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In eukaryotes, the process of nuclear migration is critical in fusion of haploid 

pronuclei after fertilization, in separation of daughter nuclei during mitosis, and in 

nuclear positioning in interphase cells.  Experiments in several organisms have identified 

the basic protein requirements for nuclear migration and positioning:  molecular motors 

that provide motive force; the cytoskeleton along which motors move nuclei, or to which 

the nuclei are anchored; and proteins of the outer and inner nuclear envelopes.  These 

nuclear membrane proteins interact with the motors, the nuclear lamina and each other to 

effect nuclear migration and positioning.  

Proteins containing a SUN domain, which were first characterized in S. pombe 

Sad1 and C. elegans UNC-84, are inner nuclear envelope linkers of the nucleus to the 

cytoskeleton.  In fungi, C. elegans, D. discoideum and vertebrates, these proteins are 

required not only for nuclear positioning, but also for maintaining the connection of the 

nucleus to the MTOC, for centrosomal duplication, for homologous pairing of 
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chromosomes in meiosis, for distribution of nuclear pore complexes and for connecting 

the centrosome to chromatin to ensure genomic stability.   

The D. melanogaster genome has two genes, CG18584 and CG6589, which 

encode SUN domain proteins.  The specific aims of my dissertation research were to 

generate null mutants in these genes, to characterize their null phenotypes, and to analyze 

where the genes are expressed.  CG18584 = klaroid mutants are grossly normal, but adult 

eyes are mildly rough due to a defect in nuclear positioning that occurs during larval eye 

development.  Klaroid protein is perinuclear in every cell of the eye, and functions by 

localizing the MTOC connector Klarsicht to the outer nuclear envelope.  CG6589 = 

dspag4 null mutants are male sterile.  In mature sperm, Dspag4 protein localizes rostrally 

to the sperm centriole.  In the absence of Dspag4, most steps of gametogenesis occur 

normally, however, prior to the final steps of sperm maturation, the sperm nucleus 

dissociates from its centriole.  Klaroid and Dspag4 thus have cellular roles typical for 

SUN domain proteins, and Dspag4 is unique in that its function is to attach nuclei to 

centrioles exclusively in maturing spermatids in the male germline.              



 ix 

Table of Contents 

List of Tables ..................................................................................................... xviii 

List of Figures ...................................................................................................... xix 

Chapter 1:  General Introduction .............................................................................1 
SUN DOMAIN PROTEINS ARE PART OF THE LINC COMPLEX THAT COUPLES  
THE NUCLEUS TO THE CYTOSKELETON .............................................................1 
ROLES OF SUN AND KASH DOMAIN PROTEINS IN YEASTS ..............................2 

S. cerevisiae mitosis requires positioning of the nucleus at 
the bud neck ..................................................................................2 
Retention and duplication of the SPB in the nuclear envelope 
depends on the KASH domain protein MPS2 and the SUN  
domain protein MPS3 ...................................................................4 

In S. pombe, the SUN domain protein SAD1 is required for  
SPB duplication,and the KASH protein KMS1 ensures  
SPB integrity .................................................................................6 

ROLES OF SUN AND KASH DOMAIN PROTEINS IN D. DISCOIDEUM ................10 

unc-83 and unc-84 are required for nuclear positioning in  
normal hyp7 syncytium and P cell development.........................10 
UNC-83 and UNC-84 interact directly with each other in  
the intermembrane space via their KASH and SUN domain, 
respectively .................................................................................13 

ANC-1, a large KASH domain protein, has N-terminal calponin 
homology (CH) domains that are used to anchor nuclei and 
mitochondria to the actin cytoskeleton in adult syncytial cells ..14 
The KASH protein ZYG-12 and the SUN protein SUN-1 interact in 
early embryogenesis to ensure the association of the zygotic nucleus 
with the MTOC............................................................................17 

The SUN-1/ZYG-12 interaction is likely to be critical throughout 
embryogenesis.............................................................................19 

 
 

 
ROLES OF SUN AND KASH DOMAIN PROTEINS IN VERTEBRATES ..................21 

The repertoire of KASH and SUN domain proteins encoded in  



 x 

the vertebrate genome is large and expanding ...........................21 
         VERTEBRATE KASH DOMAIN PROTEINS ............................................................ 

Nesprin-1 function in cardiac and skeletal muscle.....................22 
Nesprin-2 is paralog of Nesprin-1, encoding protein isoforms  
with functions overlapping those of Nesprin-1 ...........................26 
Nesprin-2 localizes to the nuclear envelope in a Lamin-A/C 
dependent manner and organizes both nuclear lamina/inner 
nuclear membrane proteins and cytoplasmic  
organelles ...................................................................................27 
Mice lacking the CH domain of Nesprin-2 demonstrate 
subtle yet abnormal epidermal phenotypes.................................29 
The Nesprin-3 locus encodes KASH domain protein isoforms that 
link the nuclear envelope to the intermediate filament cytoskeleton 
via interactions with plectin........................................................31 

Nesprins in human disease..........................................................33 
a) Implication of a Nesprin-1 allele in autosomal recessive 
cerebellar ataxia (ARCA) .................................................33 
b) Isolated cases of non-X-linked Emery-Dreifuss  
muscular dystrophy (EDMD) are caused by  
heterozygous dominant missense mutations in  
Nesprin-1 and -2……………………………………………….34 
c) The functional overlap of Nesprin-1 and -2 is suggested by 
neonatal lethality in Nesprin-1ΔKASH and Nesprin-2ΔKASH 
homozygous double mutant mice…………………………….35 

 
           VERTEBRATE SUN DOMAIN PROTEINS………………………………………37  

 
Sun1 interacts with Syne proteins at the nuclear envelope in somatic 
cells ............................................................................................37 
Sun1 and -2 function semi-redundantly ......................................39 

SPAG4, a male germline-specific SUN domain protein, localizes to 
specialized microtubule structures during spermiogenesis in the  
rat ............................................................................................40 
 

 
 



 xi 

 
 

 
ROLES OF THE KASH DOMAIN PROTEIN KLARSICHT AND THE SUN DOMAIN 

PROTEIN KLAROID IN D. MELANOGASTER EYE DEVELOPMENT................43 
Apical nuclear migrations in the developing compound eye ......43 

a) marbles/klarsicht mutants result in failures in apical nuclear 
migrations in cells of the eye ............................................44 

b) Apical nuclear migrations require Klarsicht, Lamin, 
molecular motors and an organized microtubule  
cytoskeleton........................................................................46 

 

STATEMENT OF DISSERTATION RESEARCH SPECIFIC AIMS ............................49 

 

Chapter 2:  Identification of Drosophila SUN genes.............................................50 
INTRODUCTION ..............................................................................................50 

RESULTS AND DISCUSSION.............................................................................50 
Drosophila C-terminal SUN domain proteins ............................50 

Drosophila SUN-like proteins (SLPs) ........................................54 
CONCLUSION..................................................................................................60 

 

Chapter 3:  Expression patterns of CG18584 and CG6589 ...................................61 

INTRODUCTION ..............................................................................................61 
RESULTS AND DISCUSSION.............................................................................61 

EXPRESSION ANALYSIS OF CG6589 ...............................................................70 
CONCLUSIONS................................................................................................77 

 

Chapter 4:  Generating CG18584 mutants.............................................................78 

INTRODUCTION ..............................................................................................78 
RESULTS AND DISCUSSION.............................................................................78 

CLONING OF THE CG18584 DISRUPTION CONSTRUCT ....................................80 



 xii 

GENERATING CANDIDATE CG18584 DELETION STOCKS.................................82 
VERIFYING TARGETING OF CG18584 - SOUTHERN BLOTS .............................87 

CONCLUSIONS................................................................................................89 
 

Chapter 5:  The CG18584 (klaroid) mutant eye phenotype ..................................90 
INTRODUCTION ..............................................................................................90 

RESULTS AND DISCUSSION.............................................................................90 
 NUCLEAR POSITIONING DEFECTS IN THE 3RD LARVAL INSTAR  
           EYE DISC............................................................................................     90 

ADULT EYE PHENOTYPES ......................................................................91 

 Ommatidial and rhabdomere shaping defects ............................91 
 Lens and interommatidial bristle defects ....................................96 

 CG3287 is an annotated gene immediately upstream of koi  
 that may be part of the koi ORF ...............................................101 

CONCLUSIONS..............................................................................................104 
 

Chapter 6:  Klarsicht and Klaroid expression patterns in  
           Drosophila development...................................................................105 

INTRODUCTION ............................................................................................105 
RESULTS AND DISCUSSION...........................................................................105 

