock-out” animals have 

proven difficult to generate as methods for homologous recombination based target 

gene inactivation remain nascent139.  Perhaps the single greatest issue with zebrafish 

is that they are not mammals and lack a greater degree of similarity with humans than 

does the mouse.  This fact has introduced a fair degree of skepticism concerning their 

merits as a model for human disease.  Still, many successful human disease models 

have been established and are routinely used within the zebrafish research 

community140, 141. 

 

I.H.  EARLY ZEBRAFISH EMBRYONIC DEVELOPMENT 

  

Zebrafish embryonic development is well defined and allows for an accurate 

assessment of embryonic “age” based upon visual hallmarks (Figure 8).  Both the male 

and female fish release their gametes into the surrounding water where they 

commingle and are subsequently externally fertilized in large clutches to form an active 

zygote.  This stage lasts approximately 40 minutes, wherein cytoplasmic streaming 
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begins, and the first cleavage occurs142. This very early cleavage is a departure from 

mammalian development, which occurs over a period of 12-24 hours, and highlights 

the expedited developmental time-frame of the zebrafish as compared to the mouse.  

The zygote period gives way to the cleavage period where the next five meroblastic 

cleavages occur in rapid synchronous fashion, and begin to establish two major cell 

layers:  the enveloping layer (EVL) of the blastodisc and the deep cells which will 

become the embryo proper142, 143. 

The blastula period, generally spanning 2.25-5.25 hours post fertilization (hpf), 

plays host to several key transitions in the embryo’s development.  The third distinct 

cell layer, the yolk syncytial layer (YSL) is formed coordinately with the midblastula 

transition (MBT) at cleavage number ten144.  As in other developmental systems, the 

MBT is a crucial step in embryogenesis as this is the point where cleavage becomes 

asynchronous and development shifts from a reliance on maternally deposited RNA to 

zygotic transcriptional control144-146.  The final defining step in this period is the onset of 

epiboly in which the YSL and blastodisc thin and spread over the yolk cell142. 

The gastrula period covers development from the end of the blastula period to 

10 hpf.  During this period, as epiboly continues and gastrulation begins, the hypoblast 

and epiblast germ layers are formed and converge to mark the dorsal side of the 

developing embryo143.  An important subset of cells, the paraxial mesoderm, is also 

formed during this period, and these will eventually give rise to mesodermal somites143.  

Finally, the rudiments of the developing brain and notochord begin to thicken and 

become distinct142.   
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From 10 to 24 hpf is the segmentation period which begins with the formation of 

the first somitic furrow.  The somites, segments unique to vertebrates, form in 

sequential pairs as a result of a dazzlingly complex oscillator mechanism which creates 

waves of gene expression in a coordinated fashion within the presomitic mesoderm 

(PSM)147.  By the completion of the segmentation, the zebrafish will typically have 30 

pairs of somites, but this number can vary slightly to include as many as 34.  The 

segmentation period also begins the true organization of both the nervous and 

haematological systems of the zebrafish.  During this period several useful staging 

landmarks, besides the somites, become apparent such as the yolk sac extension 

beneath the developing trunk and the otic vesicle in the anterior portion of the 

embryo142.  Embryonic “health” can also be somewhat assessed near the end of this 

stage by observing the embryos for spontaneous myotomal contractions which result in 

a perceived lashing of the tail142.  It is near the end of this stage where the embryo 

begins to truly exhibit a “fish-like” appearance. 

Further development of the zebrafish progresses from segmentation to the 

pharyngula and hatching stages (24-48 and 48-72 hpf respectively) wherein the 

internal organs continue to develop, blood begins to circulate, fins begin to appear, 

prominent melanocytes are apparent and the embryo escapes its chorion, thus ending 

the embryonic stage and entering into the larval period142.  It should be noted that the 

timeline presented here is subject to alteration if the ambient temperature is changed 

from the optimal 28.5oC.  A warmer environment generally favors slightly faster 

development where a cooler environment can slow development.  This phenomenon 
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can be exploited when experimenting with large numbers of individuals to allow for a 

longer window in which to perform desired manipulations such as microinjections. 

 

I.I.  EXPERIMENTAL RATIONALE AND STATEMENT OF PURPOSE 

 

To this point I have attempted to introduce, however briefly, several seemingly 

disparate areas of cell and developmental biology.  It is my belief that the continued 

elucidation of molecular mechanisms which govern the renewal and differentiation of 

stem cells is of central importance in the development of diagnostic and therapeutic 

tools for myriad human diseases, notably cancer.  Based upon the predicted homology 

of RARRES1 with latexin, a known regulator of at least one population of stem cells, 

and its putative role as a tumor suppressor in prostate cancer, we hypothesized that 

RARRES1 may function as a key regulator of prostate cell differentiation.  Moreover, 

that RARRES1, like latexin, is an endogenous carboxypeptidase inhibitor important in 

vertebrate development.  My doctoral project is based on groundwork laid in the 

laboratory which pointed to RARRES1 functioning as a downstream effector of both 

vitamin A and D signaling.  I was tasked with clarifying RARRES1’s cellular distribution, 

function and potential role in vertebrate development. 

The first aim of this study was designed to ask basic molecular and cell biology 

questions such as: what types of cells express RARRES1, where is RARRES1 located 

within these cells?  A parallel project in the lab, reported here, asked the question:  

what proteins does RARRES1 interact with?  The ultimate goal of these projects was to 

begin the characterization of RARRES1 function.  To accomplish these tasks I 
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screened publicly available databases for reported expression of RARRES1 in normal 

and diseased tissues, and validated these findings by analyzing RARRES1 mRNA 

expression in a subset of available human normal and cancer cell lines by RT-PCR.  I 

then performed cell-fraction assays and employed transient overexpression of a 

fluorescent-labeled RARRES1 in a variety of human cell-lines to determine its 

localization and trafficking by immunoblotting and fluorescent microscopy.  RARRES1 

protein interactors were determined by mass spectrometry analysis of Tap-Tagged 

RARRES1 pull-down from HEK293 cells stably expressing the construct.   

The second aim of my investigation was to understand the consequences of 

RARRES1 knockdown in cell culture systems.  There are currently no RARRES1 

knockout animals and interestingly, latexin knockout mice are viable and apart from 

delayed sensitivity to pain appear phenotypically normal148.  As such, I was also 

interested in spatially and temporally determining RARRES1 localization during 

vertebrate development, and defining the consequences of depletion during 

embryogenesis in vivo.  To do this I used the transient transfection of siRNA targeting 

RARRES1 to examine phenotypic changes in breast cancer cells and normal prostate 

cells.  I used microscopic analysis of SKBR-3 and PWR-1E cells to define a role for 

RARRES1 in controlling cytokinesis and cellular motility.  I also employed microarray 

technologies to determine changes in the expression profile of PWR-1E cells where 

RARRES1 was transiently knocked down.  I used riboprobes targeting the zebrafish 

orthologue (Rarres1) and in situ hybridization techniques to determine its 

spatiotemporal expression pattern in the developing zebrafish embryo.  Finally, I 

employed the microinjection of anitisense morpholino oligos which target Rarres1 to 



 25 

elucidate the phenotype derived as a consequence of its knockdown in 

embryogenesis.  Taken in sum, the data generated during the course of my doctoral 

work suggests a vital role for RARRES1 in microtubule dynamics, cell division, 

differentiation and proper embryonic development. 
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I.J.  FIGURE AND TABLE LEGENDS 

 

FIGURE 1.  RETINOIC ACID AND RETINOID SIGNALING.  This diagram, adapted from the 

review by Campo-Paysaa et al., 2008149, illustrates in very basic terms the signaling 

pathway (B) induced by retinoic acid (A) and synthetic retinoids.   

 

FIGURE 2.  VITAMIN D METABOLISM AND SIGNALING.  This diagram, reprinted with 

permission (Lamprecht et al., 2003)150, illustrates in very basic terms the metabolism 

and subsequent signaling pathway induced by vitamin D. 

 

FIGURE 3.  RARRES1 CHROMOSOMAL ORGANIZATION AND RESULTING ISOFORMS.  An 

ideogrammatic view of human chromosome 3 (available through:  

http://www.pathology.washington.edu/research/cytopages/idiograms/human/hum_03.p

df) depicting RARRES1 localization (A) and resulting mRNA isoforms (B). 

 

FIGURE 4.  HUMAN LATEXIN AND RARRES1 HOMOLOGY AND TOPOLOGY.  Three-

dimensional modeling of human latexin (A and B) as compared to RARRES1 (hTIG1, 

C and D), reprinted with permission (Aagaard et al., 2005)57,  describing their 

topological similarities and differences.  RARRES1 has a putative transmembrane 

region (blue region in C as compared to A). 

 

FIGURE 5.  MICROTUBULE STRUCTURE AND DYNAMIC INSTABILITY.  Schematic diagram, 

reprinted with permission (Ahkmanova et al., 2008)88, depicting the assembly of tubulin 
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heterodimers into protofilaments (A) and microtubules (B) which undergo a process of 

constant polymerization and depolymerization termed dynamic instability (C). 

 

FIGURE 6.  STRUCTURAL CLASSIFICATION OF PLUS-END TRACKING PROTEINS.  Schematic 

representation, reprinted with permission (Ahkmanova et al., 2008)88, which describes 

the various families of microtubule plus-end tracking proteins (+TIPs).  

 

TABLE 1.  POST-TRANSLATIONAL MODIFICATIONS OF TUBULINS.  Description, reprinted 

with permission (Westermann et al., 2008)151, of the various post-translational 

modifications observed for tubulins, including enzymes known to be involved in each. 

 

FIGURE 7.  THE TUBULIN TYROSINATION CYCLE.  Schematic, reprinted with permission 

(Westermann et al., 2008)151, of the tubulin tyrosination cycle.  TTL – tubulin tyrosine 

ligase; TTCP – tubulin tyrosine carboxypeptidase. 

 

FIGURE 8.  STAGES OF EMBRYONIC DEVELOPMENT OF THE ZEBRAFISH (DANIO RERIO).  

Serial photography, adapted from Kimmel et al., 1995142, of the embryonic 

development of wild-type zebrafish embryos to 48 hours.  Encircled stages correspond 

to MBT and Prim stages, of interest in this work. 
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I.K.  FIGURES AND TABLES 

 
FIGURE 1.  RETINOIC ACID AND RETINOID SIGNALING 
 
ADAPTED FROM:  CAMPO-PAYSAA ET AL., GENESIS. 2008.149 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

B 

A 

 

Retinoids (Tazarotene)Retinoids (Tazarotene)



 29 

FIGURE 2.  VITAMIN D METABOLISM AND SIGNALING 
 
FROM: LAMPRECHT ET AL., NATURE REVIEWS.  2003.150 
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FIGURE 3.  RARRES1 CHROMOSOMAL ORGANIZATION AND RESULTING ISOFORMS 
 
CHROMOSOME 3 IDEOGRAM ADAPTED FROM: 
HTTP://WWW.PATHOLOGY.WASHINGTON.EDU/RESEARCH/CYTOPAGES/IDIOGRAMS/HUMAN/HU

M_03.PDF  
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FIGURE 4.  HUMAN LATEXIN AND RARRES1 HOMOLOGY AND TOPOLOGY 
 
FROM: AAGAARD ET AL., STRUCTURE.  2005.57 
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FIGURE 5.  MICROTUBULE STRUCTURE AND DYNAMIC INSTABILITY 
 
FROM: AKHMANOVA AND STEINMETZ, NATURE REVIEWS.  2008.88 
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FIGURE 6.  STRUCTURAL CLASSIFICATION OF PLUS-END TRACKING PROTEINS 
 
FROM:  AKHMANOVA AND STEINMETZ,  NATURE REVIEWS.  2008.88 
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TABLE 1.  POST-TRANSLATIONAL MODIFICATIONS OF TUBULINS 
 
FROM:  WESTERMANN AND WEBER, NATURE REVIEWS.  2003.151 
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FIGURE 7.  THE α-TUBULIN TYROSINATION CYCLE 
 
FROM:  WESTERMANN AND WEBER,  NATURE REVIEWS. 2003.151 
 



 36 

FIGURE 8.  STAGES OF EMBRYONIC DEVELOPMENT OF THE ZEBRAFISH (DANIO RERIO) 
 
ADAPTED FROM:  KIMMEL ET AL., DEVELOPMENTAL DYNAMICS. 1995.142 
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CHAPTER II: CHARACTERIZATION OF RARRES1 AND ITS INVOLVEMENT IN THE REGULATION 

OF THE TUBULIN TYROSINATION CYCLE 
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THE WORK PRESENTED IN CHAPTER II WILL BE PUBLISHED AS FOLLOWS: 
 
MICHAEL D. HALL

1, ZIAD J. SAHAB
1, YUN JI, SARA MADANIKIA, KIMBERLY E. MAXFIELD, 

ERIC GLASGOW, DEEPAK KUMAR AND STEPHEN W. BYERS.  RARRES1 REGULATES α-
TUBULIN TYROSINATION, MITOSIS AND EMBRYOGENESIS.  SUBMITTED/IN REVIEW. 
 
 

II.A.  ABSTRACT 

 

  Vitamin A and D play indispensable roles in patterning embryonic development 

and regulating mineral ion homeostasis and have powerful growth suppressive and 

differentiative capacity making them excellent chemointerventions in the prevention 

and treatment of cancers.  Here we report that the putative tumor suppressor, 

RARRES1, is a gene which is targeted for upregulation by both of these dietary agents.  

RARRES1, a member of the latexin family of putative carboxypeptidase inhibitors, is 

progressively de-regulated in the pathology of prostate cancer and is lost in aggressive 

prostate cancer cell lines.  RARRES1 interacts with and regulates the activity of 

AGBL2, a novel cytosolic carboxypeptidase, which we implicate in the detyrosination of 

the C-terminal EEY domains of both α-tubulin and, strikingly, the microtubule plus-end 

binding protein EB1.  We have also determined that RARRES1 is a Golgi-associated 

transmembrane protein which is present at the midbody structure of dividing cells.  

These data provide insight into a regulatory mechanism in the tubulin tyrosination 

cycle, opens the possibility of RARRES1 as a contributor to the final step in 

cytokinesis, and points to a role for RARRES1 in cancer therapy as an effector of 

vitamin A and D signaling through modification of microtubule dynamics. 
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II.B.  INTRODUCTION 

 

The active form of Vitamin D, 1,25(OH)2D3 (D3 or calcitriol), is primarily known 

for its roles in regulating mineral ion homeostasis and mineralization of the skeletal 

system17, 18.  Deficiencies in vitamin D or adequate exposure to sunlight have been 

linked not only to rickets, but also to an increased risk of the development of several 

cancers, including breast and prostate24, 26, 152.  Interestingly, vitamin D has 

demonstrated anti-proliferative actions in several different cell types, which have 

spurred the development of various synthetic vitamin D analogs with possible anti-

cancer and other therapeutic potential for humans21-23.  Vitamin A and its active ligands 

(retinoic acids) play an essential role in embryogenesis and are powerful anti-

proliferating and differentiating agents that induce the differentiation of many epithelial 

and mesenchymal cells8, 153. Retinoic acid can also induce the differentiation of cancer 

cells such as teratocarcinoma and leukemic blast cells and as such it has been used 

as an effective therapeutic agent for the treatment of acute promyelocytic leukemia154, 

155.  However, of significant impediment to the use of vitamin D or vitamin A in routine 

cancer prevention or treatment are the high incidences of side effects which result from 

their quite disparate effects on normal cells.  

Available data demonstrates that retinoic acid inhibits the growth of SKBR-3 

breast cancer cells156  and unpublished data from our lab suggests that calcitriol has a 

similar growth reducing effect in these cells.  This information lead us to carry out a 

detailed comparison of changes in gene expression after treatment with either vitamin 

A, or vitamin D in breast and colorectal cancer cells to identify genes that are 
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specifically associated with their common pro-differentiation, anti-proliferation, pro-

apoptotic properties.  Of the genes we found to be commonly regulated, retinoic acid-

receptor responder (tazarotene induced) 1 (RARRES1/TIG1) was selected for further 

study based upon its designation as a putative tumor suppressor gene. 

RARRES1 was initially identified as a novel retinoic acid receptor (RARβ/γ) 

regulated gene in the skin64.  Several reports have implicated RARRES1 as a putative 

tumor suppressor genes based largely on the hypermethylation of its promoter in many 

tumor types and ageing normal tissues68, 71, 72, 74-76, 80-82.  Studies involving the re-

expression of RARRES1 have also pointed to its tumor suppressive function, as it 

decreased the growth of aggressive PC-3M prostate cancer cells and Ishikawa 

endometrial cancer cells67, 74.  RARRES1 also greatly reduced the in vitro invasiveness 

and in vitro tumor growth of the PC-3M prostate cancer cells in nude mice67.  Recently, 

RARRES1 expression has been linked to the proliferation and differentiation of adult 

adipose-derived mesenchymal stem cells83. 

Despite the mounting evidence for RARRES1’s role in tumor suppression, no 

mechanism for its biological function has been determined and even less is known 

about its localization within the cell.  Here we show that RARRES1 is a Golgi-

associated transmembrane protein which trafficks to the midbody and is split between 

mother and daughter cells during cytokinesis.  We also show that RARRES1 is found 

in a complex with several proteins involved in the regulation of microtubule function 

including the mitotic spindle associated kinesin eg5/KIF11, an emerging target for 

cancer therapy; EB1, a microtubule plus end binding protein important in spindle 

orientation and migration; a novel human cytosolic carboxypeptidase member of the 
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AGBL/Nna1 family important in cerebellar degenerative disorders in mice; and a 

tyrosinated form of α-tubulin.  We show for the first time that EB1 undergoes C-terminal 

detyrosination by AGBL2 and demonstrate that the interaction of RARRES1 with 

AGBL2 regulates its ability to detyrosinate α-tubulin and EB1. Our data point to a role 

for RARRES1, AGBL2, EB1 and the microtubule tyrosination cycle in cancer and 

identify a novel area for potential intervention.  
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II.C.  MATERIALS AND METHODS 

 

MATERIALS AND REAGENTS  

 9-cis-RA and 1,25(OH)2D3, and TRITC-phalloidin were obtained from Sigma-

Aldrich (St. Louis, MO).  V-kit nucleofection reagents were obtained from Amaxa 

(Amaxa-Lonza, Gaithersburg, MD) and SDS-PAGE pre-cast gels, MES running buffer 

and transfer buffer from Invitrogen (Carlsbad, CA).  RARRES1, AGBL2 and non-

targeting control siRNAs from Dharmacon (Lafayette, CO) and all PCR primers were 

synthesized by IDT (Coralville, IA).  The pmCherry-Golgi plasmid was a generous gift 

from Dr. Susette Mueller (Georgetown University).  All restriction nucleases were 

purchased from New England Biolabs (NEB, Ipswich, MA).  Primary antibodies 

targeting the following antigens were used:  goat anti-human RARRES1 (R&D 

Systems, Custom04 antibody, Minneapolis, MN), anti-golgin-97 (Molecular Probes-

Invitrogen, Carlsbad, CA), anti-LAMP-2, anti-tyrosinated tubulin and anti-Eg5 (Abcam, 

Cambridge, MA), anti-E-cadherin (BD-Transduction Laboratories, San Jose, CA), anti-

Cyclin D1 (EMD-Calbiochem, Gibbstown, NJ), anti-HA (Millipore, Temecula, CA), anti-

histone-H4 (Cell Signaling, Danvers, MA), anti-detyrosinated tubulin (AbD Serotec, 

Oxford, England), and anti-AGBL2, and anti-pan-cadherin (Sigma-Aldrich, St. Louis, 

MO).   

