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ABSTRACT 

 Cilia are recognized as an important sensory structure for the cell.  However, much about 

the signaling involved in ciliary outgrowth remains a mystery. Chlamydomonas, a green algae, is 

a model for ciliary and flagellar studies owing to its pair of anterior flagella and haploid genome.  

In a previous study of gene expression during flagellar outgrowth in Chlamydomonas after 

environmental shock, the gene encoding a predicted seven transmembrane protein (Cr7TM) was 

differentially expressed.  Subsequent experiments described here have attempted to elucidate the 

function of Cr7TM in the cell and specifically in the flagella.  Bioinformatic search techniques 

and predictions of the evolutionary history of Cr7TM and its homologues imply that this LUSTR 

protein family is unique in both its primary structure and mechanisms for protein interaction.  It 

is also highly conserved and likely involved in a critical cellular function.  LUSTR proteins are 

ubiquitously expressed across metazoan organisms and tissue types.  Also, Cr7TM is 

differentially expressed during outgrowth of cilia/flagella but not during oxidative stress, 

indicating Cr7TM’s involvement in flagellar outgrowth rather than the stress response. 

Fluorescence microscopy indicates that Cr7TM co-localizes with acetylated α-tubulin in the 

flagella.  Creation of an inducible knockdown mutant line of Cr7TM allowed for comparison of 

the phenotypes between induced and uninduced RNAi knockdown mutant lines. The Cr7TM 

knockdown line demonstrates a diminished cell size along with a rapid increase in the density of 

cell cultures as compared to the control, indicating a possible cellular role for Cr7TM in cell 

cycling or mitotic regulation.  Additionally, imaging of human embryonic kidney cells shows 

colocalization of LUSTR proteins near the highly conserved centriole and basal body organelles. 

When taken together the high degree of sequence conservation, knockdown phenotype and 

cellular localization of LUSTR proteins provide evidence for LUSTR involvement in the 

regulation of cell cycle.   
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CHAPTER ONE 

INTRODUCTION 

 

The work presented in the following chapters discusses the relationship among a seven 

transmembrane protein family, cilia/flagella, and basal bodies/centrioles.  This chapter provides a 

general background of the relevant topics in cellular biology and a detailed literature review of 

the protein family in question. 

 

CILIA, BASAL BODIES, AND CENTRIOLES 

Cilia are tubulin based organelles that extend out from the cell body, and act as sensors of 

the extracellular environment (Marshall and Nonaka, 2006).  Two types of cilia exist.  Motile 

cilia, also known as flagella in some instances, are composed of nine microtubule doublets and a 

central pair (9+2), and are usually found in multiples on the cell.  This microtubule structure is 

called the axoneme and is covered by the ciliary membrane.  As the name implies, motile cilia, 

are capable of motility, allowing for the locomotion of single celled organisms or the flow of 

extracellular fluids by the coordinated movement of cilia on cells. 

Another form of cilia are primary cilia.  These cilia are usually non-motile, lack the 

central microtubule pair (9+0), and only one primary cilia is found per cell.  Both motile and 

primary cilia act as sensory organelles and are covered with a specialized ciliary membrane.  The 

ciliary membrane is rich in a variety of cell signaling receptors including the TRPV pain 

receptors (Qin et. al., 2005), hedgehog and Wnt signaling receptors (Mans et. al., 2008), and 

mechanosensing PKD-1 receptors (Yoder et. al., 2002).  The necessity and breadth of the 

signaling initiated in cilia is demonstrated by the numerous medical conditions caused by 

mutation or deletion of ciliary genes.  These conditions include retinitis pigmentosa, diabetes, 

obesity, situs inversus, polydactyly, and hydrocephaly (reviewed by Christensen et. al., 2007; 

Davenport and Yoder, 2005, and Davis, 2006).  One of the first conditions linked to ciliary 

function was polycystic kidney disease (PKD).  A mutation of the PKD mechanosensing receptor 

gene was found to a cause a buildup of waste fluid in the kidneys due to a lack of fluid flow 
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sensing by receptors on the primary cilia (Nauli et. al., 2003).  Since then, dozens of diseases 

have been associated with aberrant ciliary genes, now termed ciliopathies.    

All cilia are anchored into the cell by the basal body. The basal body is a barrel shaped 

microtubule based structure. The distal end has nine microtubule triplets with a central pair, 

while the proximal end lacks the central pair.  Appendages off of the distal end act as transition 

fibers and allow the basal body to dock at the membrane.  Subdistal appendages nucleate other 

microtubules, termed rootlets, which extend into the cell body.   During interphase of the cell 

cycle, the basal bodies act as the nucleation site for cilia.  Prior to mitosis, cells disassemble the 

cilia and release the basal bodies from the membrane, which allows the basal bodies to then 

transition into centrioles. The transition between centrioles and basal bodies includes change in 

intracellular location and either polyglutamylation or acetylation of the microtubules (reviewed 

by Debec, 2010). 

Centrioles, together with pericentriolar material (PCM), makeup the centrosome, which is 

also known as the microtubule organizing center (MTOC).  Centrioles are arranged in a 

perpendicular or orthogonal pair, mother and daughter.  The mother centrioles are older than the 

daughter centrioles by at least 1.5 cell cycles, due to the nature of centriolar replication (Fender-

Hoyer, 2008).  Mother centrioles have both distal and subdistal appendages and transition into 

basal bodies, while daughter centrioles do not have appendages.   The PCM is an electron dense 

cloud surrounding the centrioles in a seemingly unorganized fashion which contains  tubulin 

rings involved microtubule nucleation.  Some particles in the PCM, the pericentriolar satellites, 

associate with the subdistal appendages of the mother centrioles and are thought to play a role in 

cell cycle regulation (reviewed by Moser et. al, 2010). 

While centrosomes have long been known to be responsible for the organization of the 

mitotic spindle during cell division, centrioles, PCM, basal bodies, and cilia are thought to play 

integral roles in the regulation of the cell cycle.  For example, Alstrom Syndrome Protein 

(ALMS1) is found to localize to the centrioles and basal bodies, but genetic mutation or 

knockdown in mammals is found to cause shortened cilia, which is thought to provide less area 

for ciliary signaling (Li et. al., 2007).  This lack of signaling is thought to cause ciliopathic 

symptoms in ALMS patients.  Additionally, prolonged knockdown in renal cells has resulted in 

loss of primary cilia, causing aberrant apoptosis and proliferation signaling (Li et. al., 2007). 
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A LITERATURE REVIEW OF LUSTR 

All living organisms must evaluate their surroundings and respond appropriately to 

ensure survival.  Cellular sensory molecules are often found embedded in the plasma membrane, 

and one class of these receptor proteins includes seven-pass transmembrane proteins.  All seven 

transmembrane proteins were once believed to interact with GTPase second messengers, but it is 

now known that seven transmembrane proteins form a large, diverse group of signaling 

molecules not necessarily dependent on G-protein interaction (Rajagopal et. al, 2005). In many 

cases, they are responsible for translating external chemical signals into cellular responses.  

Seven transmembrane proteins are now considered prime targets for pharmaceutical therapies.  

Thus transmembrane proteins, including G-protein coupled receptors and the pathways they 

regulate, represent one of the largest areas of cellular research.  

One family of seven transmembrane receptors is the LUSTR family.  Very little is known 

about the LUng Seven TRansmembrane (LUSTR) protein familyand most publications focused 

on the LUSTR family are limited to a single, small scale bioinformatic study, which labeled 

LUSTRs as putative G-protein coupled receptors (Edgar, 2007).  The LUSTR family includes 

two subfamilies.  Both have transmembrane domains, but they vary significantly in amino acid 

sequence.  Subfamily A (LUSTR-A) members have been found exclusively in plants and 

animals, while subfamily B (LUSTR-B) members have also been indentified in multiple fungal 

classes (Edgar, 2007).  LUSTR-As are referred to as GPR107 and GPR108, and LUSTR-Bs are 

called TMEM87a and TMEM87b.  While no previous studies of LUSTR function have been 

reported, LUSTR homologs have been identified in various large scale genetic arrays.  The 

following is a comprehensive review of the literature in which LUSTR family genes or gene 

products are included.   

LUSTR Genomic Location  

The GPR107 gene is located in the telemeric region at cytogenetic band 9q34.11 in the 

human genome, and the GPR108 gene is located at the cytogenetic band 19p13.3.  Interestingly, 

both homologues are flanked tail-to-tail by genes encoding microtubule binding proteins, 

GPR107 by FNBP1L and GPR108 by TRIP10 (Katoh and Katoh, 2004).  FNBP1L (formin 

binding protein 1-like) and TRIP10 (thyroid hormone receptor interactor 10) gene products bind 

Cdc42 and WASp (Wiskott–Aldrich Syndrome protein), induce actin polymerization, and are 



4 

 

thought to integrate signals from the cell surface to the actin cytoskeleton (Katoh and Katoh, 

2004). It is not yet apparent if this localization in the genome serves a purpose or is merely 

coincidental.  

  Translocations of chromosome segments 9q34 and 22q11, termed the Philadelphia 

Chromosome, have become genetic markers for chronic myeloid leukemia, as this anomaly is 

identified in 90% of patients afflicted with chronic myeloid leukemia (Albano et. al., 2003).  The 

translocation event is accompanied by deletion events of varying degrees.  One study of three 

different cases of translocation and deletion events identified a specific subset of deleted genes 

that cause the onset of chronic myeloid leukemia.  In all three cases, the region including 

GPR107, as well as a number of cell cycle-related genes and a tumor suppressor gene, were 

deleted (Albano et. al., 2003). 

The TMEM87a gene is located at the cytogenic band 15q15.1 and is flanked by genes 

encoding a microRNA (MIR627), a vacuolar sorting protein (VPS39) and a glucosidase enzyme 

(GANC).  The 15q15 chromosomal region has been linked to the onset of non-insulin dependent 

diabetes (Hanis et. al., 1996).  The TMEM87b gene is located at the cytogenic band 2q13 and is 

flanked by genes encoding MERKT, a kinase associated with autosomal recessive retinitis 

pigmentosa, and a transmembrane protein from the fibulin family (FBLN7).  Genomic location 

of the LUSTR genes may be significant, but due to a lack of data, no conclusions about the 

functions of the members of this gene family can be drawn at this time. 