 SUBCELLULAR LOCALIZATION OF TRANSGENIC AND ENDOGENOUS  
 KLAR AND KOI................................................................................     105 

 1. Subcellular localization of the pUAST-GFP•koi  
         transgene product .....................................................................105 
 2. Subcellular localization of the pUAST-6xMYC•klarα  
         transgene product .....................................................................106 
 3. Subcellular localization of endogenous Koi by IF ...............108 
 4. Subcellular localization of endogenous Klar by IF ..............110 
 5. Are Koi and Klar perinuclear? ............................................112 

DYNAMICS OF KLAR AND KOI EXPRESSION IN THE EYE DISC ..............113 
 1. Dynamics of Koi expression in the eye disc..........................113 
 2. Dynamics of Klar expression in the eye disc ........................116 



 xiii 

 LAMIN(DM0), KOI AND KLAR FORM A NUCLEAR LOCALIZATION 
HIERARCHY ......................................................................................119 

               1. Koi requires Lam(Dm0), but not vice versa, to localize to  
               the NE........................................................................................119 
               2. Klar requires Koi, but not vice versa, to localize to  
               the NE........................................................................................121 

 KLAR AND KOI ARE WIDELY EXPRESSED OUTSIDE OF THE EYE.........122 
CONCLUSIONS..............................................................................................125 

 

Chapter 7:  Generation of CG6589 mutants ........................................................128 

INTRODUCTION ............................................................................................128 
RESULTS AND DISCUSSION...........................................................................128 

CLONING OF THE CG6589 DISRUPTION CONSTRUCT ....................................128 
GENERATING CANDIDATE CG6589 DELETION STOCKS.................................131 

VERIFYING TARGETING OF CG6589 - SOUTHERN BLOTS .............................134 
CONCLUSIONS..............................................................................................136 

Chapter 8:  The CG6589 (dspag4) mutant phenotype .........................................137 
INTRODUCTION ............................................................................................137 

RESULTS AND DISCUSSION...........................................................................137 
 1. Gametogenesis in male Drosophila - a brief overview.........137 
 2. Common causes for male sterility in Drosophila .................140 
 3. CG6589 deletion mutants are male sterile ...........................142 
 4. A 5 kb genomic DNA fragment containing the dspag4 gene region 

completely rescues the male sterile phenotype .........................145 
 5. Sperm individualization is severely compromised in dspag4 

mutant males .............................................................................147 

CONCLUSIONS..............................................................................................143 

Chapter 9:  Subcellular localization of Dspag4 in the Drosophila testis.............156 

INTRODUCTION ............................................................................................156 
RESULTS AND DISCUSSION...........................................................................156 

 1. Visualizing Dspag4 in the testes ...........................................156 
 a) IF:  α-Dspag4 antibody..................................................156 



 xiv 

 
 b) Tagged and untagged genomic dspag4 rescue  
         transgenes ...........................................................................157 

 2. Subcellular localization of tagged Dspag4 throughout    
gametogenesis ...........................................................................162 

 a) Mitotic spermatogonia....................................................162 
 b) Primary spermatocytes ...................................................162 
 c) Secondary spermatocytes and round spermatids............168 
 d) Early elongating spermatids...........................................171 
 e) Late elongating and pre-individualized spermatids .......175 
 f) Mature spermatids...........................................................175 

CONCLUSION................................................................................................178 

 

Chapter 10:  Models for Dspag4 function............................................................180 

INTRODUCTION ............................................................................................181 
RESULTS AND DISCUSSION...........................................................................181 

 DSPAG4 IS REQUIRED FOR NUCLEAR SHAPING AND FOR MAINTAINING THE 
ASSOCIATION OF THE SPERM NUCLEUS WITH ITS CENTRIOLE ...........     181 

 1. Dspag4 is required for nuclear shaping, but is dispensible for 
nuclear, axonemal and MD elongation ....................................181 

 2. Dspag4 is required to maintain the association of elongating  
         and elongated nuclei with the lone spermatid centriole ...........184 

a) Dspag4 connects elongating and elongated nuclei to the 
 sperm centriole................................................................184 

b) Dspag4 is unlikely to function by associating with the 
 KASH domains of Klar or MSP-300 ...............................186 

c) Is there a ZYG-12 ortholog in D. melanogaster that  
 interacts with Dspag4 to attach elongated nuclei to 
 centrioles? ......................................................................190 
 

 DSPAG4 LACKS MANY OF THE FUNCTIONS OF ITS PUTATIVE ORTHOLOGS AND 
PARALOGS IN C. ELEGANS AND MOUSE ............................................     192 

 1. Dspag4 is not obviously required for normal mitotic or meiotic 
chromosome segregation in the male germline ........................192 

 2. Why is Dspag4 at the nuclear envelope in primary and  
         secondary spermatocytes and round spermatids? ....................193 

a) Dspag4 is unlikely to be required for pairing of  
 homologous chromosomes in Drosophila male meiosis .193 
 



 xv 

b) The nuclear envelope localization of Dspag4 may be non- 
 essential for its function ..................................................196 
 

 3. Is Dspag4 an activator of the caspase cascade required for  
         sperm individualization? ..........................................................198 

         a) Caspases are likely activated in the absence of  
             Dspag4 ............................................................................198 
 b) The failure in individualization observed in Dspag4  
             mutants most likely results from the inability to form a  
             functional IC ...................................................................201 

CONCLUSION................................................................................................203 
 

 

Chapter 11:  Overall Conclusions and Future Directions ....................................207 

OVERALL CONCLUSIONS..............................................................................207 
FUTURE DIRECTIONS....................................................................................208 

 KLAROID.............................................................................................208 
 1. Studying the significance of Klaroid's interaction  
 with Neuralized .........................................................................208 
 2. Y2H suggests the existence of many Klaroid-interacting  
         proteins (KIPS) .........................................................................210 
       a) Nuclear proteins .............................................................211 
       b) Non-nuclear proteins ......................................................211 
 

 DSPAG4...............................................................................................212 
 1.  Y2H screeens........................................................................213 

2.  Genetic screens ....................................................................214 
 3.  Clinical and other applications ...........................................222 
 

Materials and Methods.........................................................................................223 

CHAPTERS 1 AND 2.......................................................................................223 
CHAPTER 3...................................................................................................223 
 Expression analysis of CG18584 and CG6589..................................223 
 Determination of CG6589 cDNA ends by RACE .............................224 
 Sequence alignments..........................................................................225 
 Transmembrane domain predictions..................................................226 



 xvi 

 
CHAPTER 4...................................................................................................226 
 Cloning of the CG18584 disruption construct ...................................226 
 Generating candidate CG18584 deletion stocks ................................227 
 Verifying targeting of CG18584 by Southern blot ............................228 
CHAPTER 5...................................................................................................229 
 Analysis of adult eyes ........................................................................229 
 Immunostaining of larval eye discs ...................................................230 
 Cloning ro-klar transgene ..................................................................230 
CHAPTER 6...................................................................................................231 
 Generating UAS transgenes...............................................................231 

 UAST-6xmyc•koi .............................................................................231 
 UAST-gfp•koi...................................................................................231 
 UAST-gfp•dube3a............................................................................232 

 Generating rat α-Koi and guinea pig α-Klar antiserum ....................233 
 α-Klar antiserum ............................................................................233 
 α-Koi antiserum ..............................................................................233 

           Immunostaining ...............................................................................234 
   Eye imaginal discs ..........................................................................234 
   Ovaries and salivary glands ...........................................................235 

CHAPTER 7...................................................................................................235 
 Cloning of the CG6589 disruption construct .....................................236 
 Generating candidate CG6589 deletion stocks ..................................237 
 Verifying targeting of CG6589 by Southern blot ..............................238 

CHAPTER 8...................................................................................................239 
 Fertility assays ...................................................................................239 
 Cloning Dspag4 genomic rescue and mock-rescue  
         transgenes...........................................................................................239 

   10 kb genomic fragment transgene .................................................239 
   5 kb genomic fragment transgene ...................................................240 
   Mock-rescue genomic fragment transgene .....................................240 

         Analysis of adult testes by phase microscopy....................................241 
         Analysis of adult testes by TEM........................................................242 
CHAPTER 9...................................................................................................243 
 Cloning tagged Dspag4 transgenes....................................................243 

                     pC4-g(dspag4)GFPPstI ....................................................................243 
                     pC4-g(dspag4)6xMYCPstI ................................................................244 