 

CELL LINES  
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PWR-1E, PC-3, HEK293 and SKBR-3 human cell lines were routinely utilized in 

this study.  The PWR-1E cell line (a gift from Dr. S.C. Chauhan, University of South 

Dakota) is derived from normal human prostate epithelium, virally immortalized by a 

combination of Adenovirus 12 and SV40 viral DNA sequences.  For the purposes of 

this study, these cells are considered “normal”.  The PC-3 cell line (ATCC, CRL-1435) 

is derived from metastatic (bone) prostate carcinoma.  SKBR-3 cells (ATCC, HTB-30) 

are derived from metastatic (pleural effusion) breast carcinoma.  HEK293 cells (ATCC, 

CRL-1573) derived from embryonic kidney.  All of these cell lines are predominantly 

adherent. 

Other cell lines used briefly, but not maintained, in this study include the 

prostate lines LNCaP, PC-3M, RWPE-2, DU-145, CWR22Rv1 and the breast lines 

HS578T, MDA-MB-231, MCF-10A, MCF-10A (ras/erbB2), BT549, 184A1N4, 184A1N4-

T and 184A1N4-myc.  Most of the analysis performed on these cells was done on 

previously frozen and stored pellets supplied by the Tissue Culture Shared Resource 

(TCSR) at Georgetown University. 

  

CELL CULTURE 

 

All cell lines routinely used in this work were cultured at sub-confluent densities 

in a humidified chamber at 37oC and supplied with 5% CO2.  SKBR-3 human breast 

cancer cells and HEK293 embryonic kidney cells were maintained in DMEM (Gibco-

Invitrogen, Grand Island, NY) supplemented with 10% FBS.  PC-3 human prostate 

cancer cells were maintained in DMEM supplemented with 5% FBS.  PWR-1E (ATCC, 
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CRL-11611, a gift from Dr. S.C. Chauhan, University of South Dakota) normal 

immortalized human prostate epithelial cells were maintained in basal KSFM 

supplemented with the included BPE (50µg/ml) and EGF (5ng/ml) (Gibco-Invitrogen, 

grand Island, NY).   

For the passaging of PC-3 and SKBR-3 lines, cells were briefly rinsed in 1X 

PBS (HyClone, Logan, UT) and then trypsinized in 3ml of trypsin-EDTA solution (0.5% 

trypsin + 0.53mM EDTA, Gibco-Invitrogen, Grand Island, NY) at 37oC until the 

monolayer had dislodged from the flask surface.  Complete media was utilized to 

neutralize the trypsin reaction and produce a single-cell suspension.  In the case of 

PWR-1E cells, a 1:1 dilution of trypsin-EDTA:1X PBS was utilized for trypsinization, 

followed by neutralization by a solution of 2% FBS in 1X PBS.  In all cases cells were 

counted using a Coulter counter (Beckman-Coulter, Fullerton, CA) and recovered by 

centrifugation at <500 RCF for subsequent usage. 

 

VECTORS AND CLONING 

 

 The short and long isoforms of human RARRES1 were directionally cloned into 

the BglII and HindIII digest sites in the pEYFP-N1 vector (Clontech) by Yun Ji, PhD.  

They were sequenced for fidelity.  

 ∆N-RARRES1 (+121 - +897) and full-length RARRES1 (+1 - +897) were cloned 

into the pGlue vector as codon optimized versions and subsequently sequence and 

frame verified by Genscript (Piscataway, NJ). 
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RNA ISOLATION AND QUANTIFICATION 

 

 Total RNA was isolated by briefly rinsing adherent monolayers in 1X PBS 

(6.7mM) followed by lysis in Trizol reagent (Invitrogen, Carlsbad, CA) and 

subsequently purified using the RNeasy Mini Kit (Qiagen, Valencia, CA) as per 

manufacturers guidelines.  RNA was eluted in DEPC-treated water and analyzed for 

quantity and purity with a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, 

Waltham, MA). 

 

TRANSFECTIONS 

 

 Plasmid DNA and siRNA constructs were introduced to cells by electroporation 

(except where noted) mediated by an Amaxa nucleoporator and nucleofector-V 

solution (Amaxa-Lonza, Gaithersburg, MD).  Briefly, cells were trypsinized, counted 

and pelleted in 1x106 cell aliquots at 500 RCF.  Cell pellets were resuspended in 100µl 

of V solution with appropriate amounts of DNA or siRNA and subjected to cell-line 

specific electroporation programs determined empirically for each cell-line (PWR-1E 

and SKBR-3 cells; program T-20; PC-3 cells; program T-13).  The resulting mixture 

was resuspended in 900 µL of appropriate complete media and transferred to 

experimental vessels for subsequent analysis.  
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IMMUNOBLOTTING 

 

 Membranes were incubated in a blocking solution containing 5% non-fat milk in 

phosphate-buffered saline containing 0.1% Tween20 (PBST) followed by an overnight 

incubation at 4oC in appropriate primary antibody and subsequently with an HRP-

labeled secondary antibody specific for the appropriate primary antibody used.  

Visualization of proteins was carried out by incubation in chemiluminescent (ECL) 

reagents (Amersham, Piscataway, NJ) and subsequent exposure to autoradiograph 

film (Denville Scientific, Metuchen, NJ).  Autoradiographs were developed using an 

SRX-101A automated processor (Konica-Minolta, Tokyo, Japan).  Where indicated, 

blots were then scanned at 300 dpi resolution and relative optical densitometric 

analysis were performed using ImageQuant TL software (GE Healthcare). 

 

MICROARRAY ANALYSIS OF RA AND VITAMIN D REGULATED GENES (PERFORMED BY YUN 

JI, PHD) 
 

SKBR-3 cells were treated with 9-cis-RA (0.1 µM), 1, 25-(OH)2D3 (0.1 µM) or 

ethanol (mock) for 48 hours. Total RNA was isolated using Trizol (Invitrogen) combined 

with RNAeasy (Qiagen, Valencia, CA) according to the manufacturer’s instructions. 

Total RNA was amplified according to the Affymetrix protocol (GeneChip Eukaryotic 

Small Sample target labeling Assay Version II, Santa Clara, CA) with the following 

modification. The ethanol precipitation cDNA cleanup step is substituted by Qiaquick 

PCR purification kit (Qiagen, Valencia, CA). To biotin-label the cRNA, biotin-11-CTP 

and biotin-16-UTP (Enzo Diagonostics, New York, NY) were incorporated during in 
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vitro transcription. 20 µg of the biotinylated cRNA product was fragmented at 94°C for 

25 minutes. Treated and un-treated samples were amplified, labeled, fragmented and 

hybridized in the same run, followed by hybridization to Affymetrix HG-U133(A) arrays.  

The processed chips were then scanned using an Affimatrix GeneArray scanner. Grid 

alignment and raw data generation were performed using Affymetrix GeneChip 5.0 

Software. Raw expression values representing the average difference in hybridization 

intensity between oligonucleotides containing single base pair mismatches, was 

measured. Experiments were repeated three times.   

Affymetrix data analysis begins with preprocessing of the probe-level Affymetrix 

data (CEL files). Since our experiment was done on two types of Affymetrix 

GeneChips, we used Bioconductor packages to merge the probe-level data. In addition 

to the “affy” and “matchprobes”, we installed two probe packages (“hgu133aprobe” and 

“hgu133a2probe”) in the R environment. The six CEL files were read into R as two 

batch groups, one group containing the four HG-U133A CEL files and the other 

containing the two HG-U133A 2.0 CEL files. We used the “combineAffyBatch” function 

to merge the two batch groups into one and to create a new CDF environment, which 

annotates only those probes that are common to both GeneChips. We used the 

combined data and the new CDF to perform the following three data preprocessing 

steps: i) background adjustment to minimize the effect of non-specific binding and 

optical noise, ii) normalization to ensure that the measurements from different arrays 

are comparable; and iii) summarization to obtain an expression value for a probeset by 

combining multiple probe intensities. We applied the robust multi-array analysis (RMA) 
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method for background adjustment using the perfect match probes only157, the loess 

method for normalization, and the median polish approach for summarization.   

We analyzed the preprocessed data to identify those that were differentially 

expressed between the untreated and treated groups. The random variance model 

implemented in BRB-ArrayTools (NCI, Bethesda, MD) was used for this analysis. The 

random-variance t-test is an improvement over the standard separate t-test as it 

permits sharing information among genes about within-class variation without 

assuming that all genes have the same variance158. Probesets were considered 

statistically significant if their p-value was less than 0.01. With this threshold, 32 

probesets were found statistically significant (p<0.01). 

 

CELL FRACTIONATION/THREE-POOL LYSATE 

 

 Three-pool (membrane, cytoplasmic and nuclear fractions) cell fractionation 

was carried out as previously described159.  Cells were rinsed three times with cold 1X 

PBS and subsequently lysed in cold hypotonic lysis buffer (10 mM Tris-HCl pH 7.5, 0.2 

mM magnesium chloride), collected and homogenized with 35 strokes of a glass 

dounce homogenizer.  Homogenates were centrifuged for 10 minutes at 3000 RCF and 

the supernatant (the pellet contains nuclear and membrane components) was 

transferred an ultracentrifuge tube containing a 1.25 M sucrose pad and protease 

inhibitors (250 mM sodium fluoride, 5 mM sodium orthovanadate, 5X mini complete 

protease cocktail (Roche, Indianapolis, IN), and 5 mM EDTA).  This preparation was 

centrifuged for one hour at 150,000 RCF (Beckman L8-M ultracentrifuge) and protein 
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from the resulting surpernatant was precipitated with 100% ethanol, centrifuged again 

for one hour at 150,000 RCF and the resulting pellet, designated as the cytoplasmic 

pool, was resuspended in SDS sample buffer (2% SDS, 60 mM Tris-HCl pH 6.8 and 

10% glycerol).  The pellet from the original centrifugation was rinsed in hypotonic lysis 

buffer, re-centrifuged and dried briefly at 4oC.  This pellet was resuspended in NP-40 

buffer with protease inhibitors (1% Nonidet P-40, 150 mM sodium chloride and 50 mM 

Tris-HCl pH 8.0, with 1 mM sodium orthovanadate, 50 mM sodium fluoride and 1X mini 

complete protease inhibitor cocktail), briefly vortexed and allowed to solubilize at 4oC 

with gentle agitation.  The suspension was collected by centrifugation at 3,000 RCF, 

resulting in a supernatant (designated the membrane pool) which was suspended in 

additional SDS sample buffer, and a pellet (designated nuclear/cell debris pool) which 

was rinsed once in fresh NP-40 buffer and subsequently resuspended in SDS sample 

buffer.  Protein concentrations were determined by spectrophotometric analysis of 

colorimetric intensity based on a Dc Protein Assay (Bio-Rad, Hercules, CA) as per the 

manufacturer’s instructions.  Fractions were resolved by SDS-PAGE and transferred to 

a Protran BA 83 (Protran, Germany) nitrocellulose membrane for subsequent 

immunodetection. 

 

PNGASE F ASSAY  

 

 Whole cell lysates of untreated PWR-1E cells were made using 

radioimmunoprecipitation assay buffer (RIPA – 50 mM Tris-HCl pH 8.0, 150 mM 

sodium chloride, 0.1% SDS, 1% NP-40, 0.5% sodium deoxycholate, 1 mM EDTA with 
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50 mM sodium fluoride, 0.1 mM sodium orthovanadate and 1X complete mini protease 

inhibitors (Roche, Indianapolis, IN)).  Protein concentrations were determined by 

spectrophotometric analysis of colorimetric intensity based on a Dc Protein Assay (Bio-

Rad, Hercules, CA) as per the manufacturer’s instructions.  Equivalent amounts of 

lysate was digested with the glycosidase PNGase F, or no enzyme (NEB, Ipswich, MA) 

according to the manufacturer’s instructions and then resolved by SDS-PAGE and 

transferred to a Protran BA 83 nitrocellulose membrane (Protran, Germany) for 

subsequent immunoblotting.  

 

DETECTION OF RARRES1 BY RT-PCR 

 

 Total RNA was isolated from cells, treated as indicated, with Trizol reagent 

(Invitrogen, Carlsbad, CA) and processed using the RNeasy purification kit (Qiagen, 

Valencia, CA).  RNA was quantitated and assessed for purity using a NanoDrop ND-

1000 spectrophotometer (Thermo Scientific, Waltham, MA).  RT-PCR was performed 

on total RNA isolated from appropriately treated cells using a OneStep kit (Qiagen, 

Valencia, CA) as per the manufacturer’s instructions and with the following primers: 

RARRES1 (total) forward 5’-TTCACTTCTTCAACTTCCGGT-3’ and reverse 5’-

TGAGTCTCAGAGAGGGATCAATA-3’ (generating a 360 base-pair amplicon).  

RARRES1 (long isoform) forward 5’-CAACAAGAGGATTACCTGCTTTACAAG-3’ and 

reverse 5’-GAGCAGAGTTCAGTGTGCATG-3’ (generating a 630 base pair amplicon).  

RARRES1 (variant isoform) forward 5’- CAACAAGAGGATTACCTGCTTTACAAG-3’ 

and reverse 5’-GAAGTTCACATGAATTCAGTCTAAGGAGACC-3’ (generating a 250 
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base pair amplicon).  For β-actin; forward 5’-CCACTGGCATCGTGATGGAC-3’ and 

reverse 5’-GCGGATGTCCACGTCACACT-3’ (generating a 350 base-pair amplicon).  

Thermalcycling for Rarres1 was done according to the following profile:  30 minutes at 

50oC, 15 minutes at 95oC for RT reaction followed by PCR cycling of, 30 seconds at 

94oC, 45 seconds at 52oC, one minute at 72oC, for 30 cycles (or 35 cycles where 

noted) with a subsequent final elongation at 72oC for 10 minutes.  PCR products were 

resolved on a 1% agarose gel and visualized by uV transillumination on a FluorChem 

8900 (Alpha Innotech, San Leandro, CA). 

 

DETECTION OF RARRES1 BY QUANTITATIVE REAL-TIME RT-PCR 

 

RNA was isolated from cells or frozen cell pellets, treated as indicated, with 

Trizol reagent (Invitrogen, Carlsbad, CA) and processed using the RNeasy purification 

kit (Qiagen, Valencia, CA).  RNA was quantitated and assessed for purity using a 

NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Waltham, MA).  Single-

stranded cDNA was prepared from 400 ng of total RNA using TaqMan reverse 

transcription reagents (Applied Biosystems, Foster City, CA) as per the manufacturer’s 

instructions.  Primer/probe mixes were obtained from Applied Biosystems (RARRES1 

Hs00894859_m1, GAPDH Hs99999905_m1) and using TaqMan universal PCR master 

mix (Applied Biosystems, Foster City, CA) assays were carried out in triplicate and 

monitored in real-time by a 7900 HT real time PCR system (Applied Biosystems, 

Foster City, CA).  From the triplicate data, a ∆Ct was determined for each sample by 

subtracting control (GAPDH) cycle counts from RARRES1 cycle counts.   
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INDUCTION OF RARRES1 BY RETINOIC ACID AND VITAMIN D 

 

 Sub-confluent cells were rinsed with 1X PBS and treated with a concentration 

of 10-7 M 9-cis-RA,  1,25(OH)2D3 or equal volume of 100% ethanol for a period of 24-48 

hours (with re-supplementation every 24 hours).  Cells were subsequently processed 

for evaluation of RNA for a variety of purposes. 

 

IMMUNOFLUORESENCE/IMMUNOCYTOCHEMISTRY 

 

 Cells were manipulated as indicated and grown on glass coverslips or 

chambered glass slides.  Cells were then either analyzed by live microscopy (Nikon 

TE300 inverted microscope or Zeiss 510 laser scanning confocal microscope) or fixed 

and permeabilized with 2% paraformaldehyde and 0.2% Triton X-100 in 1X PBS.  The 

cells were incubated in 6% normal goat serum (NGS) and then in appropriate primary 

antibodies (concentrations determined empirically) in 6% NGS overnight at 4oC.  Cells 

were then washed in 1X PBS and incubated in appropriate secondary antibodies 

conjugated to either FITC (KPL, Gaithersburg, MD) or Texas Red (Jackson Labs, Bar 

Harbor, ME), or Alexa-488 and Alexa-568 fluorophores (Molecular Probes-Invitrogen, 

Carlsbad, CA).  Coverglasses were subsequently washed and mounted on glass slides 

in vectashield containing DAPI (Vector Labs, Burlingame, CA) and observed and 

photographed using a Nikon E600 fluorescent microscope. 
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STABLE CELL GENERATION 

 

HEK293 cells were transfected at 75% confluency using Fugene 6 Transfection 

reagent (Roche, Indianapolis, IN) and 2 µg of pGlue empty vector or pGlue containing 

RARRES1 per 1x106 cells seeded. 48 hours post-transfection, cells were selected in 

puromycin at 0.5 µg/mL, passaged and refed as necessary for 14 days. Clone 

selection was accomplished on a 10% confluent dish of stable cells using 3 mm sterile 

filter paper soaked with trypsin-EDTA. Clones were transferred into a 24-well plate, 

grown and passaged in selection medium as necessary.  

 

CELL LYSIS AND TANDEM AFFINITY PURIFICATION (TAP) 

 

Cell lysis and TAP procedure were accomplished as described160 with minor 

modifications. Briefly, a stable clone expressing a level of exogenous pGlueRARRES1 

close to the endogenous level of this protein was grown in 5 dishes (150 mm each).  At 

90% confluency, medium was discarded and each dish was lysed in 0.5 µL of a lysis 

buffer composed of 10% glycerol, 50 mM Hepes-NaOH pH 8.0, 100 mM NaCl, 2 mM 

EDTA, 0.1% NP-40, 2 mM DTT, 10 mM NaF, 5 nM calyculin A, 50 mM β-

glycerolphosphate, and 1X Complete Mini protease inhibitor (Roche, Indianapolis, IN).  