LUSTR- A Gene Expression  

The human homolog of the LUSTR family, GPR107, is expressed in lung tissue.  

Specifically, it is overexpressed in the lung tissue of patients with pulmonary hypertension 

(Edgar et. al., 2006).  GPR107 and GPR108 have been identified in virtually all mammalian 

tissue types via EST analysis.  Additionally, LUSTR orthologs have been identified in the cDNA 

library of human fungiform papillae (tastebuds) (Rossier et. al., 2004), and are part of the 

goldfish olfactory epithelium transcriptome (Kolmakov, 2008).  Since expression is ubiquitous 

across all tissues, it is possible that LUSTR proteins act in a housekeeping role in the cell. 

GPR107 may play a role in development and cell differentiation.  To identify target genes 

of Smad 2/3s, which are downstream effectors of the morphogens nodal and activin from the 

transforming growth factor  superfamily, Guzma et. al. implemented an inducible system for 
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activating and blocking a Smad2/3 transcription response in murine stem cells (2009).  They 

found that during increased periods of Smad2/3 activation, GPR107 transcript expression also 

increased 1.76 fold.  Alternatively, when a Smad2/3 blocking agent was administered, GPR107 

transcript expression returned to basal levels (Guzma et. al., 2009). These data suggest that 

GPR107 is a target of Smad2/3 activity.  Smad 2/3s are known transcription factors involved in 

cell proliferation, differentiation, and immune responses in the cell.  If GPR107 is a direct target 

of Smad2/3 transcriptional regulation, then GPR107 likely has a role in one of these responses. 

LUSTR proteins may be part of the immune response.  A study focusing on gene expression of 

human neutrophils infected with an obligate intracellular pathogen reports a 2.2 fold increase in 

the expression levels of GPR108 over noninfected cells, indicating a possible role for LUSTRs in 

the immune response (Sukumaran et. al., 2005). Additional studies of the immune response in 

invertebrates have shown differential expression of GPR107 in haemocytes during infection.   

Haemocytes play a critical role in the immune response of invertebrates (Lorgeril et. al., 

2005). During infection, the host haemocyte response is biphasic.  The first phase includes a 

major migration of haemocytes to the site of infection and elimination of the threat via either 

phagocytosis or autolysis to release reactive oxygen intermediates and antimicrobial peptides.  

The second phase is a large scale haemopoiesis event to produce mature haemocytes.  In a study 

of the infection of Pacific blue shrimp with a bacterial strain of Vibriosis, GPR107 expression 

increased to 1.5 times basal levels in haemocytes 96 hours after infection (Lorgeril et. al., 2005).    

Another study found GPR107 was found to be down-regulated in the haemocytes of the mollusk 

Littorina littorea during periods of trematode infection (Gorbushin et. al., 2009).  Initially these 

reports appear to be conflicting about the role of GPR107 in the immune response.  However, 

these studies may actually identify GPR107 as a potential regulator of cell maturation, as 

trematode infection causes the host to be ineffective at haemopoeisis and thus produce immature 

haemocytes.  Since both infected hosts were able to launch effective offensive attacks on the 

invading pathogens but differed in their abilities to both express GPR107 and produce mature 

haemocytes, this suggests LUSTRs to be involved in cell maturation. 

  Several studies also point to a role for LUSTRs in sensing and responding to stressful 

stimuli.  A study of the green algae Chlamydomonas reinhardtii identified transcripts that were 

differentially expressed at least two-fold during flagellar assembly and disassembly 

(Chamberlain et. al., 2008).  In response to stimulation, algal cells excised their flagella and 
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assembled of new pair of flagella, a response that takes two hours to complete.  After excision, 

cells increased expression of the LUSTR homolog of GPR107 by two-fold during the assembly 

process (Chamberlain et. al., 2008).  Inversely, cells that resorbed their flagella showed a two-

fold decrease in the same transcript (Chamberlain et. al., 2008).  In these studies, it is difficult to 

decipher whether the changes in LUSTR expression are related to the chemical stresses or the 

flagellar response due to the variety of responses taking place. 

  Additional studies in photosynthetic organisms support LUSTR involvement in an abiotic 

stress response.  Upregulation of the LUSTR homolog is also seen in Chlamydomonas during 

periods of metabolic stress (Nguyen et. al., 2008), particularly during sulfur deprivation in which 

cells switch to anaerobic metabolism.  In another condition, cold stressed (1β˚C) rice plants 

differentially express 123 transcripts, including a LUSTR homolog.  Interestingly, while 

GPR107 is expressed in both leaves and flowers, an increase in the LUSTR homolog is only 

observed in the leaf tissue in response to cold shock (Kim et. al., 2007).   

One interesting finding is that the GPR108 transcript is downregulated in the brains of 

Alzheimer’s Disease-like (AD-like) primates (Rassoul et. al. 2010). When comparing the 

transcriptomes of the temporal cortex of healthy old and AD-like primates, Rassoul et. al. found 

that 40 transcripts, including GPR108 (-2.23 fold), were differentially down regulated (2009).  

Gene ontology analysis showed the majority of those transcripts belonged to metabolic 

pathways, particularly protein synthesis.  This data, coupled with the stress associated studies, 

could point to a role for LUSTRs in protein synthesis regulation.  

Another study supporting a metabolic role for LUSTRs investigated the gene expression 

profiles of Hepatitis C virus (HCV) related heptocellular carcinoma (HCC) (De Giorgi et. al., 

2009).  When liver samples taken from patients with HCV-related HCC and screened via 

microarray were compared against healthy control patients who had neither HCV nor HCC, 

GPR108 was found to be one of the top 40 up-regulated genes.  Gene ontology analysis of the 

genes upregulated in the same conditions as GPR108, indicates that the majority of upregulated 

genes are involved in ubiquitination pathways (De Giorgi et. al., 2009). 
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LUSTR- B Gene Expression  

Although they are considered to be in the same protein family, the primary sequence of 

LUSTR-B homologs is evolutionarily distantly related to LUSTR-A homologs.   Despite this 

sequence divergence, LUSTR-Bs are as unexplored as LUSTR-As.  EST datasets indicate that 

LUSTR-Bs are also ubiquitously expressed in many tissue of mammalian organisms.  One study 

predicts that LUSTR-B homologs are primarily found in pancreatic tissue, as TMEM87a was 

found in a study characterizing the murine pancreatic islet proteome (Petyuk et. al., 2008).  The 

proteome consisted of over 2,600 proteins, and among the 133 of those proteins found to be 

predominantly expressed in islet cells by comparative analysis with other available murine 

proteomic datasets, was TMEM87a (Petyuk et. al., 2008).   

An additional study focused on the expression patterns of gene networks in the brains of 

depressed versus normal human subjects found that TMEM87b is part of a metabolic gene 

network that gains function in the amygdala and anterior cingulate cortex of individuals with 

major depression (Gaiteri et. al., 2010). 

The CCAAT/Enhancer Binding protein δ (C/EBPδ) DNA binding protein is a candidate 

tumor suppressor implicated in the transcriptional control of genes involved in cell survival, 

growth, differentiation and apoptosis.  In a report of genes targeted by C/EBPδ, TMEM87b was 

found to be one of the 100 gene loci identified in the study, along with genes involved in cell 

cycle regulation, apoptosis, signal transduction, and metabolism (Zhang et. al., 2008).   

TMEM87a was also identified as a direct target of BCL6, a transcriptional repressor 

required for normal B cell development.  Because aberrant BCL6 activity is most commonly 

associated with diffuse large B cell lymphomas, CHIP analysis was done to identify the genetic 

targets of BCL6 (Polo et. al., 2007).  Being directly targeted by BCL6 suggests a role in cell 

differentiation for LUSTRs, as down regulation of the BCL6 repressor is required for B cell 

maturation. 

Another study on immune cell maturation demonstrated a link between the T cell 

negative selection process and TMEM87a (Liston et. al., 2007).  T cells go through a negative 

selection process to screen against the T cells having an affinity to self prior to being released 

from the thymus.  This selection eliminates an autoimmune response.  Using a mutant mouse 
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strain with defective negative selection ability and a microarray approach, Liston and colleagues 

found TMEM87a to be a candidate gene involved in the T cell selection process (Liston et. al., 

2007).   

LUSTR Interaction Partners 

In yeast two-hybrid studies, a LUSTR-B homolog was identified as interacting with a 

viral oncogene.  The human papillomavirus type 18 is linked to the development of cervical 

cancer.  Two viral proteins, E6 and E7, have been identified as oncoproteins and expression of 

these proteins has caused immortalization of human cells lines.  Because of this, these proteins 

have become molecular targets for cancer therapies.  One research team conducted a yeast two-

hybrid screen for interaction partners of the HPV18 E6 protein, using E6 as the bait.  TMEM87b 

was one of seven proteins identified to interact with the HPV18 E6 oncoprotein (Li et. al., 2008).  

 While this result needs further confirmation, it is the first study of the possible 

interaction partners for the LUSTR protein family.  A LUSTR-B homolog interacting with a 

viral oncoprotein known to bind and degrade p53 supports the idea of LUSTR involvement in 

regulation of division, differentiation, apoptosis, or stress response, as p53 is involved in all of 

these processes (Sherman et. al., 2011). 

Summary 

The breadth of studies in which the LUSTR family has been identified collectively 

suggest a role in cellular signaling.  Most of the published reports point to a role in either 

metabolic signaling or cell differentiation/maturation pathways.  Ultimately, the currently 

available literature referencing the LUSTR protein family poses more questions than it answers. 

The original work that follows is a first attempt at determining the cellular role of LUSTR 

proteins.  We investigated protein expression following stress events, performed localization 

studies, screened for phenotypes in a knockdown mutant cell line, and conducted bioinformatic 

analyses on the protein sequence. 

The model system used for most of the studies here is the single celled green algae, 

Chlamydomonas reinhardtii.  Chlamydomonas is uniquely capable of providing a phenotypic 

response to acid shock stress, making it a good model for stress associated expression studies.  