 Analysis of adult testes by TEM........................................................246 
 Immunostaining .................................................................................240 
 In Situ Hybridization..........................................................................247 



 xvii 

CHAPTER 10.................................................................................................249 
 Quantitative analysis of spermatid nuclear abnormalities and IC 

progression.........................................................................................249 
         Immunostaining .................................................................................250 
         Acridine orange (AO) staining of live testes .....................................250 
LIST OF DROSOPHILA STOCKS.......................................................................252 
 Fischer Laboratory stocks ..................................................................252 
 Stocks generated for/used in dissertation...........................................253 

References............................................................................................................255 
Vita.......................................................................................................................270 

 
 

 
 

 
 

 



 xviii 

List of Tables 

Table 8.1: Quantitative dspag4 fertility and rescue data..................................144 
Table 9.1:     Rescue of dspag4 male sterility phenotype with  
                     tagged Dspag4 transgenes...............................................................161 
Table 10.1:   Nuclear bundles (NBs) in dspag4 mutant testes are  
                     morphologically abnormal compared to wild type .........................182 
Table 10.2:   Fraction of individualization complexes (ICs) associated with NBs in  
                     the terminal epithelium of wild type and dspag4 null testes ..........206 



 xix 

List of Figures 

Figure 1.1:  Interspecies alignment of KASH domains.........................................5 

Figure 1.2:     Nuclear migration in S. cerevisiae mitosis........................................5 
Figure 1.3:     SUN and KASH domain protein interactions in yeast and  
  D. discoideum ....................................................................................9 

Figure 1.4:     SUN and KASH protein interactions in C. elegans ........................16 

Figure 1.5:     SUN and KASH protein interactions in vertebrates  
                      and Drosophila.................................................................................23 

Figure 2.1:    Conservation of interspecies SUN domains ....................................51 
Figure 2.2:    Alignment of C. elegans SUN domains with Drosophila CG18584  
                      and CG6589 SUN domains .............................................................53 

Figure 2.3:    Alignment of S. pombe SAD1 SUN domain with the SUN domains  
                      of Drosophila CG18584 and CG6589 .............................................55 

Figure 2.4:    Alignment of the SUN and SUN-like domains of CG18584,  
                      CG6589, CG31678 and CG5604 .....................................................56 

Figure 2.5:    Interspecies alignment of CG31678-related SUN-like domains......58 

Figure 2.6:    Alignment of CG5604-related SUN-like domains...........................59 

Figure 3.1:    CG6589 and CG18584 mRNA transcripts in the Drosophila eye ...63 

Figure 3.2:    CG18584 mRNA is expressed outside of the eye disc.....................64 

Figure 3.3:    Reassessment of the 5’ end of CG18584 in algorithmo...................66 
Figure 3.4:    A non-canonical splice junction is used to generate CG18584  
                      mRNA..............................................................................................68 

Figure 3.5:    Old vs. new CG18584 alignments....................................................69 

Figure 3.6:    Spliced CG6589 mRNA is found only in males ..............................72 
Figure 3.7:    Comparison of mouse Spag4 and Drosophila CG6589 expression 
                      patterns in developmental RT-PCR .................................................73 

Figure 3.8:    5' RLM-RACE and 3' RACE with anchored oligo(dT) primers ......74 

Figure 3.9:    A novel CG6589 ORF obtained using 5’ RLM and 3’ RACE.........76 

 



 xx 

Figure 4.1:    Schematic for ends-out HR in flies ..................................................79 

Figure 4.2:    Schematic of the pW35 vector..........................................................81 
Figure 4.3:    Ends-out HR crossing scheme to generate CG18584 deletion  
                      mutants.............................................................................................83 

Figure 4.4:    Confirming CG18584 knockout by Southern blot ...........................88 
Figure 5.1:    Consequences of klar and koi mutations on nuclear positioning  
                      in the eye disc.............................................................................92, 93 

Figure 5.2:    Tangential sections of embedded and stained adult retinas .............95 
Figure 5.3:    Rescue of klarCD4 phenotypes with a glrs-6xmyc•klarα  
                      transgene ..........................................................................................97 

Figure 5.4:    SEM of whole-mount adult eyes ......................................................98 

Figure 5.5:    SEM of adult eyes at high magnification, oblique aspects.............100 

Figure 6.1:    Subcellular localization of transgenic Koi and Klar in R-cells ......107 

Figure 6.2:    Endogenous Koi localization in the eye disc by IF ........................109 

Figure 6.3:    Endogenous Klar localization in the eye disc by IF.......................111 

Figure 6.4:    Transgenic Koi and Klar are perinuclear in cells of the eye disc...114 

Figure 6.5:    Koi and Klar are expressed ahead of and behind the MF ..............115 

Figure 6.6:    Multiplicity of Klar isoforms .........................................................118 

Figure 6.7:    Lam(Dm0), Koi and Klar form a nuclear localization hierarchy....120 

Figure 6.8:    Koi and Klar are expressed widely in Drosophila tissues..............124 

Figure 7.1:    Schematic of the pW35 vector........................................................130 
Figure 7.2:    Ends-out HR crossing scheme to generate CG6589 deletion  
                      mutants...........................................................................................132 

Figure 7.3:    Confirming CG6589 knockout by Southern blot ...........................135 

Figure 8.1:    Stages of gametogenesis in male Drosophila.................................139 
Figure 8.2:    Male terminalia and internal reproductive apparatus in wild  
                      type and dspag4 mutant .................................................................148 

Figure 8.3:    Analysis of wild type and dspag4 testes by phase microscopy......149 



 xxi 

Figure 8.4:    Size comparison of wild type and dspag4 seminal vesicles  
                      in 7-8 day-old adult males..............................................................150 

Figure 8.5:    TEM of wild type and dspag4 cyst cross sections .........................152 
Figure 8.6:    The axonemal sheath is retained around axonemes  
                      in dspag4 mutants ..........................................................................154 

Figure 9.1:    Rat α-Dspag4 antiserum in Western blotting and IF .....................158 

Figure 9.2:    Genomic dspag4 rescue fragments and their derivatives...............160 

Figure 9.3:    dspag4 phenotype rescue by the pC4-g(dspag4)BX transgene........163 
 
Figure 9.4:    Dspag4•6xMYC mRNA and protein expression at the testis  
                      tip ...................................................................................................163 

Figure 9.5:    Association of Dspag4•6xMYC with primary cilia .......................164 

Figure 9.6:    Dspag4•6xMYC subcellular localization in primary  
                      spermatocytes.................................................................................166 

Figure 9.7:    Dspag4•6xMYC localization to nuclear envelopes and  
                      spindle microtubules during meiotic divisions ..............................169 

Figure 9.8:    Localization of Dspag4•6xMYC with respect to meiotic  
                      spindle microtubules and MTOCs .................................................170 

Figure 9.9:    Dspag4•6xMYC forms foci at the centriolar body during  
                      MT-dependent nuclear elongation and shaping.............................172 
Figure 9.10:  Dspag4•6xMYC and αTub•GFP colocalize extensively around  
                      nuclei of elongating spermatids .....................................................173 
Figure 9.11:  A trefoil-shaped focus of Dspag4•6xMYC localizes immediately  
                      rostral to the centriole ....................................................................176 
Figure 9.12:  Tagged Dspag4 is found in the centriolar region of mature sperm in  
                      the seminal vesicle .........................................................................177 
Figure 10.1:  Formation of NBs is severely compromised in the dspag4  
                      mutant ............................................................................................185 
Figure 10.2:  Centriolar localization in wild type and dspag4 primary  
                      spermatocytes and round spermatids .............................................187 
Figure 10.3:  Requirement for Dspag4 in association of elongated nuclei  
                      and centrioles .................................................................................188 
Figure 10.4:  Alignment of the C-terminal domains of D. melanogaster Hook and  
                      C. elegans ZYG-12 ........................................................................191 



 xxii 

Figure 10.5:  dspag4 does not affect pre-elongation gametogenic program........194 
Figure 10.6:  Dspag4 is not obviously involved in tethering telomeres at  
                      the nuclear envelope ......................................................................197 

Figure 10.7:  Caspases are activated in the dspag4 null mutant ..........................202 
Figure 10.8:  Assembly and progression of the IC are affected in  
                      the dspag4 null...............................................................................204 

Figure 11.1:  Comparison of models for Klaroid and Dspag4 function ..............209 
 
Figure 11.2:  BLAST alignment of rat ODF1 with D. melanogaster  
                      Mst98Ca.........................................................................................215 

Figure 11.3:  Generation of a temperature-sensitive allele of dspag4 .................216 
Figure 11.4:  EMS mutagenesis screen to generate hypomorphic  
                      dspag4 alleles.................................................................................218 

Figure 11.5:  Deficiency screen to find enhancers of dspag4hypo.........................219 