Lysates were harvested by scraping and two freeze-thaw cycles were performed to 

improve protein recovery. Lysates were then centrifuged at 15,000 RCF for 15 minutes, 

supernatants were recovered and incubated for 4 hours with 100 µL of streptavidin 

beads (Streptavidin Sepharose High Performance, GE Healthcare) pre-washed 3 times 
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with the lysis buffer. The slurry was then centrifuged at 1,500 × g for 2 minutes and the 

precipitate containing the streptavidin beads was recovered and washed 3 times with 

lysis buffer and 2 times with the TEV buffer supplied with the AcTEV Protease kit 

(Invitrogen, Carlsbad, CA). Streptavidin beads were then incubated with 200 units of 

TEV protease in 150µL of TEV buffer overnight at 4ºC. The slurry was then centrifuged 

at 1,500 × g for 2 minutes and the supernatant was recovered. The precipitated beads 

were washed twice with 200 µL of TEV buffer, centrifuged, and supernatants were 

pooled. The final pool volume was diluted 1:1 (v/v) wih calmodulin-binding buffer 

composed of 10 mM β-mercaptoethanol, 10 mM Hepes-NaOH pH8.0, 150 mM NaCl, 1 

mM MgOAc, 1 mM imidazole, 0.1% NP-40, and 2mM CaCl2. The mixture was then 

incubated for 90 minutes at 4ºC with 100 µL of Calmodulin beads (Calmodulin 

Sepharose 4B, GE Healthcare) pre-washed 3 times with Calmodulin-binding buffer. 

The slurry was then centrifuged at 1,500 RCF for 2 minutes, the supernatant was 

discarded and the precipitated beads were washed twice with a Calmodulin-rinsing 

buffer composed of 50 mM Ammonium Bicarbonate pH 8.0, 75 mM NaCl, 1 mM 

MgOAc, 1 mM imidazole, and 2 mM CaCl2. Each wash was followed by centrifugation 

and supernatant shedding. 150 µL of a calmodulin-elution buffer composed of 50 mM 

Ammonium bicarbonate pH 8.0 and 25 mM EGTA was then added to the calmodulin 

resin. The slurry was then vortex mixed, centrifuged at 1,500 RCF, and the supernatant 

was collected. This elution step was repeated twice and supernatants were pooled 

together. 
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TRYPSIN DIGESTION AND TANDEM MASS SPECTROMETRY ANALYSIS (LC-MS/MS) 

 

The pull-down sample was vacuum-dried and reconstituted with 20 µL of a 

buffer composed of 500 mM triethylammonium bicarbonate pH 8.5. The protein sample 

was then denatured by adding 1 µL of a 2% SDS solution followed by the addition of 2 

µL of a reducing reagent composed of 50 mM TRIS-(2-carboxyethyl)phosphine 

(TCEP). The mixture was then incubated at 60ºC for 1 hour followed by the addition of 

1 µL of a cysteine blocking reagent composed of 200 mM methyl methane-

thiosulfonate (MMTS) in isopropanol. Trypsin digestion was then performed by adding 

10 µL of 1 µg/µL trypsin solution in 80 mM CaCl2. Samples were incubated overnight at 

37ºC then vacuum dried and reconstituted with 10 µL of a 2% acetonitrile and 0.1% 

formic acid in distilled deionized water.  NanoLC/MS/MS was performed using a Q-Star 

Elite (Applied Biosystems, Foster City, CA) equipped with a nanoAcquity UPLC system 

(Waters, Milford, MA). Sample separations were performed using a 1.7 µm 

nanoAcquity BEH130 C18 (100 µm × 100 mm) at a flow rate of 400 nL/min. Tryptic 

digests were eluted using the following gradient: 100% of Solvent A (97.9% water, 

2%Acetonitrile, 0.1% Formic acid (v/v/v)) for 1 hour; then from 100% solvent A to 100% 

solvent B (2% water, 97.8%Acetonitrile, 0.1% Formic acid (v/v/v)) in 2 hours; A 100% 

solvent B flow was maintained for 1 hour followed by a return to 100% of solvent A flow 

in 15 min. Mass spectrometer settings were as follows: Ion spray voltage 2300 V, 

interface heater temperature 220 ºC, cone voltage 20 V, and collision energy 8 V.     
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PROTEIN IDENTIFICATION 

 

Protein identification was performed using ProteinPilotTM software with the 

following settings: Sample type: Identification; Cysteine alkylation: MMTS; Digestion: 

Trypsin; Instrument: QSTAR ESI; Species: Homo sapiens; Min S/N Filter: 10; 

Precursor tolerance 75 ppm; Maximum missed cleavage: 1; and MS/MS fragment 

tolerance of 0.3 Da. 

 

SPOT EXCISION AND DIGESTION 

 

HEK293 cells were transfected with indicated plasmid or siRNA and were 

loaded onto a 4-12% gradient Bis-Tris polyacrylamide gel. Gels were then 

electrophoresed at 100 V until the solvent front reached the bottom of the gel. Gels 

were then incubated for 1 hour in a fixing solution composed of 40% methanol, 10% 

acetic acid, and 50% water followed by staining in Coomassie blue for 1 hour. 

Background destaining was performed by incubating the sample in the fixing solution 

for 3 hours. The gel was kept in water until spot excision.  Bands of interest were 

excised, destained, reduced with DTT, alkylated with iodoacetamide, and transferred 

into a 96-well ZiplateC18 (Millipore, Bedford, MA). Protein digestion and peptide 

recovery procedures were modified from the manufacturer’s instructions as follows: Gel 

pieces were dehydrated by adding 200 µL of acetonitrile to each well followed by 10 

minute incubation. Full vacuum was then applied to elute the acetonitrile through the 

C18 resin forming the bottom of the Ziplate. Gel pieces were then rehydrated by adding 
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15 µL of a 25 mM ammonium bicarbonate containing 5 ng/µL of modified trypsin. After 

overnight incubation at 37ºC, 8 µL of acetonitrile was added to the resin. After 12 

minutes of incubation, 100 µL of 0.2% TFA ultrapure water solution was added to each 

well and incubated for 30 minutes. The 96-well plate was then placed on a vacuum 

plate holder to empty wells. A final washing step was performed with a 100 µL of 0.2% 

TFA ultrapure water solution followed by vacuum to empty wells. The Zipplate was 

then placed upon a low retention 96-well “V” bottom plate (Corning Inc., Corning, NY) 

and tryptic digests were eluted by adding 8 µL of acetonitrile followed by centrifugation 

at 3000 RCF. The bottom plate was left to air dry. Peptides were reconstituted with 2 

µL of a 2.5 mg/mL α-cyano-4-hydroxycinnamic acid matrix solution. The matrix solvent 

was composed of 49.95% water, 49.95% acetonitrile, and 0.1% TFA (v/v/v). The 

peptide-matrix mixture was then deposited onto a MALDI target plate and allowed to air 

dry. 

 

MALDI TOF AND TOF/TOF ANALYSIS 

 

MS and MS/MS analysis were performed using a 4800 MALDI TOF/TOF mass 

spectrometer (Applied Biosystems, Foster City, CA). The instrument was calibrated 

using Applied Biosystems calibration standards. MALDI-TOF spectra were acquired by 

accumulating 1000 laser shots in reflector mode for positive ion detection between 800 

and 4000 m/z. The most intense 15 peaks with S/N of 10 or higher were selected for 

MS/MS analysis excluding the commonly observed peaks for trypsin and keratin. 

Argon was used as the collision gas. MS and MS/MS Mass lists were picked by the 
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GPS Explorer v3.5 software and submitted to the MASCOT v.2.0.00 search engine. 

The settings that were used were the following: database: Swiss-Prot; Taxonomy: 

homo sapiens; Enzyme: trypsin; Variable modifications: carbamidomethyl (C) and 

Oxidation (M); MS/MS fragment tolerance: 0.3Da; Precursor mass tolerance: 75 ppm; 

Maximum missed cleavage allowed: 1; Min S/N Filter: 10; Min cluster area: 20; 

Precursors within 200 resolution were excluded and peak density filter was limited to 

50 peaks per 200 Da. Only proteins with MASCOT confidence interval higher than 95% 

(p < 0.05) were considered. Experimental molecular masses were used to confirm 

protein identities. 
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II.D.  RESULTS 

 

RARRES1 IS REGULATED BY VITAMIN A AND VITAMIN D 

 

 Investigation into genes potentially co-regulated by vitamin A (9-cis-retinoic 

acid, RA) and vitamin D (1,25(OH)2D3, D3) was carried out by RNA expression profiling 

in SKBR-3 breast cancer cells as they seem to have similar phenotypic response to 

both reagents156 (unpublished observations).  Our initial microarray comparisons 

established a list of 10 commonly upregulated genes which were considered to be 

significantly changed (p<0.01) versus control treated cells.  We next decided to scan 

published microarray results and found that three of the genes on our list were 

identified as being regulated by vitamin D in Caco-2 colon cancer cells161.  Figure 9 

schematically depicts the space occupied by the subsets of genes independently and 

coordinately regulated by RA and D3 in the SKBR-3 cells compared with the genes 

regulated by D3 in Caco-2 cells.  The intersection of these data represents the genes:  

ceruloplasmin, a copper transport molecule; CEACAM-6, a carcinoembryonic antigen-

related adhesion molecule; and RARRES1, a retinoid-induced gene.  We became 

interested in further studying RARRES1 as it has been verified in other models as 

being both RA and D3 responsive, and more interestingly, it has been implicated in 

tumor suppression64, 67, 162.   
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RARRES1 EXPRESSION IN BREAST AND PROSTATE CANCER 

 

 To confirm RARRES1 as an important gene in the progression of cancer we 

utilized the public database, www.oncomine.org, to examine expression levels in the 

progression and treatment of prostate cancers (Figure 10A – derived from the 

Dhanasekaran_Prostate data set, and Figure 10B – derived from the 

Holzbeierlein_Prostate data set).  These simple box-plots indicate that as prostate 

tissue becomes hyperplastic, tumorigenic and ultimately metastatic, the relative levels 

of RARRES1 decrease in each case.  Interestingly, patients receiving neo-adjuvant 

therapy appear to regain some level of RARRES1 expression.  We decided to examine 

a panel of human breast and prostate cells for the expression of RARRES1 (Table 2) 

by a combination of RT-PCR and quantitative RT-PCR to determine appropriate cell 

lines for future biological studies.  Strikingly, RARRES1 is expressed in normal 

immortalized prostate and breast cells and in more differentiated cancer cells, but 

appears to be nearly undetectable in less differentiated, more mesenchymal-like 

cancer cells.  To validate our microarray results, and to determine if some of these 

aggressive prostate cancer cells could regain RARRES1 expression, we treated 

several cell lines with RA and D3 and performed RT-PCR to examine changes in the 

mRNA of each isoform (Figure 10C).  We determined that the two mRNA species 

generated by alternate splicing as suggested by published genomic sequences 

(www.ncbi.nlm.nih.gov and www.ensembl.org) do exist in PWR-1E normal 

immortalized prostate and in SKBR-3 breast cancer cells, though the predominant 

species appears to be the longer isoform.  Here we designate the longer form as 
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RARRES1, and the shorter form as a variant RARRES1.  Each isoform appears to be 

regulated by both RA and D3, though treatment with these agents does not rescue 

RARRES1 expression in the aggressive prostate cancer cell lines. 

 

CHARACTERIZATION OF AN ANTI-RARRES1 POLYCLONAL ANTIBODY 

 

A serious impediment to the progress of RARRES1 study is the lack of a 

reliable method of protein detection.  We utilized the availability of an uncharacterized 

goat polyclonal antibody (supplied by R&D Systems) to probe western blotted 

membranes for the presence of human RARRES1 protein.  The target antigen against 

which the antibody was raised consists of amino acid residues 43-294 of the full-length 

human RARRES1 protein.  As depicted in figure 11A, a large portion of this potential 

epitope is missing or altered in the putative variant protein species.  The antibody 

recognizes a ~38 kDa protein (predicted mass is 33.29 kDa) from PWR-1E whole cell 

lysate (Figure 11B, faint band in lanes 2 and 3) which is not present in PC-3 cell lysate, 

a finding consistent with our reported mRNA data for these cell lines.  We also show 

that the antibody recognizes exogenously expressed TAP-tagged full-length RARRES1 

and ∆N-RARRES1 (Figure 11B) as well as full-length RARRES1-EYFP (Figure 11C) at 

their respective predicted molecular masses.  However, the antibody failed to 

recognize an exogenously expressed short isoform of RARRES1-EYFP (Figure 11C), 

likely because a large portion of the immunizing antigen is not present in this species.  

This indicates that detection of endogenous levels of this putative species is, as of yet, 
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likely unachievable.  Based on these data, we offer that the ~38 kDa species is 

endogenous full-length RARRES1.   

 

RARRES1 IS A TYPE III TRANSMEMBRANE PROTEIN 

 

In silico evaluation of RARRES1’s assumed transmembrane domain (Figure 

12A, http://www.ch.embnet.org/software/TMPRED_form.html), potential signal 

peptide/cleavage site (Figure 12B, http://www.cbs.dtu.dk/services/SignalP/) and N-

glycosylation status (Figure 12D, http://www.cbs.dtu.dk/services/NetNGlyc/) produce 

conflicting reports about resulting directionality once inserted into the membrane.  To 

address the sub-cellular compartmentalization of RARRES1 we performed a three-pool 

fractionation assay of PWR-1E cells and resolved the protein isolates by SDS-PAGE.  

Subsequent immunoblotting for RARRES1 revealed a pool associated with the 

membranous compartment at the previously described mass (~38 kDa) suggesting that 

RARRES1 is indeed a membrane bound protein (Figure 12C).  Intriguingly, a second, 

higher molecular weight pool (~50 kDa) was identified in the nuclear/cell debris pool 

indicating that there could be a species which is highly modified and/or insoluble 

(Figure 12C).  This species however, is not identified in whole cell lysates. 

We addressed the orientation of RARRES1 within the membrane by 

examination of its putative N-glycosylation status.  Cleavage of potentially N-linked 

glycans was carried out by PNGase F digestion and followed by SDS-PAGE and 

subsequent immunoblotting.  As we show here, RARRES1 does not undergo a shift in 

molecular weight when exposed to PNGase F (Figure 12E), unlike the known N-
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glycosylated E-cadherin163, suggesting that it is not N-glycosylated.   Immunoblot data 

for endogenous RARRES1 suggests that there is no cleavage product generated and 

that there is no appreciable accumulation of RARRES1 as a secreted protein into 

culture media (data not shown).  We conclude based on these findings that the 

carboxy-terminus of RARRES1 faces the cytoplasmic side of the membrane and not 

the lumen (a type III transmembrane orientation).  This finding is consistent with its 

association with several cytoplasmic proteins (Table 3). 

 

RARRES1 DISTRIBUTION 

 

We next elucidated the specific sub-cellular distribution pattern of RARRES1.  To 

accomplish this we utilized our EYFP-tagged full-length and variant isoform cDNA 

constructs in a variety of assays.  Initially, SKBR-3 cells and PWR-1E (data for PWR-

1E cells not shown) cells were transfected with each construct, grown on glass for 24-

48 hours and then prepared for visualization by fluorescent microscopy.  The resultant 

images (figure 13A and 13B) reveal distinct localization to a peri-nuclear region and to 

the points of contact between dividing cells for full-length RARRES1.  Interestingly, the 

variant isoform of RARRES1 does not appear to have a distinct localization pattern and 

is generally found diffusely distributed throughout the cytoplasm.   

To eliminate the possibility of the apparent localization being attributed to cell-

cell adhesion related we transfected SKBR-3 cells with each isoform and monitored the 

cells for RARRES1-EYFP positive transfectants undergoing cell division.  What we 

observed (Figure 13C and 13D) was indeed a movement of RARRES1 (full-length) to 



 64 

the presumptive cleavage furrow region, suggesting a possible role in cytokinesis 

and/or abscission. 

The peri-nuclear localization of full-length RARRES1-EYFP is reminiscent of a 

Golgi-localized pattern and to examine this possibility further we labeled full-length 

RARRES1-EYFP transfected SKBR-3 cells with an anti-golgin-97 antibody.  Golgin-97, 

a member of the granin protein family, is a peripheral membrane protein which resides 

on the cytoplasmic face of the Golgi network164.  Fluorescent microscopic analysis 

revealed a partial peri-nuclear co-localization of RARRES1-EYFP and golgin-97 

(Figure 13F) suggesting that full-length RARRES1 does spend at least a portion of its 

life-cycle within the Golgi-apparatus. 

We observed a proportion of full-length RARRES1-EYFP that did not localize 

with golgin-97 but rather assembled seemingly at the cleavage furrow of late dividing 

cells, and next aimed to clarify if other potential membranous compartments may co-

localize at these sites.  To this end we labeled full-length RARRES1-EYFP transfected 

SKBR-3 cells with an anti-LAMP-2 antibody which identifies LAMP-2 (lysosomal-

associated membrane protein-2) a protein which specifically shuttles amongst 

lysosomes, endosomes and the plasma membrane165.  Our analysis exposed little if 

any co-localization between RARRES1 and LAMP-2 (Figure 13E), suggesting that 

RARRES1 is not trafficked to the cleavage furrow by the lysosome/endosome pathway. 

We became increasingly interested in understanding, in real-time, how 

RARRES1 is trafficked about the cells as they move and divide.  To speak to this issue 

we co-transfected PWR-1E cells with full-length RARRES1-EYFP and mCherry-Golgi 

and monitored the live cells by sequential fluorescent microscopy over time.  mCherry-
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Golgi is a fusion of mCherry fluorescent protein with the membrane-anchoring signal 

peptide of β-1,4-galactosyltransferase, which marks the trans-medial Golgi network.  

Strikingly, RARRES1-EYFP and mCherry-Golgi exhibit a high degree of co-localization 

within non-motile, non-dividing cells, populating the Golgi-apparatus and apparent 

distantly trafficking vesicles (Figure 13G).  Again we observed RARRES1-EYFP 

trafficking to the cleavage furrow and midbody of dividing live cells (Figure 13H).  We 

also observed RARRES1 being donated, in part, to new daughter cells at abscission 

(Figure 14A-H).  We note here that there appears to be very little mCherry-Golgi 

present at these sites, suggesting that RARRES1 is deposited by the Golgi-derived 

vesicles.  We also note that once division is complete, a portion of RARRES1 

apparently begins to re-populate the Golgi-apparatus of the daughter cell (data not 

shown), suggesting some level of protein recycling. 