The highly studied cell architecture and relatively large cell body (~12µm) makes it suitable for 
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localization of Cr7TM by immunoflourescence microscopy. Finally, the haploid nature of this 

evolutionarily ancient organism makes it an appropriate system for knockdown studies, of its 

single copy of the LUSTR gene.  This work will provide a solid foundation on which to build our 

knowledge about the LUSTR protein family. 
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CHAPTER TWO 

A NOVEL EVOLUTIONARILY CONSERVED 

TRANSMEMBRANE PROTEIN IN CHLAMYDOMONAS 

REINHARDTII 

 

INTRODUCTION 

Cell survival depends on the ability to sense and respond to the environment.  Cilia are 

now identified as the sensory antennae of the cell (Marshall and Nonaka, 2006). Thought to be 

primordial organelles present in the ancestral eukaryote, cilia are nearly ubiquitous across phyla 

and their structure is highly conserved (Marshall and Nonaka, 2006). These finger-like 

appendages are involved in extracellular sensing and house various signal transduction pathway 

components (Eley et. al., 2005).  Their critical importance to cellular function and organismal 

development is demonstrated by the diversity and severity of conditions caused by the genetic 

mutations in ciliary genes.  Several disorders including retinitis pigmentosa, infertility, 

hydrocephalus, obesity, diabetes, polydactyly, anosmia, hypertension, situs inversus, and several 

variations of renal cysts including autosomal dominant polycystic kidney disease (ADPKD), 

autosomal recessive polycystic kidney disease (ARPKD), and nephronophthisis have been linked 

to deleterious mutations in ciliary genes (Marshall and Nonaka, 2006; Eley et. al., 2005, 

Davenport and Yoder, 2005 ).  

Historically, most knowledge about cilia has come from studies of the homologous 

structure, flagella, in unicellular organisms.  The biflagellate green alga species Chlamydomonas 

reinhardtii is of particular interest owing to its ability to excise and regenerate its anterior pair of 

flagella in response to various environmental stresses (Nishikawa et. al., 2010; Quarmby, 1996; 

Quarmby et. al., 1994).  When confronted with noxious environmental stimuli, Chlamydomonas 

cells initiate a series of rapid yet independent responses including excision of the flagellar pair 

(Cheshire and Keller, 1991and 1994), up-regulation of a large set of flagellar and non-flagellar 

genes (Evans and Keller 1997), and assembly of proteins into a new flagellar pair (Cheshire et. 

al., 1994) Flagellar regrowth is completed within two hours of excision.  A rise in intracellular 

calcium is necessary and sufficient to invoke all of the responses (Evans and Keller, 1997).  
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Among the models proposed for the flagellar excision signaling pathway is a classic G-protein-

coupled receptor (GPCR) pathway (Quarmby et. al., 1992; Yueh and Crain, 1993).   

In an attempt to uncover the molecular players in this pathway, a large scale microarray analysis 

was pursued to identify the genes that were differentially expressed after acid shock induced 

flagellar excision (Chamberlain et. al., 2008).  Of the 118 genes identified in the study, 8% of the 

up-regulated genes were associated with “protein turnover and chaperone molecules”, indicating 

that the acid shock stress induces an environmental stress response in addition to the flagellar 

excision/regrowth response.  As expected, 1γ% of genes were associated with “cell motility”.  

Surprisingly, “signal transduction components” made up the largest group (18%). Some of these 

may be directly involved in flagellar excision/regrowth, whereas others may simply need to be 

replaced because they are housed in the flagellum itself, which is lost and regrown.  One 

upregulated gene encodes a putative G-protein-coupled, seven-transmembrane receptor 

(Cr7TM), found here to be a member of the LUng Seven TRansmembrane (LUSTR) protein 

family. 

In an initial description of the protein family, Edgar categorized the LUSTR protein 

family as GPCRs because they possess several of identifying characteristics of GPCRs, including 

a seven transmembrane topology, an extracellular N-terminus, an intracellular C-terminus, and a 

third intracellular loop, which is highly conserved within families of GPCRs and typically acts as 

the GTPase binding site (2007).  The LUSTR family includes two distantly related subfamilies, 

and homologs of LUSTR subfamily A (LUSTR-A) historically have been referred to as GPR107 

and GPR108 (Edgar, 2007).  Although LUSTR proteins have been identified in several high 

throughput analyses (see Chapter One), the function and localization of these proteins within the 

cell have not yet been reported.  

The studies presented here provide the first functional characterization of Cr7TM and its 

protein family.  Given that Cr7TM transcripts are differentially expressed following acid shock 

and Cr7TM has been putatively labeled a GPCR, we speculated that Cr7TM may be the receptor 

responsible for initiating the flagellar excision/regrowth response in Chlamydomonas. To 

determine whether the increase in Cr7TM expression following acid shock is a response to the 

flagellar excision/regrowth process or is part of a generalized environmental stress response, we 

examined Cr7TM protein expression in Chlamydomonas following acid shock and following an 

oxidative stress treatment.  Both of these treatments produce a generalized stress response in 
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cells; however, only the acid shock stress causes flagellar loss and regrowth.  If Cr7TM 

expression is related to the flagellar excision/regrowth response, then differential expression of 

Cr7TM will be observed only following acid shock and not oxidative stress.  Additionally, we 

examined Cr7TM protein expression patterns in the flagellar excision deficient (adf1) mutant.  

Mutant adf1 cells do not shed their flagella in response to acid shock, making it possible to 

isolate a general stress response from the excision/regrowth response following acid shock. If 

Cr7TM is, in fact, responsible for initiating the excision/regrowth response, then an increase in 

Cr7TM expression should be observed only in wildtype Chlamydomonas after acid shock, as this 

is the only condition and cell line in which flagellar excision and regrowth are expected.   

To further characterize Cr7TM function, immunofluorescent staining and microscopy 

determined that Cr7TM localizes on the flagellar membrane.  Furthermore, an inducible 

Chlamydomonas Cr7TM knockdown line was generated and tested for aberrant flagellar 

excision/regrowth phenotypes.  Finally, bioinformatic analysis was implemented to identify 

putative protein binding/interaction sites, predict possible interaction partners for Cr7TM and its 

human homolog (HsGPR107), and to explore the evolutionary and phylogenetic relationships 

among members of the LUSTR family and investigated the expression profiles of LUSTR 

subfamily A homologs across an array of organisms representing the major metazoan clades.   

 

RESULTS 

Cr7TM Expression Pattern Mimics Flagellar Protein Expression 

To confirm our previous microarray data on Cr7TM gene expression, we probed a 

Northern blot of RNAs collected from Chlamydomonas whole cell lysates at times following 

acid shock with a radiolabeled Cr7TM-specific DNA probe.  The autoradiograph in Figure 1A 

shows that the expression pattern observed for Cr7TM gene expression is consistent with the 

pattern of late expression observed in our microarray analysis (Chamberlain et. al., 2008).  No 

signal is detected at 0 minutes (before acid shock) or 30 minutes after acid shock (Figure 2.1A).  

A weak signal is detected at 60 minutes; the signal increases at 90 minutes and peaks at 120 

minutes after acid shock.   

To determine whether Cr7TM protein expression is linked to the flagellar 

excision/regrowth response or an environmental stress response, we used Western blot analysis 
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to compare expression of three different proteins: Cr7TM, acetylated α-tubulin (upregulated in 

the excision/regrowth response), and HSP90 (upregulated in general stress responses) (Molen et. 

al., 2006).  Protein expression was monitored at 60, 90, 120, and 150 minutes following acid 

shock deflagellation and the non-deflagellating oxidative stress treatment of 5mM H2O2 in both 

wildtype and the acid shock-excision deficient adf1 mutant Chlamydomonas.   

The HSP90 staining showed increased expression at 60, 90, and 120 minutes after both 

acid-shock and H2O2 treatments in both adf1 and wild type cells lines (Figure 2.1B), confirming 

that a general stress response was invoked in all experimental conditions.  As expected, a 

significant increase in acetylated α-tubulin abundance was seen only in acid-shocked wildtype 

cells in which flagella were excised and flagellar outgrowth was initiated, with a noticeable 

increase in signal by 60 minutes that continues through 150 minutes (Figure 2.1B).  Expression 

did not differ significantly in any other treatment or cell type.  Thus, while an environmental 

stress response was invoked in all conditions, only in acid shocked wildtype cells were flagella 

excised, flagellar protein expression induced, and flagellar regrowth initiated. 

The expression pattern of Cr7TM in wild type cells more closely follows that of 

acetylated α-tubulin than that of HSP90 (Figure 2.1B).  Cr7TM expression increased over time in 

acid shocked wildtype cells, with a noticeable increase observed at 90, 120, and 150 minutes, but 

Cr7TM expression remained relatively constant in H2O2-treated cells.  These results indicate that 

Cr7TM expression is linked to the flagellar excision/regrowth response and not to stress.  The 

lack of change in Cr7TM expression in adf1 cells following acid shock (Figure 2.1B) further 

corroborates our results that Cr7TM expression is linked to the excision/regrowth response and is 

not a generalized response to other types of stress.  

Cr7TM Localizes on the Flagellar Membrane 

The localization of Cr7TM was investigated using immunofluorescent confocal imaging.  

Similarity between the expression patterns of Cr7TM and acetylated α tubulin indicates that 

Cr7TM is integrated into flagella during outgrowth after excision.  As previous computational 

analyses predict that Cr7TM is an integral membrane protein (Edgar, 2007), we expected that 

Cr7TM would be present in the flagellar membrane.  Because the dynamics of Cr7TM 

localization during flagellar loss and regrowth are of interest, cells were acid shocked and fixed 

for immunostaining at times following flagellar excision by acid shock.  Cells were co-stained 
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for acetylated α-tubulin, which identified the flagellar axoneme, and for Cr7TM. Merged images 

of acetylated α-tubulin and Cr7TM staining show that Cr7TM localizes to the flagellar 

membrane (Figure 2.2).   