Figure 11.6:  EMS screen to find enhancers of dspag4hypo ..................................221 
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Chapter 1:  General Introduction 

 

SUN DOMAIN PROTEINS ARE PART OF THE LINC COMPLEX THAT COUPLES 
THE NUCLEUS TO THE CYTOSKELETON 
 

 The nuclear envelope constitutes a barrier between nucleus and cytoplasm and 

consists of inner and outer membranes separated by an interstice known as the 

intermembrane space.1  Inner and outer membranes are joined periodically at the annular 

junctions of nuclear pore complexes (NPCs).2, 3  The inner nuclear membrane contains 

integral membrane proteins that include a class of proteins with a ~150 amino acid C-

terminal domain called the Sad1-/UNC (SUN) domain.3  The outer nuclear membrane 

(ONM) is physically continuous with the endoplasmic reticulum (ER).  However, it is 

nevertheless compositionally distinct from the ER.  For example, several integral 

membrane proteins localize specifically in the ONM; among these are proteins that have 

a C-terminal KASH (Klar-/ANC-/Syne homology) domain.1, 4, 5   

KASH domains are thought to interact directly with SUN domains in the 

intermembrane space.6  The N-termini of SUN domain proteins face the nucleoplasm, 

where they can interact with proteins of the nuclear lamina or with chromatin.1, 3  In the 

cytoplasm, the N-termini of KASH domain proteins interact directly or indirectly with 

actin, intermediate filament or microtubule elements of the cytoskeleton.5  Therefore, the 

interaction of SUN and KASH domain proteins physically connects cytoskeletal elements 

in the cytoplasm to nuclear lamina and chromatin proteins in the nucleus.  SUN and 

KASH domain proteins thus form a complex known as the LINC (linker of the nucleus to 

the cytoskeleton) complex.7, 8   
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The association of SUN and KASH domain proteins is important across Eukarya, 

contributing to cell and nuclear shaping, to nuclear positioning within cells, to correct 

segregation of chromosomes during mitotic and meiotic divisions, and to tethering the 

microtubule organizing center (MTOC) at the nuclear envelope.  In the chapter sections 

that follow, I will summarize the experimental work in diverse model organisms that 

implicates SUN domain proteins in these processes.  I will then present the specific aims 

of the research described in this dissertation as they relate to SUN proteins in the fruit fly 

Drosophila melanogaster. 

 

ROLES OF SUN AND KASH DOMAIN PROTEINS IN YEASTS 
 
 
 

S. cerevisiae mitosis requires positioning of the nucleus at the bud neck 

 

  
When the budding yeast S. cerevisiae undergoes mitosis, a process that occurs 

without nuclear envelope breakdown (closed mitosis), the nucleus localizes to the bud 

neck during division (Figure 1.1).9  This localization is a prerequisite for correct 

segregation of chromosomes to the mother and bud cells.  The migration of the nucleus to 

the bud neck is a two-step process:  First, during G1/S phase of the cell cycle, the nucleus 

migrates to a position proximal to the neck.  Then, towards the end of metaphase, the 

nucleus enters the neck.10  

Two partially overlapping mechanisms account for the two steps.  
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Nuclear migration towards the bud neck is mediated by astral microtubules, which 

emanate from the spindle pole body (SPB), the fungal MTOC equivalent that in S. 

cerevisiae resides in the nuclear envelope.11-13 When the (+) ends of astral microtubules 

are captured at the cell cortex of the bud, the initial migration to the neck-proximal 

position occurs by shortening of the microtubules at the sites of capture.  This shortening-

dependent migration requires cortical actin, the proteins Kar9 and Bim1, and Kip3, a 

kinesin-related protein that localizes to spindle and cytoplasmic microtubules and 

depolymerizes them at their (+) ends.10-16  Bim1 localizes to microtubule (+) ends and 

recruits Kar9 to them; Kar9 localizes to the cortex via interactions with actin, thus 

connecting microtubule (+) ends to the cortex.   

After assuming a position proximal to the bud neck, nuclear migration into the 

neck occurs when astral microtubules slide at their attachment sites at the cortex.  This 

sliding-dependent migration requires cortical dynein and various cofactors that facilitate 

retention of dynein at the cortex and that regulate its function, such as the dynactin 

protein complex, and Pac1, the ortholog of the vertebrate dynein regulatory protein 

Lissencephaly-1 (LIS1).17-19  Kip2, another kinesin-related protein, is involved in sliding-

dependent migration at the level of microtubule stabilization.13 

Microtubule sliding at the cell cortex occurs in both the mother and the bud cells 

during anaphase, generating pulling forces on the nucleus that oppose each other.15  

These forces result in orientation of the spindle perpendicular to the plane of the bud 

neck, and ultimately contribute to spindle pole separation.  While the shortening-

dependent and sliding-dependent mechanisms are functionally redundant for nuclear 

migration, loss of both mechanisms is lethal to the cell due to the failure of the 
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nucleus to migrate into the bud neck.14, 15 

 

Retention and duplication of the SPB in the nuclear envelope depends on the KASH 
domain protein MPS2 and the SUN domain protein MPS3  
 
 

 Nuclear migration into the bud neck depends on microtubules that emanate from 

the SPB anchored in the nuclear membrane.  Additionally, mitosis requires SPB 

duplication concomitant with insertion of the new SPB into the nuclear envelope.  As 

nuclear migration and mitosis both require nuclear membrane anchorage of SPBs, how is 

this anchorage achieved? 

In a genetic screen to find genes involved in cell cycle progression, Mps2 

(monopolar spindle 2) was characterized as a gene required for late in SPB duplication.20  

Mps2 encodes a 44 kd protein with a C-terminal KASH domain (Figure 1.2).  At the 

restrictive temperature, cells mutant for a temperature sensitive allele of Mps2 contain 

duplicated SPBs, but the daughter SPB is not inserted into the NE.21  The defective 

daughter SPB lies on the cytoplasmic face of the NE, does not move to the opposite end 

of the nucleus, and hence cannot nucleate nuclear microtubules required for division.  

Affected cells arrest in G2 of the cell cycle with large buds and unsegregated DNA that 

remains associated with the functional SPB.  If affected cells are continuously incubated 

at the restrictive temperature, they proceed through the cell cycle.  However, only the 

mother cell receives the entire complement of nuclear DNA, and the daughter cell 

receives no DNA.20  Therefore, Mps2 mutant cells become polyploid.   

 In SPB duplication, the membrane-bound SPB substructure called the half-bridge 



 

 

5 

 
Figure 1.1:  Nuclear migration in S. cerevisiae mitosis.  Budding yeasts undergo a closed 
mitosis in which nuclear envelope breakdown does not occur.  Nucleokinesis, which 
requires positioning of the nucleus at the bud neck, occurs concurrently with cytokinesis.  
Microtubules emanate from the SPBs, which duplicate and remain anchored in the 
nuclear envelope in a manner dependent on the SUN domain protein MPS3 and the 
KASH domain protein MPS2.  Figure reprinted from Bloom (2001). 
 

 
 
 

 
Figure 1.2:  Interspecies alignment of KASH domains.  Note that alignments are most 
robust among the multicellular organisms.  A run of hydrophobic amino acids comprises 
a type II transmembrane domain.  Many of the aligned domains also have a C-terminal 
proline triplet essential for interactions with SUN domains. 
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is the site from which microtubules form in G1, and serves as a platform for assembly of 

the daughter SPB.  MPS3 (monopolar spindle 3) is a transmembrane protein that localizes 

to the nuclear side of the half-bridge (Figure 1.3A).22  Mutations in Mps3 cause cells to 

arrest with unduplicated SPBs that lack the half-bridge.23, 24  Mps3 encodes a 682-amino-

acid protein with a transmembrane segment and a C-terminal SUN domain.  Like Mps2 

mutants, Mps3 mutants frequently dipolidize, and intriguingly, overexpression of MPS2 

partially suppresses the abnormal growth phenotype characteristic of the Mps3 

background.22  Gel overlay and co-immunoprecipitation (IP) assays indicate that the SUN 

domain of MPS3 likely interacts directly with the KASH domain of MPS2.22  Taken 

together, the overlapping Mps2 and Mps3 mutant phenotypes and the co-IP data suggest 

that the association of MPS2 and MPS3 is important both for SPB duplication, and 

retention of SPBs at the nuclear membrane.   