 

THE RARRES1 INTERACTOME 

 

The RARRES1 paralogue latexin is a putative carboxypeptidase inhibitor associated 

with neuronal specification and important in the regulation of hematopoietic stem cell 

numbers and ageing54, 59, 63, 166-169.  The mechanisms by which latexin achieves these 

feats are still largely a mystery, and similarly RARRES1 has no known function.  We 

reasoned that by identifying RARRES1 binding partners in the cell we may obtain 

insight into its function, and perhaps that of latexin.  To this end, we employed tandem 

affinity purification of our Tap-Tagged full-length RARRES1 construct and subsequent 

LC/MS/MS and accordingly characterized the RARRES1 interactome in stably 
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expressing HEK293 embryonic kidney cells.  Nano LC-Q-TOF/TOF mass spectrometry 

and analysis by way of a ProteinPilotTM software search revealed 9 proteins (including 

RARRES1) identified with a confidence interval > 95% (Table 3).  Proteins that were 

also present in a complex isolated from HEK293 cells stably expressing the pGlue 

TapTag vector without the RARRES1 insert were removed from the analyses.  Several 

proteins in the RARRES1 complex are associated with the regulation of microtubule 

function. These are: the mitotic spindle associated kinesin Eg5/KIF11, an emerging 

target for cancer therapy; EB1, a microtubule plus end binding protein important in 

spindle orientation and migration; AGBL2, a novel human cytosolic carboxypeptidase 

and member of the ABGL/Nna-1 family, and α-tubulin itself.  Verification of stably 

expressing clones and the presence of AGBL2, Eg5 and EB1 in the RARRES1 

complex was confirmed using western blot (Figure 15A and 15B).  

 

REGULATION OF α-TUBULIN AND EB1 TYROSINATION  

 

The presence of a cytosolic carboxypeptidase (AGBL2) in the complex is particularly 

interesting since RARRES1 and latexin are putative carboxypeptidase inhibitors with 

no known cellular partners.  Other than its presence in Genbank (GeneID: 79841), 

nothing is known of human AGBL2.  Another likely family member, mouse Nna-1, is 

important in cerebellar degenerative disorders170, 171.  Nna-1 knockout mice have high 

levels of tyrosinated tubulin in the degenerative cerebellum, and although not tested 

directly it was suggested that Nna-1 might have the characteristics of a tubulin tyrosine 

carboxypeptidase111, 112.  Remarkably, although removal and subsequent re-addition of 
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the C-terminal tyrosine of α-tubulin (the tubulin tyrosination cycle) has been known to 

occur for decades the identity and regulation of the specific tubulin tyrosine 

carboxypeptidase has remained a mystery114, 172.  To test if AGBL2 has the 

characteristics of a tubulin carboxypeptidase we examined the trypsin digest-generated 

peptide spectra isolated from the 55 kDa band (which contains tubulin) of extracts from 

control cells and cells in which AGBL2 was knocked down (Table 4).  The relative 

levels of tyrosinated versus detyrosinated α-tubulin was calculated by comparing areas 

of the peaks at the theoretical masses of the tyrosinated (Mtub
tyrosinated = 2428.87 Da 

DYEEVGVDSVEGEGEEEGEEY) and detyrosinated (Mtub
detyrosinated = 2265.81 

DYEEVGVDSVEGEGEEEGEE) α-tubulin C-terminal.  Consistent with a role for 

AGBL2 in tubulin detyrosination, its knockdown reduced the ratio of 

detyrosinated/tyrosinated tubulin (4.1 to 0.76).  In contrast, knockdown of RARRES1 

increased the ratio of detyrosinated/tyrosinated tubulin (4.1 to 9.2) consistent with 

inhibition of endogenous AGBL2 activity.  These results were confirmed by western 

blot analysis using antibodies specific for the tyrosinated and detyrosinated forms of α-

tubulin (Figure 15C).  

Like α-tubulin, EB1 has a C-terminal EEY motif, although it is not known if it 

undergoes detyrosination.  To test this we examined the trypsin digest-generated 

peptide spectra isolated from the 30 kDa band (which contains EB1) of cell extracts.  

The relative levels of tyrosinated versus detyrosinated EB1 were calculated by 

comparing areas of the peaks at the theoretical masses of the tyrosinated (MEB1
tyrosinated 

= 3055.39 Da IVDILYATDEGFVIPDEGGPQEEQEEY) and detyrosinated 

(MEB1
detyrosinated = 2892.33 Da IVDILYATDEGFVIPDEGGPQEEQEE) EB1 C-terminal. 
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Most of the EB1 was of the tyrosinated form in control cells.  Consistent with a role for 

AGBL2 in EB1 detyrosination, its knockdown further reduced the already low ratio of 

detyrosinated/tyrosinated EB1 (0.23 to 0.13).  In contrast, knockdown of RARRES1 

markedly increased the ratio of detyrosinated/tyrosinated EB1 (.23 to 1.3) consistent 

with a role for RARRES1 in inhibition of AGBL2 activity.  Taken together these data 

provide strong evidence that AGBL2 and RARRES1 are α-tubulin and EB1 tyrosine 

carboxypeptidase and carboxypeptidase inhibitor respectively but do not directly 

identify the form of α-tubulin that is actually present in the RARRES1 complex.  To do 

this we probed the RARRES1 Tap-Tag complex itself for detyrosinated and tyrosinated 

α-tubulin (Figure 15D) and demonstrated that the ratio of detyrosinated/tyrosinated α-

tubulin in the RARRES1 complex is significantly lower than it is in the total cell lysate 

(0.19-0.49).  This data is summarized in our theoretical model of RARRES1 function 

(Figure 16). 
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II.E.  DISCUSSION 

 

It is widely accepted that vitamin A and vitamin D exhibit strong anti-proliferative 

and pro-differentiative capacities and as such are used in a variety of 

chemotherapeutic regimes in the arena of cancer therapy12, 21-23, 173.  However, the toxic 

side-effects due to exposure to pharmacologic doses of these agents preclude their 

widespread and prolonged use as cancer preventive or therapeutic instruments.  

Despite the advances in the use of natural and synthetic derivatives, precise 

mechanisms by which these common cancer therapies act remain largely unknown.  

Both dietary agents act through nuclear receptors that directly affect the genetic 

changes associated with ligand signaling, and in the case of vitamin D, these receptors 

actually heterodimerize with RXRs to transmit their intended signal4, 5, 17.  Data 

concerning the similar effects of vitamin A and vitamin D on SKBR-3 cell phenotypes 

suggest that, at least in these cells, the reagents are potentially affecting a similar 

panel of genes156 (and unpublished observations).  This study was conducted to begin 

to elucidate which genes may be responsible for the common anti-cancer properties of 

vitamins A and D.  Our microarray analysis of vitamin A and D treated SKBR-3 breast 

cancer cells, refined by comparisons with available data from other vitamin D treated 

cells suggests that one potential way these dietary agents regulate cell growth is 

through the putative tumor suppressor RARRES1.    
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RARRES1 A LIKELY TUMOR SUPPRESSOR 

 

A large quantity of epidemiologic data demonstrates that the promoter region of 

RARRES1 is hypermethylated and as such, the gene is silenced in many of cancer 

types, a phenomenon which is often associated with tumor suppressor genes68, 71-76, 81, 

82, 174.  Silencing of an important regulatory gene can be achieved by epigenetic means, 

like this methylation, but can also come about as a result of an actual loss of genetic 

material.  Interestingly, loss of heterozygosity in the region on chromosome 3 where 

RARRES1 resides (3q25) has been described for several cancers including 

glioblastoma mlultiforme, bladder and nasopharyngeal carcinoma, again implying that 

RARRES1 is a likely tumor suppressor candidate175-177.   

While these studies are intriguing, they do not actually ascribe any function to 

RARRES1 other than assuming that it would be tumor suppressive.  One study done in 

a prostate cancer cell-line setting attempted to tease out the biological consequences 

of re-expressing RARRES1 in the null background of highly aggressive PC-3M cancer 

cells67.  While this report was initially promising, showing decreased growth and 

invasion in vitro and reduced xenograft tumor burden in vivo (though all tumors did 

actually grow), our findings suggest that this study design was incorrect.  This group 

utilized a cDNA construct for their studies which we now know to be the shorter, variant 

version of RARRES1.  While we have demonstrated that this endogenous mRNA 

species is in fact detectable, it is present in vanishingly small quantities, especially 

compared to the full-length mRNA.  We can not verify that this transcript is translated 

into a functional protein as reagents for RARRES1 are limited and our antibody 
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appears only to detect full-length protein, even after exogenous expression.  Based on 

the small amount of mRNA and without a means of detecting the variant protein, we 

feel that the major function of RARRES1 is carried out by the full-length isoform.  That 

being said, it is interesting to note that the variant does exhibit at least some propensity 

for inducing growth retardation by two independent studies in cancer cells67, 74. 

One other interesting finding from our initial work with RARRES1 is the 

observation that patients receiving neo-adjuvant therapy for prostate cancer appear to 

regain RARRES1, again suggesting that it may play a role in tumor suppression.  We 

tested this further by exposing aggressive prostate cancer cell-lines to vitamin A and D, 

but in each case failed to induce RARRES1 expression.  These results imply that there 

may be a point of no return for the effectiveness of the use of vitamin A and D as 

chemotherapeutics, at least in prostate cancer, as it appears that these agents can not 

act on a severely hypermethylated RARRES1 promoter.   

 

A ROLE FOR RARRES1 IN CYTOKINESIS? 

  

The previously described studies concerning the growth suppressive properties 

of the variant RARRES1 isoform were very recently validated by a study which utilized 

the full-length isoform.  In this study RARRES1 did regulate the proliferative differences 

in two populations of adipose-derived mesenchymal stem cells83.  Still, no mechanism 

for how these differences were achieved was suggested.  Our determination of 

RARRES1 as a Golgi-associated type III transmembrane protein suggests that unlike 

in the predicted models, RARRES1 is not secreted.  Further, if like its paralogue latexin 
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RARRES1 possesses a carboxypeptidase inhibitory function, the cytoplasmic 

localization of its putative CPI domain would preclude it from interacting with the 

lysosomal carboxypeptidases.  These observations suggested to us that RARRES1 

has to function inside the confines of the membrane, and that if it is a CPI, that its 

cognate carboxypeptidase(s) is likely active within the cytosol. 

In this study we have demonstrated that full-length RARRES1 is transported to 

the midbody of cells undergoing abscission, the final step of cytokinesis.  We also 

determined that this pool of RARRES1 is trafficked by Golgi-derived vesicles, separate 

from the lysosome and endosome pathway, and is split between the mother and 

daughter cells after abscission.  This observation begs the question of RARRES1’s 

potential role in cytokinesis.  This process requires perfectly timed proteolysis of many 

substrates, including Polo-like and Aurora kinases, and several microtubule-associated 

proteins and motors (reviewed in reference178).  If, indeed RARRES1 has a proteolytic 

regulatory function, this localization pattern would provide innumerable opportunities 

for potential substrate interactions.  Interestingly, the variant isoform of RARRES1 has 

no discernable localization pattern, again suggesting that this form of the gene-product 

may be a pseudogene with no real function.   

 

RARRES1: A TRUE ENDOGENOUS CARBOXYPEPTIDASE INHIBITOR 

 

Recombinant latexin can inhibit the activity of the lysosomal carboxypeptidase 

A (CPA) family members in vitro, and can even be co-crystallized with them; however, 

structural analyses and localization patterns of latexin clearly suggest that it is a 
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cytoplasmic protein59, 60, 168.  Thus, it is not likely to interact with members of the 

lysosomal CPA family under normal circumstances.  A potential caveat to this 

assumption could be made in the case of cells programmed for apoptosis.  Recent 

evidence suggests that under some apoptotic and autophagic cascades, the contents 

of the lysosome are released to aid in the proteolytic break-down of the cell34.  In this 

instance latexin, and theoretically RARRES1, could provide a mechanism for the 

prevention or more rigid control of such proteolysis. Our analysis of the full-length 

RARRES1 interactome, we reason, may also shed light on potential latexin protein 

binding partners.  In the present study, we not only uncovered a true biological role for 

RARRES1, but serendipitously determined the identity of the carboxypeptidase 

responsible for the unique post-translational detyrosination of α-tubulin, a long sought 

after enzyme. 

The tubulin tyrosination cycle is important in several aspects of microtubule 

function including kinesin interactions, spindle dynamics, mitosis and neuronal 

specification88, 119, 123, 179.  Microtubules containing large amounts of detyrosinated α-

tubulin are demonstrably more stable, and are resistant to depolymerization by 

nocodazole and other destabilizing agents180.  Consistent with a role for stable 

microtubules in human disease, detyrosinated α-tubulin is elevated in aggressive 

breast and prostate cancers which are often resistant to microtubule-targeted 

chemointerventions124-126.   Interestingly, elevated levels of detyrosinated α-tubulin, and 

a form of tubulin known as ∆2-tubulin, a highly stable version generated by the 

precursor detyrosinated form, predominate in normal brain tissue, but can give rise to 

tumors in other tissues, further suggesting a role for the tubulin tyrosination cycle in 
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tumorigenesis84, 151, 181.  As such, this area is currently under investigation in the search 

for anti-cancer therapies such as the administration of nitrotyrosine or azatyrosine 

residues which cause irreversible dysfunction and growth suppression once 

incorporated into microtubules182, 183.  Our elucidation of AGBL2 as a tubulin 

carboxypeptidase, and of RARRES1 as its endogenous inhibitor have opened a huge 

potential for novel chemotherapeutic or chemopreventive therapies based on a 

maintenance of proper tyrosinated/detyrosinated tubulin proportions.   

 Lending even more credibility to the idea of the AGBL2/RARRES1 complex as 

an area for rational drug design are our observations that the microtubule plus-end 

binding protein EB1 undergoes a similar detyrosination event mediated by AGBL2.  

The intact EEY domain of EB1 has been described as being necessary for its 

recognition by other plus-end tracking proteins (+TIPs)184, 185, and though detection of 

detyrosinated EB1 is not described in the literature,  our findings indicate that this event 

could further serve to stabilize microtubules through alteration of associated +TIPs by a 

non-functional EB1.  Interestingly, EB1 is reported to be oncogenic in certain settings 

through its association with the adenomatous polyposis coli (APC), and subsequent 

activation of β-catenin/TCF transcription186.  APC itself is a +TIP family member which 

stabilizes microtubule ends187, though it is not clear if this function is separate from its 

role in mediating β-catenin levels.  We speculate that the oncogenic capacity of EB1 

may lie within the detyrosinated form as it would likely be displaced from its normal 

residence on dynamic microtubule ends.  If not degraded or re-tyrosinated, which one 

report suggests does not occur188, detyrosinated EB1 could be free to interact with 
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other proteins and effect oncogenesis.  Certainly, this is an intriguing area for future 

study. 

 Finally, and equally as interesting, is our observation that RARRES1 interacts 

with the mitotic kinesin Eg5.  Though still in its early stages, this protein has become a 

popular new target for chemotherapeutic intervention as the theoretical side effects are 

likely to be less than standard microtubule-based interventions.  While we have not yet 

further examined this interaction, it could have a broad impact on cell proliferation and 

tumorigenesis.  Taken in sum, we conclude that the vitamin A and D induced 

RARRES1 and its cognate carboxypeptidase AGBL2 provide a substantial new target 

set for understanding cell and cancer biology, and the exploitation of these findings 

could lead to the development of novel therapeutics. 
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II.F.  FIGURE AND TABLE LEGENDS 

 

FIGURE 9.  RETINOIC ACID AND VITAMIN D3 CO-REGULATED GENES.  Venn diagram 

depicting the space occupied by mRNA species independently upregulated in 

response to either 9-cis-retinoic acid (RA) or 1,25(OH)2D3 (D3) in either SKBR-3 or 

Caco-2 cancer cell lines.  The intersection of the three fields represents the genes CP 

(ceruloplasmin/ferroxidase), CEACAM6 (carcinoembryonic antigen-related cell 

adhesion molecule 6), and RARRES1 (retinoic acid receptor responder 1).  These are 

the only commonly upregulated subset (p<0.01). 

 

FIGURE 10.  RARRES1 IN CANCER.  (A) Relative expression of RARRES1 in normal and 

benign prostatic hyperplasia (BPH) vs. primary and metastatic carcinoma and (B) 

prostate carcinoma vs. neo-adjuvant therapy.  (C) RARRES1 is induced by 10-7M RA 

or D3 in SKBR-3 breast cancer cells and in PWR-1E normal immortalized prostate 

epithelial cells but not in PC-3 or other more aggressive prostate cancer cells. 

 

TABLE 2.  RARRES1 LEVELS IN ESTABLISHED ADHERENT HUMAN CELL-LINES.  RT-PCR 

and/or quantitative RT-PCR for RARRES1 was performed on total RNA samples from 

the indicated cell-lines.  Within each tissue-type, cell-lines are listed from lowest 

expression to highest expression levels.  RARRES1 levels were determined as follows:  

undetectable (∆Ct>25 or nor amplicon after 35 cycles), low (∆Ct=21-25 or faint 

amplicon after 35 cycles), moderate/low (∆Ct=18-21 or faint amplicon after 30 cycles), 
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moderate/high (∆Ct=15-18 or robust amplicon after 30 cycles), high (∆Ct<15 or 

saturated amplicon after 30 cycles). 

 

FIGURE 11.  CHARACTERIZATION OF RARRES1 POLYCLONAL ANTIBODY.  (A) Comparison 

of the carboxy-termini of the full-length (RARRES1) and putative variant protein 

species of RARRES1.  The variant contains an alteration in the amino acid sequence 

(underlined) which results in a subsequently truncated protein species.  (B) Immunoblot 

of PC-3 (negative) and PWR-1E expressing endogenous (~38 kDa, faint band), HA-

∆N-RARRES1 (~45 kDa) and HA-RARRES1 (~50 kDa, degradation product at ~30 

kDa).  (C) Immunoblot of PWR-1E cells expressing variant-RARRES1-EYFP (~57 kDa) 

and RARRES1-EYFP (~64 kDa). 

 

FIGURE 12.  RARRES1 IS A TYPE III TRANSMEMBRANE PROTEIN.  (A) Prediction of N-

terminal transmembrane domain from residue 24-39 with luminal carboxy-terminus 

(predicted score of 1563 units) and (B) a 40 residue signal peptide.  (C) Subcellular 

fractionation of PWR-1E cells indicates a membrane associated (~38 kDa) and high 

molecular weight nuclear (~50 kDa) pools of endogenous RARRES1.  (D) Prediction of 

RARRES1 potential N-glycosylation signal.  (E) Endoglycosidase (PNGase F) 

digestion of PWR-1E whole cell lysates. 