The acetylated α-tubulin and Cr7TM signals are localized over the lengthening flagella during 

the entire course of regrowth. The Cr7TM signal appears to be less intense and more irregular 

along the flagella than throughout the cell body, indicating that a relatively small amount of total 

Cr7TM protein is found in the flagellar membrane. As the flagella elongate, the Cr7TM signal 

becomes more punctate and less dense as seen at 60, 90 and 120 minutes (Figure 2.2).  Higher 

resolution images (Figure 2.β, boxed insets) show that acetylated α-tubulin staining is associated 

with the axoneme, whereas Cr7TM staining is observed in the flagellar membrane. Thus, Cr7TM 

is a membrane protein that is structurally associated with the flagellum. 

Knockdown Analysis of Cr7TM Does Not Implicate Function in Flagellar Mechanics 

A pUC119-Nit1-Cr7TM IR plasmid (Figure 2.3A) was constructed to specifically 

knockdown Cr7TM expression.  The construct included two critical components; the first is a 

Nit-1 inducible promoter that regulates expression of the second, an inverted repeat of the 

Cr7TM sequence.  The inverted repeat sequence contained a portion of the Cr7TM gene in the 

forward direction followed by a corresponding portion of Cr7TM cDNA in the reverse 

orientation.  When transcribed, the resulting mRNA should form a hairpin loop, which the cell 

will recognize as dsRNA, and initiate the endogenous RNAi degradation pathway that cleaves all 

dsRNA into small untranslatable fragments and then uses those fragments to target and degrade 

corresponding Cr7TM mRNA, thus eliminating its expression.  The Nit-1 inducible promoter 

regulates transcription of the Cr7TM inverted repeat.  In cells transformed with the pUC119-

Nit1-Cr7TM IR construct and placed in induction media, the Cr7TM RNA should be targeted for 

degradation by the IR construct, and as Cr7TM is turned over, protein expression should be 

knocked down or depleted. 

A pUC-Nit1-Cr7TM IR transformant, IR12, was confirmed to contain the inverted repeat 

of Cr7TM by PCR and sequencing.  To determine the effectiveness of the pUC119-Nit1-Cr7TM 

IR construct and efficiency with which Cr7TM was knocked down, IR12 mutant cells were 

cultured in both uninduced (control) and induced conditions and protein levels were determined 

by Western blot analysis every 24 hours after the transfer of cells to induction media (Figure 
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2.3B).  At day 2 of induction, there was a significant decrease in the signal intensity of the 

protein band corresponding to Cr7TM at approximately 60 kD, as compared to the day 2 control, 

non-induced sample.  At days 3 and 4 after induction, the Cr7TM protein signal was no longer 

detectable with Western blot analysis, indicating that the Cr7TM protein has been knocked out 

by day 3.  Based on these results, any phenotypic differences in the IR12 mutant line would be 

seen after 3-4 days of induction. 

IR12 cells were monitored for abnormalities in flagellar morphology, flagellar motility, 

and the flagellar excision response due to acid shock stress at 5 days of CR7TM knockdown 

induction.  No differences in these flagellar characteristics were identified.  Both knock down-

induced and control cell cultures responded to acid shock with 99% excision of flagella, 

followed by normal regrowth kinetics.  The knockdown-induced cell cultures also appeared to 

swim in the same manner, speed, and forward direction as control, noninduced and 

untransformed cells.  These data demonstrate that Cr7TM is most likely not associated with the 

mechanical flagellar functions screened in our assays, but instead may play another role, possibly 

sensory, in the function of the flagellum. 

LUSTRs Have Unique Primary Sequence and Lack Characterized Interaction Sites 

Due to lack of flagellar phenotypes in the knockdown strains, Cr7TM does not appear to 

be the receptor responsible for initiating flagellar excision in Chlamydomonas.  Instead, it may 

be a sensory receptor.  If Cr7TM is indeed a GPCR, as predicted, then a computational search 

could reveal protein interaction motifs, such as activating ligand binding sites and GTPase 

interaction sites, that would illuminate this role.   

To determine the type of protein with the highest similarity to LUSTR proteins, a 

pBLAST search was done using the Cr7TM and the HsGPR107 (isoform 1, 600aa) sequences.  

Only LUSTR sequences and predicted proteins of unknown function had sequence similarities 

up to an expectation value of 1.0. The pBLAST results from the Cr7TM sequence contained 

LUSTR-A sequences with e-values of 7 x 10
-97

 to 1 x 10
-7

 and LUSTR-B sequences with e-

values of 1 x 10
-3

 to 1.  The pBLAST results from the HsGPR107 sequence contained LUSTR-A 

proteins with e-values of 0 to 2 x10
-26

 and LUSTR-B proteins with e-values from 2 x10
-17

 to 1. 

Many of the sequences were from predicted or unidentified proteins, but all contained LUSTR 

domains.  These results are surprising, as it is rare to find a protein family that bears no similarity 
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to any other protein family.  Since no other protein sequences showed significant similarity to 

LUSTRs, the Cr7TM and HsGPR107 sequences were used to search for homology with 

characterized functional regions and interaction sites.    

A search of the Pfam profile database using the Cr7TM and HsGPR107 sequences 

showed significant similarity only to the LUSTR domain and only trivial resemblance to other 

domains of unknown function (Table 2.1).  Similarly, the pattern searching program Prosite, 

used to identify protein interaction sites and motifs, did not identify any probable protein binding 

or interaction sites on either Cr7TM or HsGPR107.  It did, however, identify several potential 

protein modification sites as seen in Table 2.1.  Finally, the heptahelical structure of the 

representative LUSTR homologues was validated using the TMHMM transmembrane topology 

prediction software.   

 Evolutionary and Phylogenetic Analysis of LUSTR Shows High Degree of Conservation 

Additional clues about the function of a protein product can also be found by studying the 

distribution and the level of sequence conservation of the protein between organisms.  The 

evolutionary trajectories of LUSTRs are shown by the alignment (Figure 2.4) and an 

evolutionary tree (Figure 2.5) of LUSTR proteins from subfamily A.  Sequences were aligned 

using T-coffee, a set of computer algorithms designed to apply rules of evolution to the sequence 

and to insert gaps, “-”, into the sequences to account for insertion and deletion events. Regions 

that are structurally or functionally meaningful are usually the areas of high conservation and 

without gaps.   

Conservation of large regions within the LUSTR-A sequences was found at the amino 

acid level, as indicated in Figure 2.4A by the vertical stripes of similarly colored blocks which 

represent regions of amino acids with similar properties.  These conserved regions are broken up 

by insertion events (gray blocks).  One region of diversity is the N-terminus.  Sequences of the 

duck–billed platypus, Ornithorhynchus anatinus, [refseq: XP_001507835] and the dog, Canis 

familiaris, [refseq: XP_537814] proteins have N-termini that are elongated past the alignment of 

all other sequences.  Also, LUSTR proteins in Drosophilia melanogaster [refseq: NP_572545] 

and all other Drosophila species have large inserts in their N-terminal ends from 235-345aa that 

are not found in other organisms.  HsGPR107 also has a unique insertion within the LUSTR 

domain itself at the third intracellular loop.  Additionally, HsGPR107 has three possible splice 
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variants, known as isoforms 1, 2, and 3 (Figure 2.4B).  The full length isoform 1 was used for all 

of analyses described here.  Interestingly, isoforms 2 (missing exon 15) and 3 (missing exons 15 

and 16) are identical to isoform 1 except for deletions in the third intracellular loop.  Despite 

these few exceptions, overall, LUSTR-As are a highly conserved group of proteins.   

To date, LUSTR-As have not been found in any bacteria, archaea, apicomplexians, red 

algae, or fungi for which sequence is available (reported in Edgar 2007 and confirmed here).  

LUSTR-As are found in three species of parasitic amoebas (entamoebas), one free-living social 

amoeba, Dictyostilium discoideum, and two diatoms, Thalassiosira and Phaeodatylum.  Each of 

these organisms possess only one LUSTR-A protein isoform.  LUSTR-As have been identified 

in both green algae and vascular plants.  The green algae, Chlamydomonas reinharttii and 

Ostreococcus lucimarinus each have only one LUSTR-A protein isoform being expressed, but 

the higher vascular plants and mosses have multiple isoforms, as is typical of polyploid 

organisms.  Other clades having only one LUSTR-A protein isoform include Arthropods, 

Cnidarians, Nematodes, Platyhelminthes, Mollusks, Echinoderms, Urochordates, and 

Amphibians.  Metazoans with two isoforms of LUSTR-A include lancelets, bony fishes, birds, 

and mammals.  Marsupials and montremes are both represented in the LUSTR-A subfamily.  

The maximum likelihood tree of subfamily A (Figure 2.5) shows the evolution of the LUSTR-A 

proteins. 

LUSTR Proteins Are Ubiquitously Expressed Across Phyla 

 Since LUSTR proteins have been found in all metazoan genomes for which there is a 

complete sequence available, we investigated the expression levels of LUSTR-A homologues in 

a range of metazoan organisms.  Due to the high protein sequence conservation of LUSTRs and 

localization on ciliary structures, we predicted expression in all metazoans, especially in ciliated 

cell types.  Here we used an HsGPR107 specific polyclonal antibody to detect LUSTR-A 

expression in representatives of Poriferan, Avian, Amphibian and Mammalian species. 

 LUSTR-A homologues are expressed in each of these organisms (Figure 2.6).  Table 2.2 

shows the predicted molecular weight of each homolog based on its amino acid sequence.  All of 

the predicted sizes fall between 60 and 80 kD, and accordingly, that size range shown from each 

representative blot.  Although whole lysates of Drosophila were examined, no signal was 

detected over multiple experiments.  Thus, LUSTR-A protein abundance may be particularly low 
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in Drosophila, LUSTR-A expression may be tissue specific and not abundant enough in the 

whole organism lysate to be observed via Western blot, or the antibody may not react with 

Drosophila protein. 

The human embryonic kidney (HEK) cell lysate (Figure 2.6A) gave the strongest signal 

with the cleanest background for the Western blot analysis.  The LUSTR homolog in chick 

appears to be ubiquitously expressed throughout tissue types, with the exception of the liver 

(Figure 2.6B).  Samples taken from frog gametes and embryos also displayed expression of an 

appropriately sized protein, with a significantly higher signal coming from the sperm lysate 

(Figure 2.6C).  The Polycelis feline species of nematode and the Cliona celata species of sponge 

showed signal in the expected size range (Figure 2.6E).  Overall, the primary antibodyrecognized 

proteins in the predicted size range for LUSTR homologs, with minimal nonspecific binding, in 

evolutionarily dispersed organisms.  These data demonstrate that LUSTR homologs are 

ubiquitously expressed as well as evolutionarily conserved. 