To summarize: the nuclear positioning events required for mitosis in S. cerevisiae 

depend on microtubule sliding and shortening at the cell cortex.  Microtubule sliding is 

mediated by cortical dynein retained at the cortex via association with dynactin and Pac1, 

and microtubule shortening is dependent on Kip3.  The sliding and shortening 

microtubules emanate from and are retained at the SPB, which duplicates and remains 

embedded in the nuclear envelope in an Mps2- and Mps3-dependent manner. 

 

In S. pombe, the SUN domain protein SAD1 is required for SPB duplication, and the 
KASH protein KMS1 ensures SPB integrity  
 

   

Two proteins constitutively associated with the S. pombe SPB, KMS1 
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and SAD1, interact biochemically; when SAD1 is moderately overexpressed, it is found 

throughout the nuclear envelope25, and the overexpressed protein can ectopically recruit 

KMS1 to the nuclear envelope as well.26  SAD1 has a C-terminal SUN domain and is 

essential for mitosis, as Sad1 mutants can only assemble monopolar spindle arrays.25  

KMS1 has hydrophobic amino acids that comprise a transmembrane domain, and it also 

has a C-terminal KASH domain (Figure 1.1).4  In contrast to SAD1, KMS1 is dispensable 

in the mitotic cell cycle, yet is required for maintenance of SPB integrity in meiosis.27  

Taken together, these findings suggest that KMS1 and SAD1 are required for the normal 

SPB cycle events such as SPB duplication and maintenance, and that these proteins 

facilitate association of the nucleus with the SPB.   

 

ROLES OF SUN AND KASH DOMAIN PROTEINS IN D. DISCOIDEUM 
 
 
 
 The life cycle of the social amoeba D. disocoideum includes uni- and 

multicellular stages.  In the unicellular portion of its life cycle, it shares many cellular and 

molecular features with vertebrate macrophages, such as cytoskeletal composition and 

processes that depend on the cytoskeleton, for example, formation of phago- and 

endocytic vesicles28, membrane trafficking29, and chemotaxis30.  

 Like yeast, Dicytostelium cells have nuclei lacking a nuclear lamina, and undergo 

a closed mitosis.31, 32  In a screen to find new F-actin-binding proteins, a 204 kd protein 

named interaptin was characterized.33  Analysis of the interaptin amino acid sequence 

demonstrates the existence of a C-terminal KASH domain (Figure 1.1).  Upon entry into 

the multicellular stage of the Dictyostelium life cycle, mutants lacking interaptin show 
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delayed development, but the mature fruiting body stage occurs and is normal in 

appearance.  Interaptin localizes to the nuclear envelope and ER by immunofluoresence 

(IF)33. 

By sequence analysis, the D. discoideum genome is predicted to encode a C-

terminal SUN domain protein, DdSun-1.  DdSun-1 is a 105 kd protein tethered in the 

inner nuclear envelope via its transmembrane domain, where it likely forms homodimers 

via its coiled-coil domain.  The SUN domain is in the intermembrane space, and the N-

terminus of the protein interacts with chromatin in the nucleoplasm (Figure 1.3B)32.   

N-terminal deletion mutants of DdSun-1 result in detachment of the centrosome 

from the nucleus and centrosomal hyperamplification, ultimately causing aneuploidy and 

cell death.  When the distribution of DNA during mitosis is analyzed in the N-terminal 

deletion mutants, chromosomes are observed detaching from the centrosomes and are lost 

along the spindle, indicating DdSun-1 mediates chromosome attachment to the 

centrosome during mitosis.  In addition, centrosome-nucleus detachment and centrosome 

hyperamplification in N-terminal deletion cells resulted in formation of monopolar and 

multipolar mitotic spindles; the few bipolar spindles that formed in these cells performed 

asymmetric nuclear division.32 

Nuclei in N-terminal deletion mutant cells show disrupted nuclear membrane 

architecture: the distance between the outer and inner nuclear envelopes increases, 

resulting in a significant expansion of the intermembrane space.  It is therefore assumed 

that DdSun-1 facilitates the association of the outer and inner nuclear membranes.  

Interestingly, the protein with which DdSun-1 interacts to keep the outer and inner 

membrane distance constant is unlikely to be interaptin:  when DdSun-1 is  
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Figure 1.3:  SUN and KASH domain protein interactions in yeast and D. discoideum.  A.  
In S. cerevisiae, the SUN domain protein MPS3 localizes to the half-bridge of the SPB; 
The KASH protein MPS2 forms the connection from the half-bridge to the core SPB.  B.  
In D. discoideum, DdSun1 interacts with chromatin at its N-terminus.  Its C-terminus 
resides within the intermembrane space.  Via uncharacterized interactions, DdSun1 
retains the centrosome at the nuclear envelope.  When N-terminal dominant negative 
forms of DdSun1 are overexpressed, the spacing of the outer and inner nuclear 
membranes is disrupted, and the centrosome no longer remains apposed to the nucleus, 
resulting in aneuploidy and ultimately cell death.  A reprinted from Jaspersen et al 
(2006).  B reprinted from Xiong et al (2008). 
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overexpressed in an interaptin null background, it localizes to the nuclear envelope.  

However, when interaptin is overexpressed in an otherwise wild type genetic 

background, it displaces DdSun-1 from the nuclear envelope, suggesting that DdSun-1 

and interaptin compete for binding sites at the nuclear envelope.32 

Taken together, the findings indicate that in Dicytostelium, the KASH-SUN 

interaction observed in yeasts is not obviously conserved.  However, the function of a 

SUN domain protein in centrosomal retention at the nuclear envelope is conserved.  As 

the centrosomal hyperamplification observed in the N-terminally deleted DdSun-1 mutant 

also occurs frequently in vertebrate cancers33, mutations in genes encoding mammalian 

SUN domain proteins may prove to be clinically relevant in carcinogenesis.  

 

ROLES OF SUN AND KASH DOMAIN PROTEINS IN C. ELEGANS  
 
  

unc-83 and unc-84 are required for nuclear positioning in normal hyp7 syncytium and P 
cell development 

 

As the nematode C. elegans develops, well-characterized sets of nuclear 

migrations occur.  One of these involves formation of hyp7, a syncytial hypodermal cell 

located dorsally on the embryo.  During morphogenesis, 17 of the 23 hyp7 cells elongate 

by extending over the dorsal midline to a contralateral position (Figure 1.4A).  Each of 

the cells continues to change shape until it forms an elongated strip over the dorsal 

surface of the embryo.  The nucleus of each cell then migrates in a microtubule-

dependent manner to the contralateral position within the cytoplasm.  After cell 



 

 

11 

elongation and nuclear migration, the cells fuse to form the hypodermal syncytium.34  

A different set of nuclear migrations occurs during P-cell migration.  P-cells are 

neural precursors, and newly hatched larvae have two ventrolateral rows with six P-cells 

each.  During the mid-L1 larval stage, the P-cell nuclei migrate towards the ventral 

midline, and their cell bodies follow such that the twelve P cells intercalate and form a 

single row along the ventral cord.35  

Hyp7 nuclei fail to migrate normally in individuals mutant for the unc-84 gene.  

While the cell shape changes occur normally, the nuclei move more slowly towards the 

midline than in wild type, and fail to reach their contralateral positions (Figure 1.4A).36  

The abnormal positions of these nuclei in unc-84 mutants do not prevent the cells from 

fusing later in development to form the hyp7 syncytium, therefore, the role of nuclear 

migration in normal hyp7 development is not immediately apparent. 

The nuclei of the twelve P-cells also frequently fail to migrate in unc-84 mutant 

animals (Figure 1.4B).36  unc-84 mutant P cell nuclei start normal migration; however, 

these nuclei frequently cease migrating midway through cellular extension.  The cellular 

extensions typically break away from the cell body to form cytoplasts; when this occurs, 

the remaining cell bodies often assume their original positions and die.  When these cells 

die, adults develop that are both uncoordinated and egg-laying defective (Egl) due to the 

missing neurons and vulval precursor cells that derive from P-cells.36, 37  

Molecular characterization of unc-84 demonstrated that two mRNA transcripts 

are generated from the locus.  The long transcript encodes a 1,111 amino acid (aa) 

protein, UNC-84A.  The C-terminal domain of UNC-84A is 34% identical and 74% 

similar to the C-terminal domain of S. pombe Sad1.25  Sad1 and UNC-84 are thus 
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the founding members of the SUN domain family of proteins.36   

A transgene encoding UNC-84A fused C-terminally to GFP rescues all aspects of 

the unc-84 phenotype, indicating the A isoform is necessary and sufficient for protein 

function. UNC-84A•GFP localizes to the nuclear envelope in all cells in which it is 

expressed, localization consistent with a role for the protein in nuclear migration.  