 

FIGURE 13.  DISTRIBUTION AND LOCALIZATION OF RARRES1-EYFP.  (A) and (B) 

Immunofluorescent analysis of exogenous RARRES1-EYFP and variant-EYFP cellular 

distribution in SKBR-3 breast cancer cells (green-RARRES1, red-actin, blue-DNA).  (C) 
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and (D) Immunofluorescent and phase contrast analysis of exogenous RARRES1-

EYFP and variant-EYFP in live, dividing SKBR-3 breast cancer cells (green-

RARRES1).  (E) Expression of full-length RARRES1-EYFP (green) counterstained for 

LAMP-2 (red) in SKBR-3 breast cancer cells (blue-DNA).  (F) Expression of full-length 

RARRES1-EYFP (green) counterstained for golgin-97 (red) in SKBR-3 breast cancer 

cells (blue-DNA).  (G) and (H) Live-cell imaging of co-expressed full-length RARRES1-

EYFP (green) and mCherry-Golgi (red) in non-dividing (G) and dividing (H) PWR-1E 

cells (white arrow highlights midbody). 

 

FIGURE 14.  RARRES1-EYFP IS SPLIT BETWEEN MOTHER AND DAUGHTER CELLS DURING 

CYTOKINESIS.  (A-H) Sequential time-lapse imagery of PWR-1E cells expressing 

exogenous full-length RARRES1-EYFP (green) and mCherry-Golgi (red).  A single 

confocal plane was photographed every ten minutes in each fluorescent channel (and 

in DIC, non-fluorescent panels) to determine localization and live-cell trafficking 

dynamics.  The highlighted cells (A, white dashed enclosure) demonstrates steady 

progression from late telophase (A) through abscission (H) and a division of 

RARRES1-EYFP between the resulting cells. 

 

TABLE 3.  RARRES1-INTERACTING PROTEINS.  List of direct and indirect RARRES1 

interactors as identified by trypsinizing RARRES1 complex pull-down, followed by Q-

TOF-TOF mass spectrometry and ProteinPilot™ software search of human protein 

databases. 
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FIGURE 15.  RARRES1 INTERACTS WITH AGBL2, EG5 AND EB1 AND REGULATES TUBULIN 

TYROSINATION.  (A/B) RARRES1, AGBL2, Eg5 and EB1 are present in the Tap-Tag 

purified RARRES1 complex.  (C) Knockdown of RARRES1 or AGBL2 regulates α-

tubulin tyrosination.  (D) Tyrosinated tubulin is present in the Tap-Tag purified 

RARRES1 complex.   

 

TABLE 4.  RARRES1 AND AGBL2 REGULATE TYROSINATION OF TUBULIN AND EB1.  

Relative quantitation of tyrosinated and detyrosinated α-tubulin and EB1 using MALDI-

TOF.  Numerical values represent the peak areas of the different C-terminal trypsin-

digested peptide masses of tyrosinated α-tubulin (2428.9 Da), detyrosinated a-tubulin 

(2265.8 Da), tyrosinated EB1 (3055.4 Da) and detyrosinated EB1 (2892.3 Da) as 

computed using PeptideMass software. 

 

FIGURE 16.  THEORETICAL MODEL FOR RARRES1 FUNCTION.  The C-terminal EEY motifs 

of α-tubulin and EB1 are detyrosinated by AGBL2.  Tyrosination, in the case of soluble 

α-tubulin, is mediated by TTL, and a potential tyrosination of EB1 (undescribed) could 

involve a novel tyrosine ligase, here theoretically named EBTL.  RARRES1 blocks 

AGBL2 activity, presumably through direct inhibition, increasing the proportion of 

tyrosinated tubulin (and EB1) and altering the accessibility of MT’s by certain kinesins.  

(AGBL2-ATP/GTP binding protein-like 2; EB1-end-binding protein 1; EBTL-EB1 

tyrosine ligase (putative); MT-microtubule; RARRES1-retinoic acid receptor responder 

1; TTL-tubulin tyrosine ligase). 
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 II.G.  FIGURES AND TABLES 

 
FIGURE 9.  RETINOIC ACID AND VITAMIN D3 CO-REGULATED GENES (CREDITED TO YUN JI, 
PHD) 
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FIGURE 10.  RARRES1 IN CANCER 
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TABLE 2.  RARRES1 LEVELS IN ESTABLISHED ADHERENT HUMAN CELL-LINES 
 

Tissue Cell-line Classification 
RARRES1 

mRNA level 

Prostate 

CWR22Rv1 
 

LNCaP 
 

PC-3 
 

PC-3M 
 

RWPE-2 
 

PWR-1E 
 
 

DU-145 

Primary carcinoma 
 

Metastatic adenocarcinoma (lymph) 
 

Metastatic carcinoma (bone) 
 

Highly metastatic derivative of PC3 
 

v-Ki-ras transformed normal epithelium 
 

Non-tumorigenic epithelium immortalized by 
adenovirus 12 + SV40 virus 

 
Metastatic carcinoma (CNS) 

Undetectable 
 

Undetectable 
 

Undetectable 
 

Undetectable 
 

Low 
 

Moderate 
 
 

Moderate 

    

Breast 

HS578T 
 

MDA-MB-231 
 

MCF-10A (ras/erbB2) 
 

SK-BR-3 
 

BT549 
 

184A1N4-T 
 
 

MCF-10A 
 
 

184A1N4 
 
 

184A1N4-myc 
 

Primary carcinoma 
 

Metastatic adenocarcinoma (pleural 
effusion) 

 
c-Ha-ras + c-erbB2 transformed MCF-10A 

variant 
 

Metastatic carcinoma (pleural effusion) 
 

Primary papilloma (with local lymph node 
metastases) 

 
SV40-T transformed 184A1N4 variant (non-

tumorigenic) 
 

Non-tumorigenic epithelium isolated from 
fibrocystic disease 

 
Non-tumorigenic epithelium immortalized by 

benzo(a)pyrene 
 

c-myc transformed 184A1N4 variant (non-
tumorigenic) 

Low/none 
 

Low 
 

Low 
 

Moderate/low 
 

Moderate/low 
 

Moderate/low 
 
 

Moderate/low 
 
 

Moderate/high 
 
 

High 
 

Kidney HEK-293 Embryonic kidney Low 
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FIGURE 11.  CHARACTERIZATION OF RARRES1 POLYCLONAL ANTIBODY 
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FIGURE 12.  RARRES1 IS A TYPE III TRANSMEMBRANE PROTEIN 
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FIGURE 13.  DISTRIBUTION AND LOCALIZATION OF RARRES1-EYFP (PORTIONS OF THE 

DATA IN THIS FIGURE ARE CREDITED TO YUN JI, PHD) 
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FIGURE 13.  (CONTINUED) 
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FIGURE 14.  RARRES1-EYFP IS SPLIT BETWEEN MOTHER AND DAUGHTER CELLS DURING 

CYTOKINESIS 
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TABLE 3.  RARRES1-INTERACTING PROTEINS (CREDITED TO ZIAD J. SAHAB, PHD) 
 

 
 

Score % Sequence Accession # Protein 

4.32 30.8 sp|Q71U36|TBA1A_HUMAN 
Tubulin alpha-1A chain OS=Homo sapiens 

GN=TUBA1A 

4.27 48.5 sp|P46109|CRKL_HUMAN 
Crk-like protein OS=Homo sapiens 

GN=CRKL 

4.05 40.5 gi|166898073 
ANKRD26-like family C member 1A 

(POTE-2) 

3.3 27.6 sp|Q15691|MARE1_HUMAN 
Microtubule-associated protein RP/ 

EB Family member 1 
GN=MAPRE1 

2.01 46.7 sp|P10599|THIO_HUMAN Thioredoxin OS=Homo sapiens GN=TXN 

2 40.4 sp|Q05639|EF1A2_HUMAN 
Elongation factor 1-alpha 2 OS=Homo sapiens 

GN=EEF1A2 

2 18.9 sp|P52732|KIF11_HUMAN 
Kinesin-like protein KIF11 OS=Homo sapiens 

GN=KIF11 

1.8 45.9 sp|Q5U5Z8|CBPC2_HUMAN 
Cytosolic carboxypeptidase 2 

GN=AGBL2 

1.7 20.4 sp|P49788|TIG1_HUMAN 
Retinoic acid receptor responder protein 1 

GN=RARRES1 
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FIGURE 15.  RARRES1 INTERACTS WITH AGBL2, EG5 AND EB1 AND REGULATES TUBULIN 

TYROSINATION (CREDITED TO ZIAD J. SAHAB, PHD) 
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TABLE 4.  RARRES1 AND AGBL2 REGULATE TYROSINATION OF TUBULIN AND EB1 

(CREDITED TO ZIAD J. SAHAB, PHD) 
 

 
 

Experimental 
Detyrosinated 

EB1 
Tyrosinated 

EB1 
Detyro/Tyro 
EB1 Ratio 

Detyrosinated 
Tubulin 

Tyrosinated 
Tubulin 

Detyro/Tyro 
Tubulin 
Ratio 

Control 70 298 0.23 327 79 4.1 

AGBL2 
siRNA 

90 696 0.13 290 378 0.76 

RARRES1 
expression 

95 854 0.11 267 82 3.2 

RARRES1 
siRNA 

414 321 1.28 436 47 9.3 
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FIGURE 16.  THEORETICAL MODEL FOR RARRES1 FUNCTION 
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CHAPTER III: CONSEQUENCES OF THE LOSS OF RARRES1 IN NORMAL AND CANCER 

CELLS, AND IN EARLY VERTEBRATE DEVELOPMENT
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THE WORK PRESENTED IN CHAPTER III WILL BE PUBLISHED, ALONGSIDE THE WORK 

PRESENTED IN CHAPTER II, AS FOLLOWS: 
 
MICHAEL D. HALL

1, ZIAD J. SAHAB
1, YUN JI, SARA MADANIKIA, KIMBERLY E. MAXFIELD, 

ERIC GLASGOW, DEEPAK KUMAR AND STEPHEN W. BYERS.  RARRES1 REGULATES α-
TUBULIN TYROSINATION, MITOSIS AND EMBRYOGENESIS.  SUBMITTED/IN REVIEW. 
 

 

III.A.  ABSTRACT 

 

 RARRES1, a putative tumor suppressor gene upregulated by both vitamin A 

and D, and important in the regulation of the tubulin tyrosination cycle, is a member of 

the latexin family of endogenous carboxypeptidase inhibitors.  Latexin directly 

regulates the population of haematopoietic stem cells and their ageing in mice.  We 

now report that depletion of RARRES1 in SKBR-3 breast cancer cells results in an 

accumulation of multinucleate cells.  Further, RARRES1 reduction in normal 

immortalized PWR-1E prostate cells slows cell motility and deregulates genes 

important in normal prostate epithelial cell biology.  We found that RARRES1/latexin 

orthologous molecules exist only in vertebrate organisms, and that RARRES1 is the 

ancestral molecule in this family.  Zebrafish Rarres1, the only family member present in 

the organism, is expressed in the ventricles of the developing brain and in the 

intermediate cell mass of the developing haematopoietic system.  Knockdown of 

Rarres1 reduced embryonic viability and induced dramatic defects in brain 

development and somitogenesis.  These data support a role for RARRES1 in 

cytokinesis and suggest that RARRES1 is an important player in tumorigenesis and 

stem cell biology and a potential avenue for novel therapeutics. 
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III.B.  INTRODUCTION 

 

 Retinoic acid receptor responder (tazarotene induced) 1 (RARRES1/TIG1) is 

regarded as a putative tumor suppressor gene based on extensive promoter 

hypermethylation across a wide variety of cancers68, 71-76, 80-82.  There are further 

indications that it suppresses the invasiveness and tumorigenicity of xenograft tumors 

and plays a role in the proliferative/differentiative switch in adult adipose-derived 

mesenchymal stem cells67, 83.  Notably, a RARRES1 family member, latexin (LXN) has 

also been implicated in controlling aspects of stem cell biology where an inverse and 

direct relationship between latexin expression and the size of the haematopoietic stem 

cell population in mice has been reported63.  Latexin was initially described as the only 

known mammalian carboxypeptidase inhibitor involved in the regional specification of 

neurons53-56.  Curiously, RARRES1 has no orthologous molecules in invertebrate 

organisms and the paralogue latexin does not appear to exist outside of mammals. 

 Unpublished studies carried out in our lab have indicated that RARRES1 is also 

a carboxypeptidase inhibitor, trafficked to the midbody of dividing cells, which plays a 

role in the regulation of the C-terminal detyrosination events of α-tubulin and the 

microtubule plus end tracking protein (+TIP) EB1.  Our previous findings also indicate 

that the carboxypeptidase which RARRES1 inhibits, ATP/GTP Binding-Like Protein 2 

(AGBL2/CCP2), is a member of a newly described family of cytosolic 

carboxypeptidases related to Nna1/CCP1, a modulator of neural degeneration, and 

thought to be the long sought-after tubulin-tyrosine carboxypeptidases111, 112, 170, 189.  

The removal and subsequent re-incorporation of a tyrosine residue on the C-terminal of 
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α-tubulin (the tubulin tyrosination cycle) is known to be associated with normal cellular 

and developmental processes like mitosis and cellular differentiation but also 

contributes to pathological processes such as cystic fibrosis and tumorigenesis118, 119, 

122-126. 

 These observations led us to investigate a role for RARRES1 in cell division, 

proliferation and motility in human cells.  As the latexin knockout mouse is viable, but 

retains expression of RARRES1, we became interested in determining a role for 

RARRES1 during zebrafish embryonic development as they harbor a single 

RARRES1/LXN family member.   

 We were able to demonstrate that knockdown of RARRES1 in SKBR-3 breast 

cancer cells results in an accumulation of polyploid cells, suggesting a role in 

cytokinesis.  We also show that knockdown in normal immortalized prostate cells does 

not dramatically modify growth and motility, but that several genes associated with 

immortalization and tumorigenesis are altered.  Finally we demonstrate that zebrafish 

Rarres1 is intimately associated with neuronal and haematopoietic development and 

that knockdown of Rarres1 results in embryonic lethality and dramatically impaired 

development. 
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III.C.  MATERIALS AND METHODS 

 

MATERIALS AND REAGENTS  

 

 9-cis-RA was obtained from Sigma-Aldrich (St. Louis, MO).  Pronase was 

obtained from Roche Applied Science (Roche, Basel, Switzerland). SDS-PAGE pre-

cast gels, MES running buffer and transfer buffer from Invitrogen (Carlsbad, CA). PCR 

primers were synthesized by IDT (Coralville, IA).  All restriction nucleases were 

purchased from New England Biolabs (NEB, Ipswich, MA).  The primary antibody for 

the immunodetection of the myc-tag is the monoclonal 9E10 (Upstate-Millipore, 

Temecula, CA).  Morpholino modified oligonucleotides were designed with the 

assistance of and manufactured by Gene Tools, LLC (Corvalis, OR). 

 

VECTORS AND CLONING 

 

 A cDNA containing the open reading frame of zebrafish Rarres1 (LOC494053) 

was purchased from Open Biosystems (MDR1734-96866350, Huntsville, AL) in a 

pME18S-FL3 vector backbone.  To generate a N-terminal myc-tagged expression 

construct, this insert was amplified in a PCR reaction using the Expand High Fidelity 

PCR System (Roche, Indianapolis, IN) which blends Taq and Tgo DNA polymerases 

with the following primers: 5’-TTGAATTCATGAAGACCGTCTGCTGGAC-3’ (EcoR1 

site underlined) and 5’-TTCTCGAGTTATTGGTCTGGAGTGCTGGA-3’ (XhoI site 

underlined).  The 821 base pair PCR amplicon was sequentially digested by EcoR1 
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and XhoI restriction enzymes and cloned into pCS2+myc190 previously digested by 

EcoR1/XhoI.  Fidelity of the reaction was confirmed by bi-directional sequencing and 

revealed a single nucleotide frame shift resulting in out-of-frame tagging.  To correct 

the frame shift, a single base pair was inserted directly 5’ of the Rarres1 translational 

start site using the Stratagene’s QuickChange II Site-Directed Mutagenesis Kit (La 

Jolla, CA) and with the following primers:  5’-

GAGGACTTGAATTCGATGAAGACCGTCTGCTGGAC-3’ (insertion underlined) and 

5’-GTCCAGCAGACGGTCTTCATCGAATTCAAGTCCTC-3’ (insertion underlined).  

The fidelity and confirmation of in-frame tagging was carried out by bi-directional 

sequencing. 

 

POLYPLOIDY ANALYSIS 

 

 SKBR-3 cells were transfected with 200 pmoles of SMART pool siRNA 

targeting human RARRES1 (L-009925-00) or with a non-targeting luciferase siRNA (D-

002050-01) purchased from Dharmacon (Lafayette, CO), seeded onto glass coverslips 

and allowed to grow for 48 hours.  Cells were subsequently processed for 

immunocytochemistry and 20 random whole field views (20X) were photographed 

using a Nikon E600 fluorescent microscope and blind coded.  An independent 

investigator examined each field and counted the number of cells (denoted by an intact 

cell membrane associated actin ring stained by TRITC-phalloidin) with one, two or 

multiple nuclei (DNA stained with DAPI).  Results were presented as a percentage of 

multi-nucleate (two or more nuclei) cells.  The experiment was repeated three times, 
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and considered significant if it achieved a p-value of less than 0.05 as calculated by a 

Student’s t-test. 

 

PROLIFERATION ASSAY 

 

 PWR-1E cells were transfected with 200 pmoles of SMART pool siRNA 

targeting human RARRES1 (L-009925-00) or with a non-targeting siRNA (D-001810-

01) purchased from Dharmacon (Lafayette, CO) and plated in eight wells of a 96-well 

plate at a density of 1000 cells per well (five plates per assay).  Cells were fixed and 

stained by crystal violet solution at 24, 48, 72, 96 and 168 hours and allowed to dry.  

The dye was then solubilized in a 1:1 solution of 100% ethanol and 0.1 M sodium 

citrate, incubated for five minutes with gentle agitation and the absorbance at 550 nm 

(A550) was measured by spectrophotometry.  The measurements for all eight wells 

were averaged and results were plotted as a function of relative absorbance (time Y 

A550/24h A550).  The experiment was repeated twice. 

 

WOUND HEALING ASSAY 

 

 PWR-1E cells were transfected with 200 pmoles of SMART pool siRNA 

targeting human RARRES1 (L-009925-00) or with a non-targeting siRNA (D-001810-

01) purchased from Dharmacon (Lafayette, CO) and given 48 hours to adhere and 

grow to confluency in a 24-well plate.  Confluent monolayers were wounded by 

scraping with a 10 µl micropipette tip, rinsed in 1X PBS and supplemented with fresh 
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complete media.  Wounds were photographed by CCD initially and then every hour for 

18 hours on an Eclipse TE-300 inverted microscope (Nikon) equipped with a motorized 

stage and environmental chamber (37oC, 5% CO2) through a 10X phase contrast 

objective.  Metamorph version 7.0 software was employed to control the motorized 

stage, and to measure the width of each wound (in three areas) with the digital caliper 

function.  All experiments were performed a minimum of six times. 