 

DISCUSSION 

Cr7TM is not necessary for excision/regrowth and likely has a function independent from 

flagellar mechanisms  

The localization pattern of Cr7TM in flagella is reminiscent of several known IFT 

proteins, particularly IFT52, a required protein for flagellar outgrowth.  Cr7TM staining at 

several times during flagellar regrowth, following acid shock induced flagellar excision, moves 

into the flagella in a manner similar to that of IFT52 (Deane et. al., 2001).  Within 5 minutes 

following acid shock a large amount of staining accumulates at and around the basal bodies at 

the “docking station” where proteins are predicted to be screened and sorted prior to entering the 

flagella (Deane et. al., 2001).    At later time points, the Cr7TM signal is somewhat depleted 

from around the basal bodies and is distributed throughout the elongating flagella.  During 

flagellar regrowth, the initial short flagella are more densely stained than at later time points, 

which show a more diffuse pattern of staining throughout the elongating flagella.  This suggests 

that a finite number of Cr7TM molecules are delivered to the flagella, and they eventually 

disperse over the full length of the flagella.   
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 The Cr7TM expression pattern following acid shock in Chlamydomonas is similar to 

expression of the major flagellar structural protein α tubulin, suggesting Cr7TM expression is 

linked to the flagellar excision/outgrowth response and not to a stress associated pathway.  

Despite following the same localization pattern as two required flagellar components, tubulin 

and IFT52, our experiments showing normal flagellar regrowth in the Cr7TM-depleted IR12 

knockdown cell line demonstrate that Cr7TM is not required for flagellar outgrowth.  These data 

indicate Cr7TM function is independent of flagellar loss and regrowth, as well as motility.  Thus, 

Cr7TM is among those proteins shown to be present in the flagellum that, as yet, have no known 

flagellar function (Pazour et. al., 2005; Inglis et. al., 2006).  Instead, Cr7TM may contribute to 

the sensory “antenna” role of the flagellum. 

LUSTRs are a unique, conserved protein family 

LUSTRs, including Cr7TM, represent a novel protein family.  pBLAST searches with 

both algal and human LUSTR proteins yield only LUSTR homologues.  And yet, none of the 

proteins harboring the LUSTR domain have known functions.  Despite several distinct and 

isolated insertion events, our sequence alignment depicts a high level of protein sequence 

conservation within the LUSTR domain across phyla (Figure 2.4A).  The maximum likelihood 

analysis depicted by the evolutionary tree diagram (Figure 2.5) shows extremely tight regulation 

of the rate of change for this family of proteins, and also demonstrates the infrequency of 

duplication events of the gene encoding Cr7TM in metazoans (Figure 2.5).  The expression of 

one specific protein sequence and not multiple isoforms in higher organisms indicates one of two 

things.  Either there is only one copy of the of the protein encoding gene in the genome or the 

rate of molecular evolution for multiple copies of the protein encoding gene is functionally 

constrained such that only one isoform of the protein is expressed. In the LUSTR-A subfamily a 

single gene duplication event most likely occurred with the rise of the lancelets 

(Cephalochordata), but the duplication was subsequently lost in amphibians, birds, and 

monotremes (Figure 2.5).  The tendency to have only a single copy of this gene implies that 

having multiple copies may be disadvantageous.  The high level of sequence conservation, 

coupled with the low number of gene duplication events, and ubiquitous expression across phyla 

implies a necessary and highly regulated function for the LUSTR proteins in metazoans.  Thus, 

LUSTR proteins appear to comprise an entirely unique and unexplored protein family. 
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Historically, proteins with seven transmembrane spanning domains have been 

categorized as GPCRs, and indeed, the LUSTR protein family was described as such in initial 

reports (Edgar,  2007).  Our bioinformatic approach to find possible activator or effector proteins 

was unfruitful, as no characterized interaction sites were identified.  Thus, not only is the primary 

sequence of the LUSTR family unique, but its interaction mechanisms are also novel.  While it is 

possible that Cr7TM may interact with a small GTPase in a manner that has yet to be 

characterized, it is also possible that Cr7TM and other LUSTRs are functioning independently of 

heterotrimeric G-proteins.  Increasing evidence supports roles for seven transmembrane 

receptors with alternative second messengers (Hall et. al., 1999; Rajagopal et. al., 2005)   

GPCRs have been found to function with two alternate signaling pathways, one free from 

G-proteins.  Other heptahelical receptors have also been found to function completely 

independently of G-protein messengers (see reviews by Rajagopal et al. 2005 and Hall et al. 

1999).  -arrestins, once thought to act solely as negative regulators of GPCR signaling by 

blocking G-protein binding, are now recognized as signaling messengers themselves.  -arrestins 

interact with the intracellular tail of an activated receptor following its modification by certain 

GPCR kinases, subsequently causing Src tyrosine kinase activation (Hall et al., 1999).  Seven 

transmembrane receptors have also been found to interact with certain monomeric G-proteins 

including Rho and Arf at a specific motif on the exiting span of the last transmembrane spanning 

region.  Disruption of the Rho/Arf binding motif blocks monomeric G-protein binding and 

prevents downstream phospholipase D activity (Hall et al., 1999).  Unfortunately, none of the 

identifiable binding/interaction sites employed in these alternate pathways were found in LUSTR 

sequence. 

Further studies are needed to conclusively identify the interaction partners of Cr7TM 

protein through pull down or yeast-two-hybrid studies.  Identification of interacting molecules 

would supply more information about the cellular role of Cr7TM and LUSTRs in general.  

Additionally information also could be provided by creating LUSTR knock down lines in 

various organisms and cell lines.  The studies reported here represent the foundation for future 

studies to delineate the role of Cr7TM and the novel LUSTR protein family. 

 

EXPERIMENTAL PROCEDURES 
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Cell culture 

Chlamydomonas reinhardtii cells were cultured in regulated light conditions with 14 

hours of light and 10 hours of dark in liquid TAP media (Tris Acetate Phosphate) (Harris and 

Whitman, 2008) at β5˚C.  Strains used in these studies were obtained from the Chlamydomonas 

Culture Center (Harris and Whitman, 2008) and grown in aerated Erlenmeyer flasks in a 

minimum volume of 70mL.  Strain cc1618 (cw15 arg7 mt-) has a reduced cell wall (cw15), 

making it suitable for transformation, and is deficient in a selectable marker gene in the 

biosynthetic pathway for arginine (arg7) and therefore requires media supplemented with 2 mM 

arginine for growth.  Its flagellar phenotype is wild type.  Strain cc2919 (adf1 mt-) has a 

mutation in an unknown gene that causes the cells to retain their flagella after acid shock but 

otherwise acts as wildtype.   

Stress treatments 

Acid shock stress causes flagellar excision, followed by flagellar assembly. Acid shock 

stress was performed by adding acetic acid (0.2 N) to the TAP cell culture to lower the sample 

pH to 4.2 and, after 30sec, adding KOH (0.2 N) to the culture to return the sample to pH 7.2 

(Chamberlain et. al., 2008). Oxidative stress treatment was performed by treating cultures with 

5mM H2O2 (Molen et. al., 2006), a treatment that does not cause excision. Cells recovered from 

stress treatments with gentle stirring under fluorescent light at room temperature for 2-4 hr.  

Flagellar lengths were monitored before and at times after treatment.  A sample of cells was 

fixed in an equal volume of 2% glutaraldehyde, and flagellar lengths were measured using an 

ocular micrometer and phase contrast microscopy (Carl Zeiss, Thornwood,NY). 

RNA isolation and Northern Blotting 

Total RNA was extracted before (0 min) and at 30, 60, 90 and 120 min after acid shock 

stress using an RNeasy Mini Kit (Qiagen, Valencia, CA).  Total nucleic acid concentration was 

determined by measurement of the A260/A280 ratio with UV spectrophotometry (NanoDrop, 

Wilmington, DE) and RNA integrity was assessed by electrophoresis on RNA formaldehyde gels 

(Sambrook et. al., 1989).  For each sample on the northern blot, 20g of total nucleic acid was 

incubated in 50% deionized formamide, 6.4% formaldehyde, and 0.5X MOPS buffer (1X MOPS 

buffer contains 20mM 3-(N-morpholino)propanesulfonic acid (MOPS), 5mM sodium acetate, 
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1mM Ethylenediaminetetraacetic acid (EDTA)) at 60C for 10 minutes and then chilled on ice.  

Samples were electrophoresed on a 1.75% agarose/formaldehyde denaturing gel, and transferred 

to nylon membrane (GeneScreen Plus NEN
TM 

Life Science Products, Boston, MA) overnight 

using a modification of the method of Maniatis (Sambrook et. al., 1989) for southern blot 

analysis.  After transfer, the membrane was UV crosslinked and baked at 80C for 2 hours.  

Membranes were prehybridized at 42C for 6 hours in prehybridization solution (5X SSC (20X 

SSC contains 3M NaCl, 0.3M sodium citrate, pH 7.0), 50% deionized formamide, 5X 

Denhardt’s (100X contains β% w/v bovine serum albumin, β% ficoll 400, β% 

polyvinylpyrrolidone), 1% SDS, 200g/ml denatured salmon sperm DNA) and hybridized with 

radiolabeled Cr7TM probe in reduced volume overnight at 42C.  After overnight hybridization 

at 42C, the membrane was washed twice with 2X SSC and 0.1% SDS for 5 minutes each at 

room temperature and then twice with 0.1X SSC and 0.1% SDS for 20 minutes each at 42C. 

The washed membrane was exposed to a phosphor screen, which was scanned using a Molecular 

Dynamics Scanner (Sunnyvale, CA) and analyzed using Storm 860 software package. 