Nuclear envelope localization of UNC-84A•GFP is disrupted in Ce-lamin mutants, 

indicating that Ce-lamin in the nuclear lamina is required for UNC-84 localization to the 

nuclear envelope.38 

Mutations in unc-83 phenocopy that those of unc-84; in addition to the hyp7 and 

P cell nuclear migrations, unc-83 mutations also affect migrations of nuclei in cells 

comprising the intestinal primordium.  Three distinct unc-83 transcripts give rise to three 

protein isoforms, all of which have a KASH domain at their C-terminus:  UNC-83A, -B 

and -C; containing 1,042, 974 and 741 aa, respectively.  In RNAi experiments to ablate 

function of UNC-83 in an isoform-specific manner, it was determined that the C-isoform 

is required for nuclear migrations only in the hyp7 cells.  Using an α-UNC-83 antibody, 

localization of UNC-83 to nuclear envelopes is observed mainly in cells with actively 

migrating nuclei.  UNC-83 localization to the nuclear envelope is impaired in the unc-84 

mutant background, and the SUN domain of UNC-84 interacts with UNC-83 in GST 

pulldown assays, suggesting that the two proteins interact at the nuclear envelope to 

effect nuclear migration.  In the absence of functional UNC-83, centrosomes remain 

attached to nuclei, indicating that the protein is dispensable for the nuclear-centrosomal 

association.  Surprisingly, UNC-84 is also dispensable for maintaining the association of 

centrosomes at nuclei.39 
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UNC-83 and UNC-84 interact directly with each other in the intermembrane space via 
their KASH and SUN domain, respectively 
 

  

In more refined analyses of the UNC-83/UNC-84 interaction, the membrane-

bound split ubiquitin yeast two-hybrid (MbY2H) assay was used, in which 

transmembrane proteins that are potential interactors are presented to each other in the 

context of a cell membrane.6, 40   It was established that while certain point mutations 

within the KASH domain would permit UNC-83 to interact with UNC-84, these 

mutations resulted in weak interactions in the MbY2H assay, presumably meaning that 

the mutant protein might localize correctly, but lacks wild-type function in nuclear 

migration.  Deletions of subregions of the SUN domain of UNC-84 further defined sites 

of UNC-83/UNC-84 interaction that differed in strength:  a relatively weak interaction is 

sufficient for the localization of UNC-83 to the nuclear envelope in an UNC-84-depedent 

manner, whereas a strong interaction is required between the KASH domain of UNC-83 

and UNC-84 to transfer forces across the membrane during nuclear migration (Figure 

1.4C).  In addition, immunofluorescent data from selective permeabilization experiments 

in which non-ionic detergents of varying strength were used to permeabilize fixed cells 

indicated that UNC-83 is found in the outer nuclear membrane, and UNC-84 in the inner 

nuclear membrane.  Together with the interaction data of the UNC-83 point and the 

UNC-84 SUN domain subregion deletion mutants, these data indicate that the KASH and 

SUN domains of UNC-83 and UNC-84 interact with each other in the intermembrane 

space.6 
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ANC-1, a large KASH domain protein, has N-terminal calponin homology (CH) domains 
that are used to anchor nuclei and mitochondria to the actin cytoskeleton in adult 
syncytial cells 
 

 

Aberrations in nuclear positioning are observed not only in cells in which nuclei 

fail to migrate, but also in cells in which anchorage of nuclei is abolished.  In adult C. 

elegans, the body is covered by four large syncytial hypodermal cells that each contain 

~100 nuclei.35  While normally, these nuclei are evenly spaced throughout the syncytia, 

mutations in either anc-1 or unc-84 cause an aberrant nuclear anchorage phenotype, in 

which nuclei float freely and often form clusters within the cytoplasm of all syncytial 

cells.41  

Cloning of anc-1 demonstrated the existence of a 25,639 nucleotide mRNA 

encoding an 8,546 aa protein nearly 1 Md in size.  Most of the predicted ANC-1 sequence 

consists of six essentially identical repeats of 903 residues that are assumed to form a 

long (~500 nm) rod-like domain.  At the N-terminus of the protein, two calponin 

homology (CH) domains are found, and the C-terminal 60 residues comprise a KASH 

domain.  When a transgene construct encoding the CH domains fused to GFP is 

expressed in muscle cells, the GFP transgene product colocalizes with actin.  Conversely, 

when transgenic epitope-tagged KASH domain of ANC-1 is overexpressed, the gene 

product localizes to nuclei; in the process, it causes nuclear positioning defects 

resembling those of the anc-1 mutant, suggesting there may be a limited number of 

binding sites for ANC-1 at the nucleus.42   

Using an α-ANC-1 antibody, it was determined that in wild-type tissues, ANC-
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1 is found in the cytoplasm and is enriched at the nuclear membranes in the hypodermal 

syncytium.  The nuclear aspect of ANC-1 localization is disrupted in the genetic 

backgrounds of many unc-84 alleles, suggesting that localizing ANC-1 to nuclear 

envelopes depends on UNC-84.  However, the UNC-84 SUN domain and the ANC-1 

KASH domain interact with each other neither in yeast two-hybrid nor in GST pulldown 

assays, suggesting that the ANC-1/UNC-84 interaction is mediated by a separate protein 

(or proteins).42, 43  Figure 1.4D shows a schematic that illustrates the interactions of ANC-

1 with the nuclear envelope and actin filaments.      

ANC-1 is also required for wild type mitochondrial positioning and shape in 

muscle cells.  In muscle cells of wild type adults, mitochondria have string-like 

morphology and remain anchored and evenly distributed throughout the cell during 

movement of the animal.  However, mitochondria in anc-1 mutants are spheroid, often 

cluster together, and move around within the cytoplasm as the animal moves.41, 42  

Related defects are observed in animals mutant for a partial loss-of-function allele in the 

cofilin homolog unc-60, in which actin filament formation in the body wall muscle of 

adults is disrupted.44  However, anchorage of mitochondria in unc-84 mutants is normal, 

indicating that ANC-1 does not require UNC-84 to anchor mitochondria as it does for 

nuclear anchorage.   

In summary, the aspects of the anc-1 mutant phenotype suggest that nuclear and 

mitochondrial anchorage in syncytial cells depends on ANC-1 linking these organelles to 

the actin cytoskeleton, and that anchoring the mitochondria does not depend on ANC-1 

interacting with a SUN domain protein.  
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Figure 1.4:  SUN and KASH protein interactions in C. elegans.  A.  Nuclear migrations 
in hyp7 cells depend on the SUN protein UNC-84; in the absence of UNC-84, nuclei 
begin migrations towards the dorsal midline of the embryo, but do not continue their 
migrations to the contralateral side.  B.  Nuclei in neural precursor (P) cells migrate 
towards the ventral midline of the embryo; in unc-84 mutants, these migrations fail to 
occur, and affected cells often die.  C.  The KASH protein UNC-83 and UNC-84 interact 
directly in the intermembrane space.  D.  In syncytial hypoderm cells of the adult, the 
KASH protein ANC-1 is required to tether nuclei within the syncytium.  ANC-1 is 
retained at the nuclear envelope by UNC-84 via interactions that are likely indirect.  E.  
After pronuclear fusion in the newly fertilized C. elegans zygote, the KASH protein 
ZYG-12 and the SUN protein SUN-1 are required to bring the centrosome into apposition 
with the nucleus.  A and B reprinted from Malone et al (1999).  C reprinted from McGee 
et al (2006).  D reprinted from Starr and Han (2003).  E reprinted from Malone et al 
(2003).   
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The KASH protein ZYG-12 and the SUN protein SUN-1 interact in early embryogenesis 
to ensure the association of the zygotic nucleus with the MTOC 
 
 

 The zyg (zygote defective) class of C. elegans mutations results in defective post-

fertilization cell divisions.  The zyg-12 mutant results in embryonic lethality and is 

defective in attaching the centrosome to the nucleus.  This defect however does not result 

from defects in centrosomal assembly, composition, or function, as γ-tubulin•GFP and 

other centrosomal proteins assemble normally at the centrosome in zyg-12 mutant 

zygotes, and the zygotic MTOC remains capable of nucleating astral and spindle 

microtubules.  The embryonic lethality is attributed to the first mitotic spindle 

incorporating chromatin only from one of the two parental pronuclei, resulting in 

disorganized chromosome alignment and segregation defects.  The process of 

centrosomal attachment to the zygotic nucleus requires microtubules:  centrosomes fail to 

associate with the nucleus when α-tubulin levels are ablated using RNAi directed against 

tba-2 mRNA.45 

 Molecular characterization of the zyg-12 gene showed that three mRNAs, zyg-

12A, -B and -C, are transcribed from the locus.  The proteins encoded by the ORFs share 