 

MICROARRARY ANALYSIS OF TIG1 KNOCKDOWN 

 

 PWR-1E cells were transfected with 200 pmoles of SMART pool siRNA 

targeting human RARRES1 (L-009925-00) or with a non-targeting siRNA (D-001810-

01) purchased from Dharmacon (Lafayette, CO) and grown for 48 hours.  RNA was 

isolated from cells with Trizol reagent (Invitrogen, Carlsbad, CA) and processed using 

the RNeasy purification kit (Qiagen, Valencia, CA).  RNA was quantitated and 

assessed for purity using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, 

Waltham, MA).  First and second strand cDNA was prepared using the Superscript II 

kit (Invitrogen, Carlsbad, CA) and purified using the GeneChip Sample Clean-up 

Module (Affymetrix, Santa Clara, CA).  Biotin-labeled cRNA was prepared using the 

GeneChip Expression 3’-amplification IVT kit (Affymetrix, Santa Clara, CA) as per 

manufacturer’s instructions, fragmented following the 49/64 format and subsequently 

hybridized to HU133 Plus 2.0 arrays (Affymetrix, Santa Clara, CA).  Analysis of 

expression was performed using RMA, a random variance model found in BRB-
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ArrayTools (NCI, Bethesda, MD) where p-values less and 0.05 were considered 

significant. 

 

RARRES1 PHYLOGENETIC ANALYSIS 

 

 Open reading frame sequences for RARRES1, LXN and putative orthologues 

were obtained from the Ensembl database (www.ensembl.org) and compared using 

the ClustalW2 sequence alignment tool 

(http://www.ebi.ac.uk/Tools/clustalw2/index.html).  Sequences were aligned and 

clustered by the neighbor joining method191  without ignoring gaps and with no distance 

corrections, then output as a phylogram. 

 

ZEBRAFISH LINES AND MAINTENANCE 

 

 Adult wild type (EK strain) zebrafish (Danio rerio) were used in this study and 

were maintained as previously described192.  Embryos were collected, raised and 

where appropriate, staged as previously described142, 192.  For embryo generation, a 

combination of individual breeding pairs (one male and one female) and larger mating 

groups (three males and three females) were used to maximize embryo collection. 
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TREATMENT OF EMBRYOS WITH RETINOIC ACID 

 

 Fifty fertilized embryos from wild-type zebrafish at approximately 50% epiboly 

were treated with either 10-7 M 9-cis-RA or an equivalent volume of 100% ethanol in 

embryo medium for 18 hours.  Embryos were subsequently processed for Rarres1 

levels by RT-PCR. 

 

DETECTION OF RARRES1 BY RT-PCR 

 

 Zebrafish embryos were removed from their chorions by swirling in 2 mg/ml 

pronase followed by a subsequent rinse in cold 1X PBS.  Embryos were then 

suspended in 1ml of Trizol reagent (Invitrogen, Carlsbad, CA) and homogenized by 

repeated passage through a 26-gauge needle.  Subsequent total RNA was isolated 

using the RNeasy kit (Qiagen, Valencia, CA) according to the manufacturer’s 

instructions, and resuspended in DEPC-treated water.  RNA was quantitated and 

assessed for purity using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, 

Waltham, MA).  RT-PCR was performed on total RNA isolated from embryos using a 

OneStep kit (Qiagen, Valencia, CA) as per the manufacturer’s instructions and with the 

following primers: Rarres1 forward 5’-GGATCGCCATTCAGAGTGTT-3’ and reverse 5’-

GGGCTGTCAGATGTGCTGTA-3’ (generating a 266 base-pair amplicon from mature 

mRNA spanning exon 3 to exon 5).  For the amplification of elongation factor 1-α 

(EF1α); forward 5’-AGACCCACATTAACATCGTG-3’ and reverse 5’-

GTCCATCTTGTTGACTCCAA-3’ (generating a 455 base-pair amplicon).  
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Thermalcycling for Rarres1 was done according to the following profile:  30 minutes at 

50oC, 15 minutes at 95oC for RT reaction followed by PCR cycling of, 30 seconds at 

94oC, 30 seconds at 55oC, one minute at 72oC, for 30 cycles with a subsequent final 

elongation at 72oC for 10 minutes.  For EF1α, the profile is the same, with the 

exception of the annealing temperature change from 55 to 52oC for PCR.  PCR 

products were resolved on a 1% agarose gel and visualized. 

 

PROTEIN ISOLATION FROM EMBRYOS 

 

Embryos were removed from their chorions by gentle swirling in 2 mg/ml 

pronase at room temperature followed by two rinses in cold 1X PBS.  Isolation of 

proteins was carried out as described192.  Embryos were washed three times in cold 

Ringer’s solution (116mM NaCl, 2.9mM KCl, 1.8mM CaCl2, 5mM HEPES, pH 7.2) 

followed by one rinse in Ringer’s supplemented with 0.3mM 

phenylmethylsulfonylfluoride (PMSF) and 1mM EDTA.  Embryos were deyolked in this 

medium by gentle trituration through a standard 20 µl micropitette tip followed by two 

washes in Ringer’s plus PMSF/EDTA.  The embryos were briefly centrifuged at 4oC 

(3000 RCF for 5 minutes) and the media was removed.  Embryos were subsequently 

resuspended in SDS sample buffer (63mM Tris-HCl, pH 6.8, 3.5% SDS, 10% glycerol, 

5% β-mercaptoethanol) and homogenized by repeated passage through a 26 gauge 

needle.  These homogenates were boiled for 5 minutes followed by centrifugation at 

3000 RCF for 5 minutes.  The resulting supernatant contained the protein used for 

subsequent analysis. 
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IMMUNOBLOTTING 

 

Protein isolates were quantitiated by measurement of the absorbance at 280 nm 

wavelength (A280) using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, 

Waltham, MA) and equivalent amounts were resolved by SDS-PAGE (4-12% Bis-Tris 

pre-cast gels, Invitrogen, Carlsbad, CA) and transferred to a Protran BA 83 

nitrocellulose membrane (Protran, Germany).  Membranes were incubated in a 

blocking solution containing 5% non-fat milk in phosphate-buffered saline containing 

0.1% Tween20 (PBST) followed by an overnight incubation at 4oC in primary antibody 

and subsequently with an HRP-labeled appropriate secondary antibody.  Visualization 

of proteins was carried out by incubation in chemiluminescent (ECL) reagents 

(Amersham, Piscataway, NJ) and exposure to autoradiograph film (Denville Scientific, 

Metuchen, NJ).  Films were developed using an SRX-101A developer (Konica-Minolta, 

Tokyo, Japan). 

 

DIGOXIGENIN-UTP RIBOPROBE GENERATION 

 

 Digoxigenin-UTP (DIG) labeled, single-stranded riboprobes for Rarres1 were 

synthesized from the 6X myc-Rarres1 clone described above using SP6 (sense – 

control probe) or T7 (antisense – Rarres1 probe) RNA polymerases following 

linearization by appropriate restriction digest (Roche, Basel, Switzerland).  Probes 

were resolved on 1% agarose gel to evaluate integrity and estimate concentration. 
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IN SITU HYBRIDIZATION AND HISTOCHEMISTRY 

 

Wild type embryos from a developmental time series (staged according to142) 

were obtained from the zebrafish core at Georgetown University having been 

previously dechorionated, fixed in 4% paraformaldehyde (PFA) and dehydrated in 

methanol at -20oC.  In situ hybridization was carried out as has been previously 

described with slight modifications193.  The embryos were rehydrated in a stepwise 

manner with a decreasing percentage of methanol in PBST (1X PBS with 0.1% 

Tween20) until they were resting in 100% PBST.    Embryos were then treated with 

proteinase K solution (10 µg/ml in PBST) under empirically determined conditions 

based upon their age.  Proteinase K was not used on embryos which had yet to begin 

somitogenesis.  The embryos were fixed for 20 minutes in 4% PFA in PBST, washed in 

PBST five times for five minutes each and incubated in hybridization buffer (50% 

formamide, 5X SSC, 5mM EDTA, 0.1% Tween20, 0.1% CHAPS, 50 µg/ml heparin and 

1 mg/ml torula RNA) for four hours at 65oC.  DIG-labeled riboprobes were diluted to 1 

µg/ml in hybridization buffer, boiled for two minutes and quick chilled on ice.  Embryos 

were then incubated in riboprobes overnight at 65oC.  Unbound probe was removed 

with two washes in 50% formamide, 2X SSC and 0.1% Tween20 (30 minutes at 65oC) 

followed by washes in 2X SSC (15 minutes at 65oC), two washed in 0.2X SSC (20 

minutes at 65oC) and one wash in maleic acid buffer (MAB, 100 mM maleic acid, 150 

mM sodium chloride, pH 7.5) for 15 minutes at room temperature.  The embryos were 

then incubated for 60 minutes at room temperature in superblock (2% blocking reagent 

(Roche, Basel, Switzerland), 2% bovine serum albumin, 10% heat inactivated lamb 
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serum in MAB) and then overnight at 4oC in superblock containing a 1:2000 dilution of 

preabsorbed alkalinephophatase-coupled anti-DIG antibody (Roche, Basel, 

Switzerland).  Finally, the following day the embryos were washed at room temperature 

in PBST six times for 20 minutes each.  Detection of the probes was performed at 37oC 

in BM purple alkalinephosphatase substrate (Roche, Bresel, Switzerland) and closely 

monitored for the development of color.  After signal was detected the embryos were 

washed twice in PBST for five minutes each and postfixed in 4% PFA in PBST 

overnight at 4oC.  Finally, the embryos were washed twice for five minutes each in 

PBST and cleared in increasing concentrations of glycerol in PBST in a stepwise 

manner until being stored in 100% glycerol at 4oC.  Embryos were photographed as 

whole mounts using a SMZ-1500 stereomicroscope (Nikon, Melville, NY) fitted with a 

Powershot A590 digital camera (Canon, Tokyo, Japan) rigged through a Clearshot 600 

eyepiece tube adaptor (Alexis Scientific, Tracy, CA). 

 

MORPHOLINOS 

 

 Rarres1 anti-sense morpholino oligos were designed targeting the ATG 

translation initiation site (MO1) or the intron three/exon three splice boundary (MO2).  

Nonsense control morpholino (Control MO) was supplied by the zebrafish core facility 

at Georgetown University.  Morpholino-modified sequences were as follows:  Control 

MO, 5’-GAATGCATGCTGTAGTCGCGATCAC-3’; Rarres1 MO1, 5’-

AGAAGTCCAGCAGACGGTCTTCATG-3’ targeting -1 to +24; Rarres1 MO2, 5’-

AAAAGTGTCAGAAACCTGACctccg-3’ targeting exon 3 (upper case)/intron 3 (lower 
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case) boundary.  Morpholinos were injected at ~20 ng per embryo whether alone or in 

concert with mRNA. 

 

MICROINJECTIONS 

 

 Morpholino oligos and capped mRNAs were microinjected into fertilized 

zebrafish embryos at the one and two-cell stages to maximize their spread into all 

cells.  Needles prepared for each injection were loaded with a rhodamine dextran 

tracer (for morpholino injections alone as this product can degrade mRNA) or a phenol 

red tracer plus green fluorescent protein (GFP) mRNA (where mRNA was to be 

injected) to verify the successful injection of a particular embryo.  Injections were 

performed using a Picospritzer II device (General Valve Corporation, Fairfield, NJ) and 

the injected embryos were incubated in embryo medium at 28.5oC192.  Five hours post 

injection, embryos were staged142 and those which had failed to undergo proper 

cleavage or that were not viable were removed from the media and counted.  

Subsequent staging was performed between 24 and 28 hours post fertilization where 

embryos negative for the fluorescent tracers (rhodamine dextran and/or GFP) or those 

which were not viable were again counted and discarded from subsequent analysis. 

 

CAPPED MRNA PREPARATION 

 

 Full-length zebrafish Rarres1 cDNA in pCS2+myc (6X myc-Rarres1) and empty 

vector pCS2+myc (6X myc control) were  linearized with NotI and precipitated with 1/10 
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volume of 3M Sodium Acetate and two volumes of 100% ethanol.  Capped RNA was 

synthesized from one microgram of cDNA using the mMessage mMachine kit (Ambion, 

Austin, TX) with SP6 driven transcription as per the manufacturer’s protocol.  RNA was 

precipitated via the lithium chloride method as per manufacturer’s instructions and 

quantitated with a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, 

Waltham, MA).  Capped GFP mRNA was obtained as a stock from the zebrafish core 

at Georgetown University.  6X myc-Rarres1 and 6X myc control were injected at ~300 

pg per embryo and GFP was co-injected at ~100 pg per embryo as a tracer. 

 

PHENOTYPIC CHARACTERIZATION AND QUANTITATION 

 

 Following microinjection and removal of appropriate embryos (see above), the 

remaining embryos were examined and scored by two investigators between 24 and 

28 hours post-fertilization.  The number of embryos with a designated phenotype was 

calculated by averaging the values independently obtained by the two investigators.  

General criteria for phenotype was as follows: Normal – no obvious morphological 

differences from un-injected embryos; slight – noticeable kinking of tail and/or some 

opacity in anterior region but otherwise normal in appearance; moderate – pronounced 

opacity in anterior region and/or disruption of somitogenesis limited to extreme 

posterior region (posterior to yolk sac extension); severe – disruption of somitogenesis 

at or anterior to yolk sac extension and severe opacity or absence of anterior region or 

unrecognizable cell mass atop the yolk.  Statistical analysis was performed using the 
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prop.test function of the R software package (R Development Core Team, 2008), a test 

for equal proportions where p<0.05 was considered significant. 
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III.D.  RESULTS 

 

RARRES1 IS INVOLVED IN CELL DIVISION.  

 

Data concerning human cancer cells deficient in endogenous RARRES1 

suggests that forced re-expression of the variant isoform leads to significant reductions 

in their growth and tumorigenicity67, 74.  We have previously demonstrated that 

RARRES1 localizes to the cleavage furrow and midbody of dividing cells and interacts 

with molecules involved in cell division, spindle and microtubule dynamics, leading us 

to speculate on a possible role for RARRES1 in mitosis.  To begin to address this, we 

transfected a pool of siRNA oligonucleotides (Dharmacon), directed against both the 

variant and full-length mRNA isoforms, into SKBR-3 breast cancer cells (low to modest 

levels of RARRES1) and monitored the efficiency of knockdown by RT-PCR (Figure 

17E).  Results indicate that both of the individual isoforms are reliably knocked-down 

relative to the control transfected cells, as is the total pool of RARRES1.  Preliminary 

FACS analyses of SKBR-3 cells in which RARRES1 had been knocked down did not 

reveal dramatic changes in cell-cycle profiles (data not shown).  Under control 

conditions a small fraction of SKBR-3 cells are large and multi-nucleated (Figure 17A).  

However, upon RARRES1 knockdown there was a striking increase in the area 

occupied by and a significant (p=1.52e-9) ~1.7 fold increase in the number of 

multinucleated cells (Figure 17B-D; Table 5).  Taken with our previous findings which 

established the localization of RARRES1 to the cleavage furrow and midbody, this data 

suggests that one process regulated by RARRES1 is cytokinesis/abscission.    
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RARRES1 KNOCKDOWN IMPAIRS CELL MOTILITY 

 

SKBR-3 cells are derived from a metastatic cancerous lesion and demonstrate 

relatively modest levels of RARRES1 mRNA.  The observed phenotype is quite 

intriguing, but may not provide a comprehensive insight into the consequences of 

RARRES1 depletion in more normal cells.  As a solution, we utilized the same transient 

knockdown methodology to examine the effects of RARRES1 depletion in PWR-1E 

cells, which are more normal-like and contain a higher endogenous level of RARRES1 

mRNA.  Intriguingly, we observed little to no incidence of multinucleate cells (data not 

shown), and demonstrate no significant changes in proliferation in response to 

RARRES1 knockdown in these cells. (Figure 18A).  We do, however, see a modest 

phenotypic change in PWR-1E cell motility as measured by wound closure rate (Figure 

18B – 18D).  Knockdown of RARRES1 appears to reduce the ability of these cells to 

heal an artificial wound compared to control cells, though these results are not 

statistically significant and suggest only a trend.  Knockdown of RARRES1 mRNA is 

robust, though not complete in these experiments (80-90% reduction, data not shown). 

 

KNOCKDOWN OF RARRES1  

 

Based on our previous findings and published data, these data struck us as a 

gross underestimation of the importance of RARRES1 in a normal cell and we wanted 

to investigate changes in the profile of mRNAs in response to RARRES1 knockdown.  

We carried out microarray analysis (Affymetrix HU 133A 2.0 plus GeneChips) of control 
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and RARRES1 siRNA-mediated knockdown in PWR-1E cells 48 hours post-

transfection to address this problem.  The resultant analysis from three biological 

replications of the array produced modest changes in mRNA profiles (Tables 6 and 7), 

but importantly RARRES1 was the most altered gene, indicating our knockdown was 

successful.  The gene which underwent the most statistically significant fold change 

was steroid-5-alpha-reductase, alpha polypeptide (SRD5A1) (1.90 fold down-regulation 

in RARRES1 depleted cells, p=7.17e-05).  SRD5A1 is involved in the conversion of 

testosterone into 5-α-dihydrotestosterone within normal prostate epithelium.  Other 

than RARRES1, methyl-CpG binding domain protein 2 (MBD2) was the gene which 

exhibited the single greatest fold change (2.43 fold down-regulation in RARRES1 

depleted cells, p=0.0398).  MBD2 has been described as a transcriptional repressor of 

methylated genes through association with the MeCP1 histone deacetylase 

complex194.   

 

RARRES1 IS THE ANCESTRAL GENE OF THE LATEXIN FAMILY 

 

 RARRES1 and latexin reside in an adjacent fashion on chromosome 3 (Figure 

3), both in mice and humans, suggesting that one may have arisen as a result of gene 

duplication.  We have determined that orthologous molecules exist for a host of 

vertebrate species, though in several of the more ancient species, like the zebrafish, 

only one molecule exists, and this is more closely related to RARRES1 than to latexin 

(Figure 19).  These data indicate that RARRES1 is the ancestral gene of the family.  

Interestingly, there appear to be no family members in invertebrate organisms.   