Preparation of probe 

Cr7TM probe was amplified by PCR from a plasmid containing the cloned Cr7TM 

genomic DNA fragment as a template with Cr7TM gene specific primers C and F (Table 3) to 

create a 550bp fragment using the following thermal cycling profile: initial denaturing step of 

95°C for 4 min, 30 cycles of 95°C for 1 min, 55°C for 30s, 68°C for 2.5 min, and a final 

extension of 72°C for 7 min.  The PCR product was labeled using a Random Primers DNA 

Labeling System Kit (Gibco BRL, Rockville, MD) according to manufacturer’s instructions, in 

which the DNA was boiled for 10 minutes and chilled on ice, deoxyNTPs and 
32

P-dCTP 

(10Ci/L) (DuPont NEN
 

(Boston, MA)),  and Klenow fragment were added and the reaction 

incubated at 25C for 1 hour.  To separate unincorporated nucleotides from labeled DNA, the 

samples were passed through a Sephadex G-50 column (Pharmacia Fine Chemicals Inc, 

Piscataway, NJ, obtained through Sigma Chemical Co.) and followed by ethanol precipitation. 

The specific activity of the probe was 3.5 x 10
7
 to 5 x 10

7 
cpm/g of DNA. 
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Protein sample preparation, SDS-PAGE, and Western Blotting  

Cell samples were collected from growth media by centrifugation at 3000g.  Cell pellets 

were resuspended in equal volumes of PBS and 2x SDS protein sample buffer (126mM Tris HCl 

pH 6.8, 4% SDS, 20% glycerol) on ice.   Samples were homogenized by vortexing for 5 minutes 

at 4˚C.  Samples were then centrifuged for 20 minutes at 12,500g at 4˚C.  The supernatant was 

collected and protein concentration was estimated by absorbance at 280nm (NanoDrop, 

Wilmington, DE).  Samples were stored at -β0˚C.  Gel samples of 2µg/µL were prepared by 

diluting protein samples into water and 5x reducing buffer (10% glycerol, 5% SDS, 0.01% 

bromophenol blue, 0.125M Tris HCl pH 6.8, 5% -mercaptoethanol), and boiling in H2O for 15 

minutes. 

Protein samples of 30µg were electrophoresed onto 12% Mini-Protean TGX precast 15 

well gels (Biorad, Richmond, CA) in SDS buffer (19mM Tris HCl pH 8.3, 200mM glycine, 

3.5mM SDS) at 140V for 2 hours.  Proteins were transferred onto nitrocellulose membranes for 3 

hours at 80V in transfer buffer (19mM Tris HCl, 20mM glycine, and 5% methanol) at 4˚C.  

Nitrocellulose membranes were blocked overnight with 5% BSA in PBS-T (1xPBS with 0.05% 

Tween β0) at 4˚C.  Membranes were rinsed in PBS-T.  Primary antibody was diluted in PBS-T 

and applied for one hour on a rocker table at room temperature, followed by three 15 minute 

washes in PBS-T.  The secondary antibody was diluted in PBS-T and applied for one hour on a 

rocker table at room temperature, followed by three 15 minute washes with PBS-T.  Membranes 

were incubated in the ECL Plus Western Blotting Detection System as per manufacturer’s 

instructions (GE Healthcare, Amersham).  Membranes were then exposed to X-ray film, and the 

film was developed. 

Antibodies and Dyes 

Antibodies were diluted according to manufacturer’s instructions. The primary antibodies 

used were a polyclonal raised against human GPR107 protein produced in rabbit, diluted 1:1,000 

(ab75243, Abcam Inc.), a monoclonal anti-acetylated tubulin produced in mouse, diluted 

1:10,000 (T7451, Sigma), and a monoclonal anti-HSP90 produced in mouse, diluted to 1:5,000().  

The secondary antibodies used were an anti-rabbit IgG with a horse radish peroxidase conjugate 

produced in goat( W401B, Promega), rabbit anti-mouse IgG antibody conjugated to Alexa Fluor 
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568 (A-11036, Invitrogen), and goat anti-rabbit IgG congjugated to Alexa Fluor 488 (A-11034, 

Invitrogen). 

Immunofluorescence Staining and Imaging 

 Standard glass slides were washed with 95% ethanol and treated with 0.1% 

polyethylenimine (PEI) for 10 minutes.  Slides were then rinsed and air dried.  100µL of 

Chlamydomonas cell culture was placed over the PEI treated section of the slide and allowed to 

settle for 10 minutes.  Excess liquid was wicked off of the slide, and the slide was immediately 

plunged into -β0˚C absolute methanol for 10 minutes.  Once removed, slides were allowed to air 

dry, and then washed three times for 5 minutes in PBS.  All slides were then incubated in 

blocking buffer (5%BSA in PBS-T) for a minimum of 30 minutes at room temperature. 

 Primary antibodies were diluted in PBS and incubated overnight (12-16 hours) at 4˚C in a 

humid chamber. Slides were then washed three times in PBS-T.  Secondary stains were diluted 

in PBS and applied for 1 hour in a humid chamber at room temperature.  Samples were protected 

from exposure to light after the addition of secondary antibodies.  Slides were then washed three 

times for 5 minutes each in PBS-T.  Excess PBS-T was wicked off, mounting media was applied 

and a coverslip positioned over the sample.  Images were captured using a Leica TCS SP2 

confocal microscope (Deerfield, IL).   

Plasmid construction 

An inducible Cr7TM knockdown plasmid was constructed using PCR-amplified regions 

of Cr7TM genomic and cDNA.  Forward primer A and reverse primer B (Table 2.3) were used 

to amplify a 2.5kb fragment from genomic DNA.  Forward primer C and reverse primer D 

(Table 2.3) were used to amplify the corresponding 1.2kb fragment from cDNA.  Supermix HiFi 

(Invitrogen) PCR reactions of 25µL volumes contained 100-200ng of template DNA and 0.4 µM 

of each primer.  The following thermal cycling profile was used:  initial denaturing step of 95°C 

for 4 min, 30 cycles of 95°C for 1 min, 55°C for 30s, 68°C for 2.5 min, and a final extension of 

72°C for 7 min.  PCR products were cloned into TOPO 2.1 TA vectors (Invitrogen), and the 

resulting plasmids were digested with XbaI and HindIII or BamHI and HindIII to release the 

genomic or cDNA fragment, respectively.  The two fragments were then ligated together at the 

HindIII site, forming an inverted repeat of genomic and cDNA sequence.  The plasmid pUC119-
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Nit (Koblenze and Lechtreck,  2005), obtained from the Lechtreck Lab, was digested with XbaI 

and BamHI.  Lechtreck’s previously used cassette was removed, and the Cr7TM inverted repeat 

cassette was ligated into the plasmid downstream from the inducible promoter Nit-1.  Employing 

the Nit-1 inducible promoter to regulate the expression of the inverted repeat enabled control of 

the Cr7TM protein depletion simply by changing the media in which the transformed IR mutant 

cells are maintained.  Chlamydomonas cells require a reduced nitrogen source, ammonium ions, 

for certain metabolic pathways.  In the absence of a reduced nitrogen source, genes under the 

control of the Nit-1 promoter are induced.  Since the inverted repeat of Cr7TM is under the 

control of the Nit 1 promoter, placing IR12 mutant cells into TAP media with KNO3, lacking a 

reduced nitrogen source causes the inverted repeat of Cr7TM to be transcribed.  The final 

plasmid design is illustrated in Figure 2.3. Constructs were linearized prior to transformation by 

digesting at the unique EcoRI. 

Transformation and Screening 

Chlamydomonas cc1618, Arg7 deficient, cells (1 x 10
7
 to 3 x 10

7
 cells/ml, 2ug DNA) 

were transformed by the glass bead method (Kindle et. al., 1991) and spread on to TAP medium 

plates lacking arginine. Colonies appeared 10-14 days after transformation.  Colonies were 

picked and grown in liquid tap media with continued selective pressure. Putative transformants 

were screened via PCR amplification of the inverted gene fragment.  To isolate genomic DNA, a 

cell pellet of approximately 5-10 uL in size was resuspended in 50 uL of 10mM NaEDTA and 

incubated at 100˚C for 5 minutes.  Samples were vortexed and then centrifuged at 12000g for 1 

minute.  The inverted repeat was amplified using 10µM of primer E (Table 2.3) and 200ng of 

genomic DNA in Supermix HiFi.  The thermocycle profile included initial denaturing step of 

96°C for 4 min followed by 25 cycles of 96°C for 30s, 58°C for 30s, 68°C for 30s, and a final 

extension of 72°C for 7 min.  The confirmed transformant line, IR12, was cultured continuously 

in TAP medium without arginine to maintain selection pressure for ARG 7 gene. 

Phenotypic Screen of Mutants 

Transformed cells were grown in both TAP media (control) and TAP with KNO3 

induction media.  At days following the start of induction, cell samples were taken for western 
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blot analysis.  At day 5, cells were screened for acid shock response and swimming behaviors 

were observed. 

Database Searching 

Homo sapiens GPR107 isoform 1 (HsGPR107) [Refseq:NP_001130029] and 

Chlamydomonas reinhardttii LUSTR protein (Cr7TM) [Refseq:XP_001696905] were used as 

representative protein sequences of LUSTR-A. Using the reference sequence (refseq) database 

(Pruitt et. al., 2007) from the National Center for Biotechnology (NCBI) HsGPR107 and Cr7TM 

were used as queries in pBLAST searches, with an expectation value (e-value) cutoff of 10
-3

. 

Genome projects from the Joint Genome Institute (JGI) were searched with pBLAST for 

additional homologues that are not yet available in the refseq database.   Search results from 

HsGPR107 and Cr7TM were merged into a single data set and duplicates of protein sequences 

were deleted.  

Phylogenetic Analysis 

Sequences were aligned using T-coffee with default settings (Notredame et. al., 2000) via 

Seaview (Galteir et. al., 1996).  T-coffee was used because it employs both global and local 

alignment methods to deduce the best alignment. After alignment, each sequence was viewed 

and incomplete or partial sequences were cut from the data set, any remaining columns of gaps 

were removed, and 10% of the characters present in each column were masked.  The protein 

sequence mask was used to eliminate the uninformative “gap” segments of sequence from data 

analysis and force the analysis program to use the biologically interesting segments of sequence 

in determining evolutionary relatedness. 

A maximum likelihood analysis was performed using the RAxML (Stamatakis, 2006) program.  