730 aa N-terminally, and differ at their respective C-termini by three, 44 and 28 aa.  The 

N-terminal shared amino acids show homology to Drosophila Hook, a protein that 

facilitates the association of membrane vesicles with microtubules.46  The B and C 

protein isoforms have transmembrane regions and KASH domains.  ZYG-12A was 

shown to localize to the centrosome, and ZYG-12B and -C localize to the nuclear 

envelope.  Transgene expression of all isoforms was shown to be essential for 
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rescuing zyg-12 mutant embryos, and expressing any isoform on its own failed to rescue, 

suggesting that the different localizations of the isoforms are functionally significant.  In 

tba-2 RNAi knockdown experiments, the ZYG-12A centrosomal localization is lost, but 

the perinuclear localization of the B and C isoforms is retained, indicating that 

microtubules are required for the association of ZYG-12 with the centrosome.  ZYG-12 

associates with itself in the yeast two-hybrid assay, suggesting that the retention of 

centrosomes at the nucleus is mediated by centrosomal and nuclear envelope ZYG-12 

forming a dimer or higher order oligomer.45       

 A defective centrosome attachment phenotype similar to that of zyg-12 is 

observed in sun-1 mutant zygotes.  SUN-1 has a C-terminal SUN domain and a 

transmembrane region towards its N-terminus.  In a sun-1 RNAi knockdown, localization 

of the centrosomes and ZYG-12 at the nuclear envelope is disrupted, suggesting that 

SUN-1 may be the tether for nuclear envelope-associated ZYG-12.  Therefore, 

maintenance of the association of nucleus and centrosome requires the association of a 

SUN domain protein with a KASH domain protein, as previously described for SPBs in 

yeasts.45 

 ZYG-12 also interacts with dynein light intermediate chain 1 (DLI-1) by yeast 

two-hybrid (Y2H).  As dynein at the nuclear envelope in the zygote is thought to be 

important for establishing the proximity of the nucleus and centrosome, the DLI-1/ZYG-

12 interaction is likely to be functionally significant for the nuclear-centriolar association.  

Dynein heavy chain 1 (DHC-1) is found at the nuclear envelope in wild type zygotes, but 

is absent from this membrane in zyg-12 mutant zygotes.  Therefore, apposition of the 

centrosome and nucleus in the zygote arises when ZYG-12-tethered dynein at the 
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nuclear envelope “walks” along microtubule tracks, thus “reeling in” the centrosome 

(Figure 1.4E).  Upon achieving proximity, the association of centrosomal and nuclear 

envelope isoforms of ZYG-12 retain the centrosome at the nuclear envelope; the nuclear 

envelope isoform of ZYG-12 remains anchored there in a manner dependent on SUN-1.45 

 
 
The SUN-1/ZYG-12 interaction is likely to be critical throughout embryogenesis  
 
 

 SUN-1 function is clearly important in early embryogenesis, however, other 

critical functions for postembryonic development have also been characterized.  SUN-1 is 

first found at the nuclear envelope of every nucleus in early embryonic cell.  After the 

comma stage of development, SUN-1 expression decreases in somatic cells but 

intensifies in the primordial germ cells.  Upon entry into the larval stages of development, 

SUN-1 expression is restricted to germ cells, in which perinuclear localization is 

observed.  Unlike UNC-84, the localization of SUN-1 to the nuclear envelope does not 

depend on Ce-lamin, although SUN-1 and Ce-lamin are reported to interact 

biochemically.47 

 Homozygous sun-1 mutant individuals can proceed through embryonic 

development as offspring of heterozygous mothers that deposit SUN-1 in their eggs.  

Homozygotes develop into normal adults that however have agametic gonads and are 

sterile.  As the few germ cells in sun-1 mutant gonads still express germ cell-specific 

markers, the reduction in gametes appears to be attributable to a defect in proliferation of 

germ cells.47   

 A lack of maternal and zygotic SUN-1 results in embryonic lethality at 
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around the 300-cell stage.  When dead sun-1 mutant embryos are examined, aneuploid 

nuclei of aberrant size and shape are observed.  Examination of nuclear architecture by 

TEM shows discontinuous and blebbed nuclear membranes, as well as abnormal 

chromatin clumps.  When unc-84 mutants are treated with sun-1 RNAi, the rate of 

embryonic death of unc-84 mutant embryo progeny (58.6%) is not increased compared to 

treating wild type embryos with sun-1 RNAi (60.5%).  Taken together, these results 

indicate that SUN-1 is required for development to progress through late embryonic 

stages, and that SUN-1 and UNC-84 do not overlap functionally.47 

 

 In summary, the body of work on unc-84, sun-1, unc-83, anc-1 and zyg-12 

indicates that the interaction of SUN and KASH proteins is largely conserved between C. 

elegans and fungi, as are many of the cellular events in which this interaction occurs.  

However, the number of SUN and KASH domain proteins appears to have increased 

concomitant with multicellularity; distinct sets of SUN and KASH proteins can thus 

interact in different cell or tissue types.  For example, in the adult stage of C. elegans, the 

interactions occurring between SUN and KASH domain proteins appear to divide along 

somatic and germline cell types:  UNC-84 can interact with ANC-1 or with UNC-83 in 

somatic tissue, whereas the SUN-1/ZYG-12 interaction is limited to the germline. 
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ROLES OF SUN AND KASH DOMAIN PROTEINS IN VERTEBRATES  

 

The repertoire of KASH and SUN domain proteins encoded in the vertebrate genome is 
large and expanding 
 
 

 In the previous chapter section, the expression patterns and known roles of C. 

elegans SUN and KASH domain proteins were discussed, and I hypothesized that the 

number of SUN and KASH domain proteins has likely increased concomitant with both 

multicellularity, and the specialized functions of cells that accompany multicellularity.   

 A C. elegans nematode consists of about 1,000 cells.  The two genes encoding 

SUN proteins, unc-84 and sun-1, and the three genes encoding KASH proteins, unc-83, 

anc-1 and zyg-12, are expressed in different tissues and developmental stages of 

nematodes, reflecting distinct functions for the corresponding gene products.  In addition, 

unc-84, unc-83 and zyg-12 have mRNA splice forms that give rise to proteins with 

distinct subcellular localizations, further expanding the functional repertoire of these 

genes.  

A vertebrate organism can consist of several trillions of cells, which can be 

categorized into ~200 cell types.48  In vertebrate genomes, at least three genes encoding 

distinct KASH domain proteins, Nesprin-1, Nesprin-2 and Nesprin-3, and at least five 

genes encoding SUN domain proteins, Sun1, Sun2, Sun3, Sun4/Spag4, and Sun5/Spag4-

like, exist by sequence analysis.  Additionally, alternatively spliced mRNAs for 

Nesprin1, -2 and -3 and Sun1 have been shown to exist.  Functions for the gene products 

that arise from these genes and their splice forms have only begun to be characterized.  In 
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this chapter section, I will review the vertebrate KASH and SUN protein research 

literature in which the roles of these proteins in connecting the nucleus to the cytoskeletal 

elements are discussed.  As thus far, there are no functional data that ascribe roles to Sun3 

and Spag4-like, I will omit discussing these genes in this summary.  Figure 1.5A 

summarizes the interactions of vertebrate SUN and KASH domain proteins important for 

connecting the nucleus to the cytoskeleton.  

 

VERTEBRATE KASH DOMAIN PROTEINS 

 
 
Nesprin-1 function in cardiac and skeletal muscle 
 
 

 Muscle fibers are syncytial, containing several hundred myonuclei. While most 

myonuclei in the syncytium are well separated from each other, three to eight nuclei form 

a cluster beneath the postsynaptic membrane at the neuromuscular junction (NMJ).  