 112 

RARRES1 IS RA RESPONSIVE AND MATERNALLY CONTRIBUTED 

 

The latexin knockout mouse is viable and with the exception of reduced 

sensitivity to pain, appears quite normal148.  We reasoned that there may be some 

compensatory function for RARRES1 in these mice and began to investigate the role of 

RARRES1 in vertebrate development in the absence of a potentially redundant 

molecule.  The zebrafish (Danio rerio) harbors a single RARRES1/LXN family member, 

the hypothetical gene product LOC494053 (here identified as Rarres1) and presented 

us with an attractive model for rapid elucidation the developmental importance of 

Rarres1.  Using RT-PCR we were able to confirm that Rarres1 is upregulated by 9-cis 

retinoic acid in wild-type zebrafish embryos (Figure 20M) suggesting that this method 

of regulation is conserved amongst vertebrates.  Further, we demonstrated that 

Rarres1 mRNA is deposited in the embryo via a maternal contribution (Figure 20L) as 

RT-PCR produces a robust amplicon from total RNA isolated from 8-16 cell embryos, a 

stage prior to zygotic transcription.  We generated riboprobes targeting Rarres1 and 

performed whole mount in situ hybridization over a developmental time series of wild-

type zebrafish embryos (Figure 20A-K). This process confirmed the presence of 

Rarres1 as a maternally contributed mRNA with ubiquitous distribution in the early 

stages development.  However, changes in expression and localization of Rarres1 start 

to become evident as early as the 13-somite stage (Figure 20E-H) but taper off at later 

stages (Figure 20I-K).  
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RARRES1 IS ASSOCIATED WITH THE DEVELOPING BRAIN AND HAEMATOPOIETIC SYSTEM 

 

At some point between the formation of the 9th and 13th somites, Rarres1 

expression is dramatically increased though still in a seemingly ubiquitous fashion 

(Figure 21A and 21B).  At the 17-somite stage, Rarres1 begins segregating to the 

anterior region (brain) and in a posterior region bordering the developing somite 

boundary (Figure 21C).  At 28 hours post fertilization (hpf), Rarres1 is robustly 

expressed along the periventricular regions of the developing fore-, mid-, and hindbrain 

as well as within the intermediate cell mass (ICM, the site of haematopoietic lineage 

specification) and in the developing dorsal aorta (Figure 20E and 20F), a finding 

seemingly in line with latexin’s reported role in the mammalian haematopoietic 

system63.  At both 28 and 36 hpf, robust ventricular staining is evident along the length 

of the developing brain (Figure 20G and 20H), again consistent with reports of latexin’s 

discovery in the developing rodent brain54, 169. 

 

RARRES1 MOS SPECIFICALLY REDUCE RARRES1 MRNA LEVELS AND INCREASE 

EMBRYONIC LETHALITY 
 

Antisense morpholino oligo (MO) technology was employed to explore potential 

phenotypic alterations in response to Rarres1 knockdown in the developing zebrafish.  

Two, non-overlapping MOs, one targeting the site of translation initiation (MO1) and 

one targeting the exon 3 – intron 3 splice junction (MO2), were individually 

microinjected into fertilized one or two-cell wild-type embryos and titrated to produce a 

range of phenotype and viability.  After injection with ~20ng/embryo, the total number 
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of viable embryos at both early gastrulation (5hpf) and early pharyngula (28hpf) are 

significantly reduced by MO1 (5hpf, p=4.855e-10; 28hpf, p<2.2e-16) and MO2 (5hpf, 

p<2.2e-16; 28hpf, p<2.2e-16) relative to control MO injected embryos suggesting Rarres1 

is necessary for embryonic survival (Figure 22E).  RT-PCR performed on total RNA 

isolated from MO2 injected embryos at 28hpf reveals a dose-specific reduction in 

Rarres1 mRNA which corresponds to phenotypic severity (Figure 22H).  Co-injection of 

a non-targetable myc-Rarres1 RNA with MO1 failed to rescue the observed 

phenotypes (Figure 22F) though expression was verified by immunoblot (Figure 22G). 

 

KNOCKDOWN OF RARRES1 CAUSES MAJOR DEVELOPMENTAL DEFECTS 

 

MO1 or MO2 injected embryos which survived to a recognizable form at ~28hpf 

were further scrutinized to assess their morphological variations relative to control MO 

injected embryos (Figure 22A-D).  As we have previously stated, Rarres1 MOs 

produce a range of phenotypic variation vs. control MO (Figure 22A) which appear to 

be successively more severe iterations of two notable and readily apparent defects in 

development.  In slightly affected embryos (Figure 22B), a plainly evident kinking of the 

tail at the posterior region of the yolk sac extension and ICM develops into a region of 

ablated somitogenesis in moderate and severely affected embryos (Figure 22C and 

22D).   

The second major issue that arises in the absence of Rarres1 consists of major 

morphological and structural deformities in the developing forebrain, midbrain and 

hindbrain/rhombomeric areas.  Evident even in the slightly affected embryos is a lack 
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of recognizable landmarks for normal organization and an overall opacity in the entire 

anterior region of the developing embryos.  The phenomenon is more pronounced in 

MO1 injected embryos, however both MOs produce a gradation of this phenotype and 

the disorganization of the entire developing brain is striking in moderate to severely 

affected individuals.  These data suggest a critical role for Rarres1 in the patterning of 

the developing vertebrate embryo. 
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III.E.  DISCUSSION 

 

 Our previous work in the RARRES1 field demonstrated that it is associated with 

the common anti-cancer properties of vitamin A and vitamin D.  Moreover, we 

determined that it serves as a regulator of the tubulin tyrosination cycle through 

inhibition of the tubulin carboxypeptidase AGBL2, and interacts with several 

microtubule interacting proteins hence playing a central role in microtubule dynamics.  

Latexin, a RARRES1 paralogue, was initially described as a carboxypeptidase inhibitor 

in the rodent brain53-56 and has since been implicated in the regulation of 

haematopoietic stem cell numbers and lifespan in mice63.  Recently, a report by 

Ohnishi et al., suggested that RARRES1 is involved in the proliferation and 

differentiation of adult adipose-derived mesenchymal stem cells83 suggesting a role for 

this family of genes in the maintenance of adult tissues, and potentially in embryonic 

development.  In the present study we were interested in elucidating the effects of 

RARRES1 modulation in vitro and of its role in early vertebrate development. 

 

RARRES1 AND ANEUPLOIDY 

 

 Based on our analysis of full-length RARRES1’s sub-cellular localization the 

protein is positioned directly at the point of abscission between two dividing cells.  We 

reasoned that this observation implied either an undefined role for RARRES1 in the 

organization of the new daughter cell, or more likely the process of cytokinesis itself.  

When we depleted RARRES1 from SKBR-3 cells we generated a significant population 
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of cells with multiple nuclei, confirming our suspicions about RARRES1’s potential role 

in the completion of cytokinesis.  Though SKBR-3 cells are already tumorigenic, and do 

exhibit a “normal” multinucleate phenotype, knockdown of RARRES1 nearly doubled 

this rate and implies a critical role in proper cell division.   

 Tetraploid cells are generally more susceptible to genetic damage and as such 

exhibit a higher frequency of aneuploidy and tumorigenesis195-198.  Not surprisingly, 

microtubule dynamics and associated proteins are heavily involved in all aspects of cell 

division.  Of consequence in our study, the RARRES1 interacting protein EB1, a target 

of detyrosination by AGBL2, is required for the activation of a cytokinetic checkpoint199.  

Depletion of RARRES1 and subsequent uncontrolled detyrosination of EB1 may serve 

to alter the requirement for this checkpoint and allow for aberrant cell division.  

Interestingly, depletion of a second protein identified as a RARRES1 interactor, the 

mitotic kinesin Eg5, has recently been implicated as a means by which to specifically 

kill tetraploid tumor cells200.  While we have yet to explore the interaction between 

RARRES1 and Eg5, it certainly bears consideration as a possible explanation for our 

observations. 

 

CONSEQUENCES OF RARRES1 DEPLETION IN NORMAL PROSTATE CELLS 

 

 We hypothesized that disruption of the tyrosination cycle of α-tubulin by 

depletion of RARRES1 in normal cells would cause quantifiable alterations in these 

cells’ ability to proliferate (as has been shown67, 74, 83) and move.  Our findings were not 

as dramatic as what has been described in cancer or stem cells.  Essentially no 
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alteration in the proliferative capacity, and only a modest decrease in the motility of 

normal immortalized PWR-1E cells was observed, though, this is an area in need of 

further scrutiny.  We subsequently decided to examine changes in the profile of mRNA 

associated with RARRES1 depletion in these cells to gain further insight into its role in 

the initial changes a normal prostate cell may undergo along the road to tumorigenesis.  

Since there is no evidence for RARRES1 as a transcription factor, it did not surprise us 

when only a few genes were altered, though one gene, MBD2, which was decreased in 

RARRES1 depleted cells, if of interest to us.  MBD2, a repressor of transcription of 

methylated promoter regions, has been implicated in the maintenance of silenced/low 

telomerase (hTERT) expression in normal cells194, 201, suggesting that a depletion of 

MBD2 in normal cells could lead to unregulated telomerase activity and potential 

immortalization.  Preliminary data based on a follow up to this finding indicates that 

telomerase expression may indeed be increased in the instance of RARRES1 

depletion (data not shown), suggesting yet another mechanism by which RARRES1, 

though likely in an indirect fashion, may suppress the process of immortalization, a 

rung on the ladder to cancer. 

 

RARRES1 IS CRITICAL FOR VERTEBRATE DEVELOPMENT 

 

 RARRES1 and its paralogue latexin are adjacent to one another on 

chromosome 3 and are likely products of gene duplication.  We determined that 

RARRES1 is the ancestral gene in this family as it exists in all vertebrate organisms we 

analyzed, whereas latexin is only present in mammals.  Curiously, the tubulin 
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tyrosination cycle exists in ancient eukaryotic organisms such as the Trypanosome106, 

suggesting that a carboxypeptidase is functioning in these settings, though no 

orthologous molecules for its inhibitor appear in any invertebrate species.  We 

reasoned that a major shift from invertebrate to vertebrate development involves the 

highly dynamic process of somitogenesis, where a mesodermal compartment 

generates pairs of sequential segments along the anterior-posterior axis that ultimately 

become the backbone and associated musculature.  As such, we were interested in 

studying RARRES1 in the context of vertebrate embryonic development.  We know 

that the latexin knockout mouse is viable and has delayed sensitivity to pain148, but as 

we have noted, mice also harbor RARRES1 and this could allow for some level of 

compensation in function, though not directly tested.  Zebrafish, however, have only 

the Rarres1 gene and became an attractive model for the study of its role in 

development. 

 We found Rarres1 expression intimately associated with the developing brain 

and intermediate cell mass and these regions were severely developmentally impaired, 

resulting in disrupted somitogenesis, in embryos where Rarres1 had been depleted.  

Considering that in mice, Nna1 and other cytosolic carboxypeptidase family members 

are found in all regions of the brain111, 112, it is reasonable to assume that similar 

molecules would function in the zebrafish brain.  Latexin expression, however, has 

been classified as discrete or regional53, 54, 202 suggesting that RARRES1 likely 

accounts for the regulation of the tubulin tyrosination cycle in the other areas of the 

brain.  Since the fish has only one RARRES1/latexin orthologue, it is not surprising to 

find it localized in the entire developing brain.  As previously noted, latexin plays an 
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intimate role in the regulation of haematopoietic stem cells in mice and the association 

of Rarres1 with the ICM, the embryonic site of haematopoietic lineage specification, 

implies a similar function in the zebrafish.   

 The viability of Rarres1 depleted embryos was severely impaired in our study 

suggesting a crucial role in vertebrate development.  Striking was the mortality rate at 

about the time of the mid-blastula transition. During this period where zygotic 

transcription initiates, the first cell movements begin to occur setting the stage for the 

onset of epiboly and gastrulation144, 146.  These processes are known to require 

functional microtubules203. In the instance where Rarres1 has been depleted, we 

theorize that many microtubules would be stabilized by detyrosination and associated 

+TIP proteins, which could alter their ability to facilitate proper cell movement, thereby 

contributing to improper embryonic patterning and lethality.  While the mechanistic 

details of our observations have yet to be elucidated, it is clear to us that Rarres1, at 

least in zebrafish, is an important gene for proper development. 
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III.F.  FIGURE AND TABLE LEGENDS 

 

FIGURE 17.  RARRES1 KNOCKDOWN INDUCES POLYPLOIDY.  (A/B) Immunocytochemistry 

and subsequent whole field views of SKBR-3 cells after control (A) or RARRES1 (A) 

knockdown (red-actin, blue-DNA).  (C/D) Representative magnification of RARRES1 

depleted phenotype (A; arrow - mono-nucleate, open arrowhead - bi-nucleate, solid 

arrowhead - poly-nucleate) depicts a significant increase in multinucleate cells (e, 1.73 

fold increase, p<4.55e-13).  (E) RT-PCR confirmation of RARRES1 depletion. 

 

TABLE 5.  RARRES1 KNOCKDOWN INDUCES MULTINUCLEATE PHENOTYPE IN SKBR-3 

CELLS.  Complied statistical data for three individual experiments demonstrates a high 

degree of repeatability and an average fold increase of 1.68 (p=1.52e-9) in the number 

of multinucleate cells due to RARRES1 depletion.  ($ - experiment depicted in Figure 

A; * - reported rate of naturally occurring polyploidy in SKBR-3 cells). 

 

FIGURE 18.  KNOCKDOWN OF RARRES1 DOES NOT SIGNIFICANTLY ALTER PWR-1E CELL 

GROWTH OR MOTILITY.  (A) siRNA-mediated knockdown of RARRES1 does not affect 

the proliferation of PWR-1E cells as measure by crystal violet assay.  (B-D) Serial 

imagery (B) of wound healing assay in PWR-1E cells after siRNA-mediated RARRES1 

knockdown suggesting impaired motility (C/D).   

 

TABLE 6.  DIFFERENTIALLY DOWNREGULATED GENE EXPRESSION BY RARRES1 

KNOCKDOWN.  Microarray analysis of PWR-1E cell mRNA profiles 48 hours after 
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siRNA-mediated knockdown of RARRES1 vs. control.  The top 10 genes displaying 

reduced expression (by fold change) are presented (p<0.05). 

 

TABLE 7.  DIFFERENTIALLY UPREGULATED GENE EXPRESSION BY RARRES1 KNOCKDOWN.  

Microarray analysis of PWR-1E cell mRNA profiles 48 hours after siRNA-mediated 

knockdown of RARRES1 vs. control.  The top 10 genes displaying increased 

expression (by fold change) are presented (p<0.05). 

 

FIGURE 19  RARRES1 ORTHOLOGUE ANALYSIS.  A Phylogenetic tree of selected 

RARRES1 and latexin orthologues suggests RARRES1 is the ancestral family 

member.   

 

FIGURE 20.  EMBRYONIC DEVELOPMENTAL STAGE ANALYSIS OF RARRES1 IN WILD-TYPE 

ZEBRAFISH.  (A-K) Results for whole mount in situ hybridization for Rarres1 over a 

developmental time series in wild-type zebrafish embryos; (A) 64-cell, (B) dome, (C) 

30% epiboly, (D) 9-somite, (E) 13-somite, (F) 17-somite, (G) 28hpf, (H) 36 hpf, (I) 

48hpf, (J) 60hpf, and (K) 72hpf embryos.  Stage-labeled panels are control, others are 

Rarres1.  All lateral views (Lat) are oriented anterior towards the left, dorsal towards 

the top.  All dorsal views (Dors) are oriented anterior towards the top.  (L) 30-cycle RT-

PCR demonstrates Rarres1 is maternally inherited in wild-type zebrafish embryos (8-

16 cell stage – no zygotic transcription, 25hpf – active zygotic transcription, cDNA – 

Rarres1 positive control).  (M) 30-cycle RT-PCR demonstrates zebrafish Rarres1 
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(hypothetical gene product LOC494053) is induced by 10-7M 9-cis-RA treatment of 

newly fertilized embryos. 

 

FIGURE 21.  RARRES1 IS ASSOCIATED WITH VERTEBRATE BRAIN AND HAEMATOPOIETIC 

DEVELOPMENT.  (A-H) Whole mount In situ hybridization for Rarres1. Lateral views of 

(A) 9-somite, (B) 13-somite, (C) 17-somite (arrows indicate anterior/posterior 

segregation), (D) 28hpf.  Enlarged views of (E) brain ventricle margin and (F) 

intermediate cell mass staining in 28hpf embryo.  Dorsal views of ventricle margin 

staining in 28hpf (G) and 36hpf (H) embryos (som - somite, ce - cerebellum, da - dorsal 

aorta, fb - forebrain, hb - hindbrain, icm - intermediate cell mass, mb - midbrain, ov - 

otic vesicle, rhomb - rhombencephalon, ven - ventricle, yse - yolk sac extension).  All 

lateral views (Lat) are oriented anterior towards the left, dorsal towards the top.  All 

dorsal views (Dors) are oriented anterior towards the top.   

 

FIGURE 22.  KNOCKDOWN OF RARRES1 IMPAIRS DEVELOPMENT OF WILD-TYPE ZEBRAFISH 

EMBRYOS.  (A-D) Phenotype induced at 24-28hpf following microinjection of 

~20ng/embryo of control MO (A) and Rarres1 MO1 or MO2 (B – slight; C – moderate; 

and D – severe).  Labels are the same as in Figure E, here the eye is labeled as well.  