RAxML was run using the “PROTMIX” evolution model with the Dayhoff amino acid 

substitution matrix and 100 bootstrap generations.  Figtree was used to view the resulting trees 

and modify them.  The most evolutionarily ancient clade was used as an outgroup. 

Sequence Characterization 

TMHMM 2.0 (Krogh et. al., 2001) was used to identify the transmembrane domains of 

Cr7TM and HsGPR107.  Cr7TM and HsGPR107 were submitted to Pfam (Bateman et.al., 2002) 

to identify possible domains within the sequences.  They were also submitted to the pattern 
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searching program Prosite (Falquet et. al., 2002) to identify potential sites of enzymatic activity 

and various interaction sites.  
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Figure 2.1: Cr7TM Expression Following Deflagellation and Oxidative Stress. A) Northern 

blot of RNAs collected at times following acid shock stress and probed with a Cr7TM specific 

radioactively labeled gene fragment. B) Western blots of total protein collected from wildtype 

(wt, cc125) and acid shock deficient (adf1, cc2919) cells following stress conditions.  The time 

points taken in minutes are denoted under the stress treatments of acid shock or oxidative stress.  

Nitrocellulose protein transfers from each cell type and condition were labeled with antibodies 

against Cr7TM, acetylated tubulin, and HSP90.  Panels are from different blots, and were 

exposed for optimum signal.  Therefore, comparisons between panels do not accurately represent 

relative amounts of protein present, but rather demonstrate the differential expression of each 

protein in each condition relative to the untreated (0 minute) control. 

 

Figure 2.2: Co-localization of acetylated tubulin and Cr7TM in Chlamydomonas.    
Chlamydomonas cells were treated with acid shock, and the distribution of Cr7TM and 

acetylated α tubulin during flagellar regrowth at times following the flagellar excision response 
are shown in each panel.  Images show maximum intensity projections of the Z-stacks taken.  

The sets of three panels show, from left to right, the merged image of Cr7TM and acetylated α 
tubulin staining, Cr7TM staining only, and acetylated α tubulin staining only.  The full sized 
images depict autoleveled fluorescence, and the insets, which correlate with the white box 

outlines on the image, show enlarged and enhanced fluorescence to best depict Cr7TM 

localization to the flagella. The white arrow in the 5minute panels points out the gap between the 

cell body and the detached flagella. 
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Figure2.3: Cr7TM RNAi Induction.   A) The inducible nitrate reductase gene promoter (Nit1) 

is followed by an inverted repeat of genomic and cDNA fragments of the Cr7TM gene sequence 

and terminates with a constitutive terminator, RbcS.  The gray portions of the genomic DNA 

represent introns.  The ATG signifies the position of the translation start codon.   The vector also 

includes the ARG7 selectable marker. EcoRI is the site of linearization for transformation. B) 

Each block shows the Western blot of Cr7TM abundance at days 2, 3, and 4, after transferring 

IR12 mutants to induction or control medias.  The experimental mutant samples that have been 

transferred to knockdown induction media. The control samples are IR12mutant cells not 

transferred to induction media.  The primary antibody used was a polyclonal antibody raised 

against the human homolog of LUSTR (HsGPR107).  
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Figure 2.4: Multiple Sequence Alignment of Selected  LUSTR Proteins. A) A representative 

sample from the multiple sequence alignments of the LUSTR-A subfamily generated by T-coffee 

is shown.  The accession numbers and clade names on the left correspond to the sequences on the 

right. The numbering at the bottom is the position of amino acids in the alignment.  The 

alignment is shown in 8:1 perspective, meaning one character represents eight amino acids. The 

gray blocks represent gaps in the sequences; other colors depict the properties of the amino acids 

represented.  The sequences selected are representative of their phyla or class, and are in 

ascending evolutionary order from top to bottom.  The region of the LUSTR domain is denoted.  

B) The sequence alignment of the three human isoforms of the GPR107 protein in the third 

intracellular loop region.  The numbers flanking the sequence indicate the position of amino 

acids in the individual sequences. 
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Figure 2.5: Maximum Likelihood Tree of LUSTR Subfamily A.  The evolutionary tree was 

created using RAxML with the Dayhoff amino acid substitution matrix and 100 bootstrap 

generations.  The tree is rooted to Amoebas, the most evolutionarily ancient organism included 

in the analysis. Branch lengths are to scale.  Clades are color coded and labeled.  Numbers 

indicate bootstrap confidence values.  Each branch tip represents a unique full length protein 

sequence and is identified by its accession number.  
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Figure 2.6: LUSTR Protein Expression Across Metazoans.  The panels show Western blots of 

protein collected from whole cell lysates stained with a polyclonal antibody raised against the 

HsGPR107.  Each lane was loaded with 20µg of total protein.  The panels show proteins within 

the 60 to 80 kD molecular weight range.  A) Human Embryonic Kidney (HEK) cells, B) 15 day 

old embryonic chick (Gallus gallus) tissues, C) gametes and embryos from the African Clawed 

Frog Xenopus laevis, D) the nematode Polycelis felina, E) sponge Cliona celata.   



36 

 

CHAPTER THREE 

LUSTRS MAY BE INVOLVED IN CELL DIVISION 

REGULATION 

INTRODUCTION 

Very little is known about the cellular role of the highly conserved, ancient LUng Seven 

TRansmembrane (LUSTR) protein family.  In the previous chapter, the function the LUSTR 

homolog, Cr7TM, from the green algae Chlamydomonas was investigated using an inducible 

knockdown line.  A cell wall-less Arg7 deficient strain of Chlamydomonas (cc1618) was 

transformed with a DNA construct adapted for the knockdown of Cr7TM.  The construct 

included an inverted repeat of the gene encoding Cr7TM under the control of the Nit1 inducible 

promoter and the Arg7 gene as a selectable marker.  This inducible system allowed for the 

phenotypic screen of the “IR1β” mutant cell line with respect to flagellar motility and outgrowth.  

Although the IR12 knockdown line showed significant reduction of Cr7TM expression after 

three days in induction media, it did not show any aberrant phenotypes with respect to flagellar 

mechanics (Chapter 2).  Further screening of the knockdown line, reported here, yielded an 

unexpected phenotype with implications for the involvement of LUSTR protein in cell cycle 

regulation.   Additionally, we investigate the localization of LUSTR proteins in human 

embryonic kidney cells (HEK293), and expand the previous observations of Cr7TM localization.    

 

RESULTS AND DISCUSSION 

Knockdown phenotype indicates a regulatory role in the cell cycle for Cr7TM 

The Cr7TM inducible knockdown mutant cell line, known as IR12, was cultured in both 

knockdown induced and control conditions for seven days, and monitored for various phenotypic 

traits.  Western blot analysis shows that Cr7TM protein expression was significantly depleted 

after three days in induction media.  (For a complete description of the production of the IR12 

line and protein expression analysis, see Chapter 2.)  The knockdown induced IR12 mutants 

were screened for abnormalities in flagellar morphology, cellular motility, flagellar excision, and 

flagellar outgrowth, but no aberrant flagellar characteristics were identified, as described in 
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Chapter 2.  However, the size and density of IR12 mutant cells cultured in control and induced 

knockdown conditions diverged in long-term culture.   

 To quantify these observations, cultures of IR12 mutant cells grown in control and 

knockdown induced conditions were observed daily for a week.  Each day, two samples of both 

the control and the induced knockdown cultures were withdrawn to measure the cell density and 

the size of cells in the culture.  As shown in Figure 3.1, the induced knockdown IR12 cells 

reproduced at a rate 2.44 times faster than that of the control cells.  IR12 mutants grown in 

knockdown induction media reached a final average density of 3.57 x 106 cells/mL after seven 

days, while the mutants grown in control media reached a final density of only 1.73 x 106 

cells/mL.   

 To examine the average size of IR12 cells grown in control and knockdown induced 

conditions, the diameters of cells were measured on days 3-7 of culture.  The knockdown 

induced population has a diminished cell size compared to the control population.  Knockdown 

induced cells had an average diameter of 5.69µm ± 0.946, while the control cells had an average 

diameter of 7.14µm ± 1.24, as depicted in Figure 3.2.   

 The shifts in cell size seen here are comparable to the shifts in cell size in the knockdown 

line of the retinoblastoma (Rb) protein homolog in Chlamydomonas (Fang et.al., 2006). The Rb 

tumor suppressor protein manages cell division checkpoints and prevents cells from dividing 

either due to insufficient cell volume or due to DNA damage.  In Chlamydomonas, the cell cycle 

consists of a long G1 growth phase during which cells may pass through Commitment, a cell size 

checkpoint, after which cells may continue to grow until entering S/M phase (Fang et.al., 2006). 

A series of S/M phases (n) happen in succession, resulting in the creation of multiple (2n) 

daughter cells. The Rb knockdown line demonstrated a phenotype of diminished cell size and 

increased rate of population growth.  Thus, the Rb knockdown mutant cells appeared to 

prematurely pass Commitment, role which is consistent with the role of Rb in other eukaryotes 

(Fang et.al., 2006). Because our Cr7TM knockdown line shows a similar phenotype to the Rb 

knockdown line, it is interesting to speculate that Cr7TM plays a role in regulating some aspect 

of the cell cycle in Chlamydomonas.   
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GPR107 demonstrates localization near the centrosome in dividing HEK293 cells 

To further investigate the role of LUSTRs, HEK293 cells were immunostained for 

confocal fluorescence microscopy.  HEK cells were fixed and stained with primary antibodies 

against acetylated tubulin and the LUSTR protein GPR107 and with DAPI.  Figure 3.3 shows 

images of dividing cells in metaphase, anaphase, and late anaphase of the cell division cycle. The 

tubulin-based mitotic spindle stains red, the DAPI stained nuclear material is blue, and the 

LUSTR protein stains green.  In these images, the LUSTR protein shows a punctate distribution 

throughout the cell body with significant colocalization with α-tubulin at discrete points at the 

spindle poles (yellow signal in the merged image, Figure γ.γ).  While colocalization with -

tubulin is necessary for positive identification, the staining pattern of LUSTR correlates with the 

position of centrosomes in the cell.   