(E) MO1 and MO2 injection induce embryonic death at 5hpf (p<4.855e-10, p<2.2e-16 

respectively) and 28hpf (p<2.2e-16, p<2.2e-16 respectively) vs. control MO.  (F) MO1 

injection results in severely affected embryos vs. control MO, and co-injection of myc-

Rarres1 RNA fails to rescue the effect.  Myc-Rarres1 RNA injection alone has no 

apparent effect on phenotype.  (G) Immunoblot confirmation of myc-Rarres1 



 124 

expression and stability in the presence of MO1.  (H) 30-cycle RT-PCR confirmation of 

phenotypic severity corresponding to depletion of mature Rarres1 mRNA by MO2. 
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III.G.  FIGURES AND TABLES 

 
FIGURE 17.  RARRES1 KNOCKDOWN INDUCES POLYPLOIDY (A PORTION OF THE DATA IN 

THIS FIGURE IS CREDITED TO YUN JI, PHD) 
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TABLE 5.  RARRES1 KNOCKDOWN INDUCES MULTINUCLEATE PHENOTYPE IN SKBR-3 

CELLS 
 

Replicate Polyploid Incidence (± SEM) Fold Increase P-value 

 
Control siRNA RARRES1 

siRNA 
  

A 4.30 ± 0.22 7.05 ± 0.18 1.64 5.81E-12 

B$ 6.59 ± 0.29 11.38 ± 0.34 1.73 4.55E-13 

C 10.17 ± 0.56 16.92 ± 0.94 1.66 2.05E-7 

Pooled *7.02 ± 1.71 11.78 ± 2.86 1.68 1.52E-9 



 127 

FIGURE 18.  KNOCKDOWN OF RARRES1 DOES NOT SIGNIFICANTLY ALTER PWR-1E CELL 

GROWTH OR MOTILITY 
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TABLE 6.  DIFFERENTIALLY DOWNREGULATED GENE EXPRESSION BY RARRES1 

KNOCKDOWN 
 
 
 

GENE SYMBOL DESCRIPTION 
FOLD 
CHANGE 

P-VALUE 

RARRES1 
RETINOIC ACID RECEPTOR RESPONDER 

(TAZAROTENE INDUCED) 1 
-3.72 0.0236284 

MBD2 * METHYL-CPG BINDING DOMAIN PROTEIN 2 -2.43 0.0397583 

SERPINB4 
SERPIN PEPTIDASE INHIBITOR, CLADE B 

(OVALBUMIN), MEMBER 4 
-2.11 0.033424 

SRD5A1 # 

STEROID-5-ALPHA-REDUCTASE, ALPHA 

POLYPEPTIDE 1 (3-OXO-5 ALPHA-
STEROID DELTA 4-DEHYDROGENASE 

ALPHA 1) 

-1.90 7.17E-05 

SERPINB3 
SERPIN PEPTIDASE INHIBITOR, CLADE B 

(OVALBUMIN), MEMBER 3 
-1.84 0.028014 

CALML5 CALMODULIN-LIKE 5 -1.81 0.000356 

LOC285735 HYPOTHETICAL PROTEIN LOC285735 -1.80 0.015172 

AQP3 AQUAPORIN 3 (GILL BLOOD GROUP) -1.79 0.0293651 

NME7 
NON-METASTATIC CELLS 7, PROTEIN 

EXPRESSED IN (NUCLEOSIDE-
DIPHOSPHATE KINASE) 

-1.72 0.0021034 

CAMK2B 
CALCIUM/CALMODULIN-DEPENDENT 

PROTEIN KINASE (CAM KINASE) II BETA 
-1.68 0.011438 
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TABLE 7.  DIFFERENTIALLY UPREGULATED GENE EXPRESSION BY RARRES1 KNOCKDOWN 
 
 
 

GENE SYMBOL DESCRIPTION 
FOLD 
CHANGE 

P-VALUE 

QKI 
QUAKING HOMOLOG, KH DOMAIN RNA 

BINDING (MOUSE) 
1.88 0.0103803 

OTUD6B OTU DOMAIN CONTAINING 6B 1.87 0.0072919 

QSOX1 QUIESCIN Q6 SULFHYDRYL OXIDASE 1 1.77 0.0058258 

RABGAP1L 
RAB GTPASE ACTIVATING PROTEIN 1-

LIKE 
1.70 0.0171983 

NA NA 1.68 0.0131323 

MBNL1 MUSCLEBLIND-LIKE (DROSOPHILA) 1.68 0.0157199 

CDK6 CYCLIN-DEPENDENT KINASE 6 1.65 0.0062676 

SGEF 
SRC HOMOLOGY 3 DOMAIN-CONTAINING 

GUANINE NUCLEOTIDE EXCHANGE 

FACTOR 
1.58 0.0265472 

MPZL3 MYELIN PROTEIN ZERO-LIKE 3 1.57 0.0309146 

LAMC1 LAMININ, GAMMA 1 (FORMERLY LAMB2) 1.54 0.0254754 
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FIGURE 19.  RARRES1 ORTHOLOGUE ANALYSIS 
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FIGURE 20.  EMBRYONIC DEVELOPMENTAL STAGE ANALYSIS OF RARRES1 IN WILD-TYPE 

ZEBRAFISH 
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FIGURE 21.  RARRES1 IS ASSOCIATED WITH VERTEBRATE BRAIN AND HAEMATOPOIETIC 

DEVELOPMENT 
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FIGURE 22.  KNOCKDOWN OF RARRES1 IMPAIRS DEVELOPMENT OF WILD-TYPE ZEBRAFISH 

EMBRYOS 
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CHAPTER IV: CONCLUSIONS AND DISCUSSION
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IV.A.  CONCLUSIONS AND DISCUSSION 

 

 The body of work described in this document was performed in order to define 

the common genetic changes elicited by the dietary agents, vitamin A and D, in cancer 

with the idea that associated changes may play a role in their anti-tumor properties.  As 

with any course of research, one has to follow where the data leads and often ignore 

preconceived ideas about what “should” happen.  Vitamins A and D are known to 

regulate hundreds if not thousands of genes between them, so it was quite surprising 

when our preliminary analysis suggested that only three might be commonly induced in 

cancer cells.  Nevertheless, my doctoral work had its genesis in one of these genes, 

the putative tumor suppressor RARRES1.   

 In this study I was able to begin to characterize RARRES1 as an endogenous 

carboxypeptidase inhibitor (CPI) that is fundamentally important in normal cell and 

developmental biology.  I have demonstrated that RARRES1 expression is reduced or 

lost in aggressive and less differentiated cancer cells of the breast and prostate, and 

that treatment with either retinoic acid or vitamin D fails to induce RARRES1 

expression in these cell-types.  I have assigned a type III transmembrane directionality 

to RARRES1 and shown that the protein traffics via trans-medial Golgi derived vesicles 

to the midbody of dividing cells.  In collaboration with Dr. Ziad J. Sahab, the RARRES1 

protein interactome was elucidated and RARRES1 was demonstrated to prevent the 

detyrosination of α-tubulin and EB1, both RARRES1 interacting proteins, through an 

inhibition of a novel cytoplasmic carboxypeptidase, AGBL2.  These data imply that a 
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major effect of both vitamin A and vitamin D is the modulation of microtubule dynamics 

through regulation of the tubulin tyrosination cycle. 

Furthermore, I have revealed that RARRES1’s tumor suppressive capacity 

includes, but is certainly not limited to, the prevention of aneuploidy by assisting in the 

final processes of proper cytokinesis.  I have also shown, in the normal PWR-1E 

prostate cell line, targeted knockdown of RARRES1 induces modest changes in cell 

motility and, based on my preliminary examination of changes in gene expression, loss 

of RARRES1 may prime normal cells for immortalization through the re-activation of 

telomerase.   

Additionally, I determined that RARRES1 is the ancestral gene in the 

RARRES1/latexin family of CPIs and that in zebrafish, Rarres1 mRNA is maternally 

inherited and inducible by physiologic levels of retinoid acid.  I was also able to 

determine the spatiotemporal distribution of Rarres1 mRNA in zebrafish 

embryogenesis and found that it is intimately associated with the developing brain and 

haematopoietic system.  Finally, I demonstrated that targeted knockdown of Rarres1 

greatly increases embryonic lethality and produces severe morphological defects in 

brain development and somitogenesis.   

The findings presented in this dissertation, while striking in many respects, have 

actually served only as a platform from which to ask more questions.  Some of these 

questions I will address here:  (1) What processes, other than vitamin A and D 

signaling regulate RARRES1 expression?  (2) Do RARRES1 and its paralogue latexin 

function in unique manners, or is there redundancy amongst these proteins?  (3) What 

exactly is causing the developmental issues we have uncovered in the zebrafish?  
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Finally, (4) is it a druggable target in cancer?  I believe that the answers to these 

questions, building upon the conclusions that I have offered here, will lead to a better 

understanding of basic cell and developmental biology from which new insights into 

cancer therapy may be generated. 

 

IV.B.  REGULATION OF RARRES1 

 

It is quite clear that retinoids and now vitamin D cause an upregulation of 

RARRES1, at least in settings where its promoter region is not too heavily methylated 

or otherwise altered.  Though not shown directly, this is presumed to be mediated by 

ligand stimulation of the cognate nuclear receptors followed by direct transcriptional 

activation of the gene.  It would be interesting to perform in silico evaluations of the 

RARRES1 promoter region to scan for potential DNA elements which are targeted by 

other transcription factors, especially those associated with tumor suppression such as 

members of the forkhead family or p53.  Subsequent analysis using transient 

expression of suspected transcription factors on luciferase constructs driven by the 

RARRES1 promoter could help to clarify new regulators.  Of course, this is a 

somewhat artificial system.  To better address this matter, the use of chromatin 

immunoprecipitation (ChIP) assays in cells where the RARRES1 promoter is largely 

unmethylated and available to transcription factors could be employed to validate any 

potential new regulators of transcription.   

While this might seem like a stab in the dark, an interesting observation from 

my current study is that the proto-oncogene, c-myc, may count RARRES1 as a target 
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gene.  Though anecdotal at best at this point, our data suggests that non-tumorigenic 

184A1N4 breast cells exhibit a marked increase in RARRES1 expression when stably 

expressing c-myc.  It appears that transformation, in and of itself, is not responsible for 

this induction as a second stable line transformed by SV40-T actually results in a 

decrease in RARRES1 expression when compared to the parental line.  Unpublished 

data shared by our collaborator Dr. Gary Van Zant (University of Kentucky) also 

suggests that myc may target RARRES1, as a myc-driven mouse model of lymphoma 

demonstrates a dramatic upregulation of RARRES1 protein in the spleens of these 

mice versus normal mice.  These results are not altogether surprising though, as c-myc 

is has been described as a regulator of apoptosis and differentiation (reviewed in 

reference204), and we are associating RARRES1 function with the anti-proliferation/pro-

differentiation and pro-apoptotic facets of vitamin A and D signaling.  I feel as though 

this is an observation worthy of further pursuit. 

What about the other side of transcriptional regulation, repression?  Are there 

specific histone deacetylases or methyl-transferrases for the RARRES1 promoter?  We 

know that the promoter is hypermethylated, but we are not sure how.  One interesting 

finding, buried in the literature, suggests that cancer-associated fibroblasts can effect 

epigenetic silencing of tumor suppressors, specifically RARRES1, in normal epithelial 

cells through aberrant AKT signaling205.  Uncovering the early events in the silencing of 

RARRES1, like any tumor suppressor, could lead to new biomarkers for cancer risk 

assessment and early prevention/intervention.   
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IV.C.  RARRES1 AND LATEXIN – REDUNDANT? 

 

 Since we feel that latexin was born out of a gene duplication event with the 

evolution of mammals, and both have been reported to play a similar role in stem cell 

biology63, 83, 206, albeit in different tissues (and organisms for that matter) it would be 

interesting to determine if they possess similar biochemical properties.  We know that 

latexin can inhibit CPAs56, though the molecules are unlikely to actually interact, and 

that RARRES1 inhibits AGBL2 activity.  What we do not know is if RARRES1 is a 

broader inhibitor of carboxypeptidases, such as the other cytosolic carboxypeptidase 

(CCP) family members or of the CPA family, or if latexin can inhibit the function of 

AGBL2 or other CCPs.  Moreover, we need to examine the ability of these other CCPs 

to modulate α-tubulin tyrosination before we assume that this is their function.  It is also 

quite possible that RARRES1 and latexin, if shown to have the same biochemical 

function, could have preferential affinity for particular CCP members, and thus regulate 

similar phenomenon (i.e. differentiation and stem cell biology) in a tissue or region-

specific manner.  Interestingly, the expression patterns in the rodent brain for the 

members of the CCPs suggest that at least one family member is active in nearly every 

area of the brain, while latexin seems to be regionally specified 53, 54, 111, 112, 166, 207.  In 

the zebrafish, Rarres1 is associated with most, if not all of the developing brain.  While 

we do not yet know the distribution of RARRES1 in the rodent brain, one might 

speculate that it would be found in the regions where latexin is absent, to regulate the 

function of the CCPs present there.  A redundancy in the function of RARRES1 and 

latexin may help to explain why the latexin knockout mouse, which maintains 
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expression of the ancestral gene, is viable148, while zebrafish embryos are exquisitely 

sensitive to Rarres1 knockdown.  It would be quite intriguing to see the phenotype 

generated in a RARRES1 knockout mouse, and even more so, in a RARRES1/latexin 

double knockout.  I would hypothesize that a double knockout would likely be lethal 

based on our zebrafish data. 

 

IV.D.  RARRES1 MEDIATED VERTEBRATE DEVELOPMENT 

 

 This study suggests that Rarres1 is an essential component in proper zebrafish 

embryogenesis.  A very large percentage of embryos in which we targeted Rarres1 for 

knockdown did not appear to make it through the mid-blastula transition (MBT), 

suggesting a failure in proper cell division, motility or successful conversion to zygotic 

transcription.  It is unlikely that Rarres1 depletion would directly affect zygotic 

transcription, but very plausible that cell division and/or cell motility could be affected.  

Our cell culture data points to a role for Rarres1 in both of these phenomena, 

presumably through its modulation of tubulin dynamics. 

Those embryos that did make it through the MBT still had a high rate of lethality 

and a striking set of developmental deformities.  At this point we do not have a clear 

idea of what is actually causing the deformities we see and as such extensive follow-up 

is needed in this area.  One possible, and experimentally testable, explanation for 

these defects could lie in a dysregulated stem cell population.  We theorize that 

regardless of its actual function, Rarres1 is expressed in progressively more 

differentiated cells, a reason it is activated by differentiating agents such as vitamins A 
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and D.  As such, precursor, progenitor or stem cells, I would reason, express low 

levels.  During haematopoietic and neuronal lineage specification in the context of 

Rarres1 knockdown, these pools of stem cells would not be able to generate 

subsequently more differentiated cells and would, instead be forced to either self-

renew or undergo apoptosis.  One possible interpretaion is that in embryos where a 

greater amount of antisense morpholino was incorporated, the embryos die between 

MBT and 24hpf.  In those where knockdown was slightly less efficient, embryos survive 

(to a point) but wind up amassing a large population of undifferentiated stem/progenitor 

cells in the ICM and brain regions, causing a cessation of development or a physical 

barrier, in the case of the ICM region, where proper somitogenesis is no longer 

feasible.   

 

IV.E.  CAN WE DRUG IT? 

 

 I think that we have identified a nice target in the RARRES1/AGBL2 interaction 

(Figure 23), on which to develop therapeutics for the treatment of cancers.  The 

obvious first step would be to investigate Tazarotene as a therapy, as it is already 

approved for the treatment of psoriasis and we know about some of its 

pharmacological properties.  Certainly, in epidermal cancers, this therapy could move 

forward almost immediately as a topical delivery method is currently in place.  

Interestingly, RARRES1 appears to be one of the genes implicated in the spontaneous 

regression of a cutaneous melanoma model in MeLiM swine208, suggesting that this 

might be a viable avenue for therapy in this disease.  One would caution here, based 
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on the findings in this study, that progressive disease may not be affected by this mode 

of treatment as RARRES1’s promoter may be inaccessible to the activated nuclear 

hormone transcriptional machinery.  Of course, the birth of this body of work came out 

of the idea of generating novel therapies based on the downstream effects of vitamin A 

and D, so as to potentially avoid some of the associated toxicities.  Re-application of 

existing therapy is a solid first option, however the need for better tolerated 

(bio)pharmaceuticals is real.  As it stands currently, I do not believe that we could 

achieve a re-expression of RARRES1 by another means. 

 This brings us into the realm of small molecule inhibitors and peptide-mimetics.  

Since we believe RARRES1/AGBL2 interactions occur in the cytoplasm, the use of 

antibody-based therapy is unlikely to be successful, as there would be no recognizable 

target antigen on the cell surface.  Likely, a small molecule designed to inhibit the 

catalytic site of AGBL2 would be necessary to achieve a deliverable suppression of its 

overactivity in cancers.  Likewise, a peptide which mimics the area of RARRES1 

responsible for the inhibition of AGBL2 could serve as a viable option for therapy.  

Interestingly, Professor Greg Verdine’s laboratory at Harvard University 

(http://verdinelab.harvard.edu/index.php?option=com_content&task=view&id=12&Itemi

d=34) has developed a method termed “peptide-stapling” which essentially locks a 

peptide into a stable three-dimensional conformation, thereby increasing the likelihood 

that it will function in a manner consistent with its full-length parent protein.  This 

method could prove tantalizing as a means by which to block AGBL2 by a “stapled” 

RARRES1 inhibitory domain. 
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 Of course, as with all therapies one would anticipate some measure of off-

target or toxic side effect.  In the case of inhibition of AGBL2 activity, by whatever 

means, a potentially damaging side effect could be neural degeneration.  We know 

from studies in a purkinje cell degenerative rodent model that Nna1, the founding 

member of the AGBL/CCP family, lies at the heart of this malady170, 171, 189.  Mice 

lacking functional Nna1 are prone to degeneration of these neurons, suggesting that 

prolonged systemic use of an inhibitor of CCPs could have similar effects in the brain.  

Still, I feel as though we have uncovered a unique opportunity to specifically target 

tumor cells, as they are most often identified as having higher levels of detyrosinated 

tubulins than normal cells124, 125, and overall toxicity, I would expect, would be much 

lower than current microtubule-based therapies. 

 

IV.F.  IMPACT 

  

 I feel that my doctoral work has significantly impacted the fields of cell and 

developmental biology.  I have helped to uncover the identity of a long sought-after 

enzyme, the tubulin carboxypeptidase and have begun the characterization of its 

endogenous inhibitor, RARRES1.  These findings alone should help us to better 

understand the differences in microtubule dynamics between normal and cancer cells.  

They may also lend insight into the areas of stem cell biology and vertebrate embryonic 

development.  I believe that RARRES1 expression, at least in certain tissues, can be 

associated with the differentiated state (Figure 24) and that as cells age and 

subsequently lose RARRES1 expression, they either die or are afforded immortality 
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and become potentially tumorigenic.  Further, I believe that with the elucidation of the 

answers to the questions I have posed, novel therapies which target this interaction 

could be developed to specifically target tumors of a wide variety.  This is the ultimate 

goal of any medical research. 
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IV.G.  FIGURE AND TABLE LEGENDS 

FIGURE 23.  RARRES1 AND AGBL2 AS A THERAPEUTIC TARGET.  Potential areas for 

therapeutic intervention in the AGBL2-mediated detyrosination of α-tubulin and EB1. 

 

FIGURE 24.  A MODEL FOR RARRES1 IN DEVELOPMENT AND CANCER.  Theoretical model 

which assumes that RARRES1 expression is related to the differentiated status of a 

cell. 
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IV.H.  FIGURES AND TABLES 

FIGURE 23.  RARRES1 AND AGBL2 AS A THERAPEUTIC TARGET 
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FIGURE 24.  A MODEL FOR RARRES1 IN DEVELOPMENT AND CANCER 
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Figure 3.  Publicly available for non-commercial use through: 
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Figure 4.  Aagaard et al., Structure.  2005.  License Number: 2201410235248 
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License Number: 2201410888744 
 
Figure 7 and Table 1.  Westermann et al., Nature Reviews.  2003.   
License Number: 2201411111649 
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