Centrosomes, the microtubule organizing centers of the cell, are made up of a pair of 

centrioles and the surrounding pericentriolar material.  Proteins found in the pericentriolar 

material are known to be involved with the regulation of cell cycle (reviewed by Lange, 2002).  

For example, Bfa1p and Bup2p interact to form a GTPase activating protein that is integral to the 

regulation of the mitotic checkpoint and is necessary for the exiting mitosis (Pereira et. al., 

2000).  Thus, pericentriolar localization of LUSTR is consistent with a possible role in cell cycle 

regulation, as implied by the Cr7TM knockdown phenotypes.  While localization of a membrane 

protein at the spindle poles may seem unlikely, membrane vesicles are included in the 

pericentriolar material (Fender-Hoyer, 2008).  Carried in those vesicles are signaling receptors 

like the sphingosine 1-phosphate transmembrane receptor 5.  This receptor, along with its ligand 

(sphingosine 1-phosphate) and downstream effectors (sphingsine kinase 1 and 2) also colocalize 

with the pericentriolar material (Gilies et. al., 2009). 

GPR107 demonstrates localization at the base of primary cilia expressed in HEK293 cells 

We also investigated the localization of the GPR107 protein in HEK293 cells bearing 

primary cilia.  Figure γ.4A shows α-tubulin- and GPR107-stained HEK293 cells.  The GPR107 

staining shows significant fluorescent signal at the base of the primary cilia (white arrows), 

consistent with basal body localization.  Interestingly, no signal was observed on the primary 

cilia itself.  The localization of GPR107 seen here correlates with the previously seen 

localization of Cr7TM in the flagellar membrane and at the base of the flagella in 
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Chlamydomonas.  Thus, LUSTR localization near the basal bodies is consistent between 

homologs in highly divergent organisms.  

Localization of LUSTR near the basal bodies is also consistent localization near the 

centrioles, as these barrel-shaped, microtubule-based basal bodies transition into centrioles 

during the cell cycle (reviewed by Hoyer-Fender, 2010). During interphase basal bodies are 

anchored to the plasma membrane via their distal appendages, and from there, nucleate cilia 

(including flagella).  Prior to mitosis, the cilia are disassembled and the basal bodies are released 

to transition into centrioles.  During mitosis the centrioles nucleate microtubule assembly for the 

mitotic spindle.  The pericentriolar material, while still largely mysterious, is thought to also 

transition during the cell cycle.  This electron dense cloud is largest during mitosis and smallest 

during G1 phase (reviewed by Moser et. al., 2010).  While it was once thought that the 

centrosomal components were simply passive structural components of mitotic division, it is 

now believed that they play a large role in regulating the cell cycle and division (reviewed by 

Dubec et. al., 2010).  Additionally, cilia and basal bodies have been found to be involved in 

hedgehog, platelete dervired growth factor, and Wnt signaling as well as the von Hippel-Lindau 

tumor suppressor protein signaling, linking aberrant cilia to cancer, the disregulation of cell 

division (reviewed by Mans et. al., 2008).   

Based on the localization patterns and the knockdown phenotypes observed with LUSTR 

homologs, it is likely that the LUSTR protein family is involved in an aspect of cell cycle 

regulation.  Similar results were found with the microtubule associated Deflagellation Induced 

Protein 13 (DIP13) found in Chlamydomonas and the human homolog NA14 (Pfannenschmid et. 

al., 2003). Found to localize to the basal bodies and ciliary axonemes, DIP13 and NA14  also 

show defects in cell division after knockdown, as knockdown cells were found to be either 

multinucleated or multiciliated (Pfannenschmid et. al., 2003).   

GPR107 demonstrates localization consistent with membrane protein trafficking 

Sec24d, a component of the COPII vesicle coat protein involved in transport of proteins 

from the endoplasmic reticulum (ER) to the ER-golgi intermediate compartment, was used as a 

marker for membrane protein trafficking.  When HEK293 cells were co-stained for GPR107 and 

Sec24d (Figure 3.4B), signal indicating colocalization was observed at spherical structures 

thought to be the ER-golgi intermediate compartment ( Figure 3.4B).  The colocalization with 

the COPII vesicles supports membrane protein localization of LUSTRs, as association with 
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COPII vesicles is a critical part of the membrane protein maturation and life cycle.  In a study of 

the selectivity and redundancy of the COPII components it was found that di-phenylalanine, di-

tyrosine, di-leucine, di-isoleucine, di-valine or a terminal valine in the cytoplasmic domain are 

targets for COPII selected export of membrane proteins (Wendler et. al., 2007).  Interestingly, 

the human homolog of LUSTR, GPR107, has both a di-valine (569-570aa, isoform 1) and a 

terminal valine on the cytoplasmic tail.  

Conclusions 

The data presented here support the role of the highly conserved family of LUSTR 

proteins as regulators of the cell cycle.  A mutant cell line in which Cr7TM expression is 

knocked down shows a smaller cell size and an increased cell division rate, suggesting that 

Cr7TM plays a role in regulating cell cycle progression.  In addition, localization of LUSTR 

proteins at microtubule organizing centers of the cell known to be involved in cell cycle 

regulation also supports the role of LUSTR proteins in cell cycle regulation.   Further 

experimentation, such as analysis of LUSTR expression and localization at various stages of the 

cell cycle, is needed to further define the role of LUSTRs in the cell and its relationship to 

cellular regulation.   
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Figure 3.1:  Population Growth Rates of Cr7TM Knockdown Line in Chlamydomonas.  

IR12 mutant cell cultures inoculated with 2x10
4
 cells/mL on day zero were grown in both 

knockdown induction (red) and control (blue) culture media.  Over the next seven days, two 

samples from each culture were measured for cell density using a hemacytometer.  The 

experiment was repeated three times and the averages of all data are show on the graph.  Error 

bars indicate the standard deviation of each data point. 

 

 
 

Figure 3.2:  Distribution of Cell Size in Cr7TM Knockdown Chlamydomonas Cell Line.  

Panels show the percent of cells at each diameter in the cell populations of both the control cell 

line (dashed line) and the induced knockdown cell line (solid line) at the indicated days 

following introduction to the induction media.  On days 3-7 following induction, 100 cells from 

each culture were measured for cell diameter using an ocular micrometer. 

   



42 

 

 

 

Figure 3.3: LUSTR Localization in HEK293 Cells During Cell Division.  Immunofluorescent 

staining of glutaraldehyde fixed HEK293 cells was performed using as primary antibodies a 

polyclonal antibody raised against human GPR107 protein produced in rabbit (ab75243, Abcam 

Inc.) and an anti-acetylated tubulin monoclonal antibody produced in mouse, (T7451, Sigma).  

Secondary antibodies used were a rabbit anti-mouse IgG antibody conjugated to Alexa Fluor 568 

(A-11036, Invitrogen) and a goat anti-rabbit IgG conjugated to Alexa Fluor 488 (A-11034, 

Invitrogen). DAPI was applied to stain nuclear material. Panels from left to right show merged, 

DAPI, 488nm, and 568nm fluorescent images of the same cell.  Images capture cells at A) 

metaphase, B) anaphase, and C) late anaphase. 
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Figure 3.4:  LUSTR Localization  in HEK293 Cells with Primary Cilia.  Immunofluorescent 

staining of glutaraldehyde-fixed HEK293 cells was performed using a rabbit polyclonal raised 

against human GPR107, a mouse anti-acetylated tubulin monoclonal antibody, and a mouse 

monoclonal anti-Sec24d antibody.  The secondary antibodies used were a rabbit anti-mouse IgG 

antibody conjugated to Alexa Fluor 568 and a goat anti-rabbit IgG conjugated to Alexa Fluor 

488.  Panels from left to right show the merged, the 488nm, and the 568nm fluorescent images.  

Panels in A show the presence of primary cilia (white arrows) in two HEK293 cells.  Panels in B 

shows cells stained with a primary antibody against Sec24D, a secretetory pathway marker, and 

the  anti-GPR107 antibody.
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CHAPTER FOUR 
 

CONCLUSIONS 

 

Differential LUSTR expression has been cited in numerous large-scale genetic array 

studies implicating a range of possible functional roles for LUSTR proteins in the cell, including 

regulation of stress induced metabolic pathways, cell division, and cell maturation.  

Bioinformatic analysis predicted a critical or necessary cellular function for LUSTRs based on 

the evolutionary conservedness of the LUSTR proteins over large evolutionary distances and the 

tight regulation of copy number. Analysis of differential expression of Cr7TM seen in 

Chlamydomonas showed the LUSTR homolog was not involved in a generalized stress response 

but was related to the excision and regrowth of flagella.  Knockdown of Cr7TM produced cell 

populations that were smaller in diameter, had a higher rate of population growth, but were still 

capable of normal motility and normal flagellar excision and regrowth.  The aberrant phenotypes 

imply a functional role for LUSTR proteins in cell cycle division. Our localization studies 

demonstrated concentration of LUSTRs at or near the centrioles and basal bodies in both human 

and algal cells, as well as distribution on the flagella in algae.  LUSTR association with the 

conserved centriole/basal body structures supports the prediction of LUSTR proteins in a cell 

cycle regulatory role, as other cell cycle regulators are found in the pericentriolar cloud and is 

consistent with the bioinformatic analysis.  Centrioles and basal bodies are found in all major 

eukaryotic clades, suggesting a common ancestor.  However, these organelles have been lost 

found in land plants, yeast, and some amebas or modified in Drosophilia.  LUSTR sequences 

have not yet been identified in fungi, and also show sequence divergence in land plants and 

Drosophila.  All of the studies performed here support the role of LUSTR-A proteins in cell 

cycle regulation; however, more studies are necessary.   

These studies have laid the cornerstone on which to build knowledge about the LUSTR 

protein family.  It is still unclear if the LUSTR-A and LUSTR-B homologs are functionally 

similar as they vary significantly in primary sequence.  Further investigation of LUSTR 

knockdown studies across range of orangisms as wells as protein interaction studies with 

proteins from both subfamilies are needed for clarification.  If LUSTRs do indeed play a role in 
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regulating a cell cycle checkpoint then understanding the mechanisms by which LUSTRs operate 

will be an invaluable advancement to the biological community. 
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