These synaptic nuclei are larger and rounder than the other nuclei and produce mRNAs 

encoding synaptic proteins at high levels, resulting in these mRNAs concentrating in 

synaptic areas, and in synthesis of synaptic proteins at the NMJ.49   

Postsynaptic differentiation and specialization of the synaptic nuclei is controlled 

by agrin secreted by the nerve.50-52  Muscle-specific tyrosine kinase (MuSK) is a key 

constituent of the agrin receptor in the postsynaptic membrane and is activated by 

agrin.52-54  In a yeast two-hybrid (Y2H) screen using the cytoplasmic domain of MuSK as 

bait to find additional factors involved in postsynaptic differentiation, Syne-1, named 

after its apparent localization (synaptic nuclear envelope), was identified.  The  
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Figure 1.5:  SUN and KASH protein interactions in vertebrates and Drosophila.  A.  
Diagram summarizing the LINC complex, consisting of SUN proteins in the inner 
nuclear envelope and the KASH proteins Nesprin-1, -2 and -3 in the outer nuclear 
envelope.  Nesprin-1 and -2 connect the nucleus to actin filaments.  Nesprin-3 connects 
the nucleus to intermediate filaments.  B.  The KASH protein Klarsicht localizes to the 
outer nuclear envelope in cells of the developing eye.  Lam(Dm0) is required for 
Klarsicht retention in the inner nuclear envelope.  Klarsicht interacts with dynein, which 
is moving in direction of the arrow towards the MTOC.  The unfilled oval in the INM 
indicates a possible linker protein that connects Klarsicht to Lam(Dm0).  A reprinted from 
Liu et al (2007).  B reprinted from Patterson et al (2004). 
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Y2H interaction between Syne-1 and MuSK was independently verified by co-IP.49  In 

later experiments, as Syne-1 was observed localizing to the nuclear envelope in many 

non-muscle tissues, the name Nesprin-1, standing for nuclear envelope spectrin repeat, 

was devised.  In the remainder of this chapter, I will refer to these proteins as nesprins.   

Initial expression analysis of Nesprin-1 mRNA revealed two transcripts 4.7 kb 

and 10 kb in size, called Nesprin-1A and -B, respectively.  The B splice form is expressed 

at varying levels in all tissues examined, whereas expression of the A form is limited to 

cardiac and skeletal muscle.49  In later studies, careful analysis of the Nesprin-1 locus and 

its encoded mRNAs demonstrated that the gene is spread out over 550 kb of genomic 

DNA and contains 147 exons.  The longest ORF encoded by the locus is part of a 28 kb 

mRNA sequence encoding an 8,676 aa protein ~1 Md in size, with N-terminal CH 

domains, a C-terminal KASH domain, and a few dozen spectrin repeats separating the 

two.55  Nesprin-1 is thus a member of the spectrin repeat superfamily, the broadly defined 

function of which is to link membranes to structures in the cytoplasm, for example, to the 

cytoskeleton.56  

By immunofluorescence (IF) with polyclonal antibodies raised against KASH 

domain-proximal amino acids shared by both A and B isoforms, Nesprin-1 localizes to 

the nuclear envelope in skeletal and cardiac muscle, with high-intensity staining at 

synaptic myonuclei.49  To assess whether Nesprin-1 is directly involved in myonuclear 

anchorage and clustering at the NMJ, transgenic mice were generated in which the KASH 

domain of Nesprin-1 is overexpressed in skeletal muscle under control of the muscle 

creatine kinase (MCK) promoter.57  Synaptic nuclei are displaced away from the NMJ 
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into the perisynaptic region in mice expressing the transgene, suggesting that 

overexpression of the Nesprin-1 KASH domain functions in a dominant negative manner 

by displacing endogenous Nesprin-1 away from the nuclear envelope.  Overexpression of 

the KASH domain however does not disrupt synaptic nuclear architecture, nor is 

formation of NMJs adversely affected over the course of development and growth.  

Taken together, these results suggest that Nesprin-1 anchors synaptic myonuclei at the 

NMJ, and that while synaptic myonuclei remain transcriptionally specialized, it is not 

essential for these nuclei to localize directly at the synapse.  Curiously, when myonuclei 

are displaced from the synaptic region, mitochondria, which normally flank nuclei 

perisynaptically, move into the synaptic region.  This suggests that mitochondrial 

positioning at the synaptic region occurs independently of Nesprin-1, a finding that 

contrasts with the role of C. elegans ANC-1 in mitochondrial positioning within syncytial 

hypodermal cells.42, 57  

In which leaflet of the nuclear envelope is Nesprin-1 found?  The cytoplasmic 

portion of MuSK was used as bait in the Y2H screen that identified Nesprin-1 as a 

synaptic nuclear envelope protein.49  This suggests that the N-terminus of the protein is 

cytoplasmic, and that the KASH domain localizes Nesprin-1 to the outer nuclear 

envelope.  However, immuno-EM studies in cultured myoblasts using the α-Nesprin-1 

antibody against the KASH domain-proximal antigen suggest that Nesprin-1 localizes in 

the inner nuclear envelope, as well as at heterochromatin and the nucleolus, a finding 

apparently at odds with the localization of ANC-1 in syncytial cells of C. elegans.42, 58  

However, given the complexity of the Nesprin-1 locus, and the possibility to generate 

multiple Nesprin-1 mRNA splice variants encoding distinct protein isoforms55, it 
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seems possible that the antibody may react with isoforms capable of localizing to the 

inner nuclear envelope.   

Given the giant size of the full length Nesprin-1 isoform and the multiplicity of 

splice forms, the apparent Nesprin-1 subcellular localization pattern by IF can differ 

depending on choice of epitope for antibody generation.  In a separate IF study in which 

Nesprin-1 localization in muscle was determined, antibodies to an epitope from the 

spectrin repeat region demonstrate partial colocalization of the protein with muscle actin 

filaments, and a concentration of the protein in the Z line of sarcomeres.55  As Nesprin-1 

localization both to the nuclear envelope and to sarcomeres is observed, and mutations to 

proteins of the nuclear envelope and the sarcomere have been implicated in myopathies, 

it seems plausible that mutations to Nesprin-1 could result in neuromuscular disease.  I 

will discuss this topic in greater detail in a later chapter section. 

 

Nesprin-2 is paralog of Nesprin-1, encoding protein isoforms with functions overlapping 
those of Nesprin-1 
 
   

Nesprin-2 was initially identified by using the Nesprin-1 sequence as a search 

query in the public sequence databases.  It is ~50% identical and ~60% similar to 

Nesprin-1.  When analyzed by RT-PCR, its expression pattern overlaps that of Nesprin-1 

significantly.49   

Like Nesprin-1, Nesprin-2 is a large and complex gene.  The coding region 

occupies 370 kb of genomic DNA, contains 115 exons, and the longest spice variant is 21 

kb, encoding an 800 kd protein.  The domain pattern of Nesprin-2 is similar to that of 



 

 

27 

Nesprin-1 and of other spectrin superfamily members, with an N-terminal CH domain 

and a C-terminal KASH domain separated by multiple spectrin repeats.55   

In contrast to the role of Nesprin-1 in connecting myonuclei to actin filaments, the 

main function of Nesprin-2 is to maintain nuclear architecture.59-62  Nonetheless, the large 

isoforms of Nesprin-2 overlap spatially and functionally with Nesprin-1.  In this chapter 

section, I will discuss the functions of Nesprin-2 dealing with nuclear architecture.  

 

Nesprin-2 localizes to the nuclear envelope in a Lamin-A/C dependent manner and 
organizes both nuclear lamina/inner nuclear membrane proteins and cytoplasmic 
organelles  
 
 

 In algorithmo analysis of the Nesprin-2 gene sequence shows that the ORF 

encodes a C-terminal KASH domain, suggesting that KASH domain isoforms of 

Nesprin-2 localize to the nuclear envelope.49  The Nesprin-2 KASH domain interacts 

with Lamin-A by Y2H, an interaction confirmed by GST pulldown of Lamin-A from 

COS7 cell lysates.59, 63  The four Lamin isoforms encoded by the mammalian LMNA gene 

are Lamin-A, -C, -AΔ10, and testis-specific -C2.  In a refined GST pulldown analysis to 

determine which Lamin isoforms and which subregions of these isoforms interact with 

Nesprin-2, a coiled-coil region and the tail region of the Lamin-A and -C isoforms 

associate specifically with Nesprin-2.63   

IF expriments in COS7 cells using α-Nesprin-2 antibodies specific to N- and C-

terminal Nesprin-2 epitopes showed two aspects of Nesprin-2 subcellular localization:  

The N-terminal α-Nesprin-2 antibody demonstrated protein localization in the cytoplasm, 

and the C-terminal α-Nesprin-2 antibody showed nuclear envelope and 
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nucleoplasmic localization.60  Related IF experiments in cultured myoblasts showed 

Nesprin-2 localization patterns as described, as well as localization to mitochondria, to 

the Z-lines of sacromeres, and to the sarcoplasmic reticulum, indicating not only that 

Nesprin-2 localizes in the cytoplasm, but is also found at many of the same subcellular 

locations as Nesprin-1.63 

As LMNA RNAi ablates expression of all Lamin isoforms, whether any one 

isoform consistently accounts for retention in the nuclear envelope in all tissues cannot be 

unequivocally determined.  However, IF experiments in the stratified epithelium of the 

skin, in which Lamin-A and -C are differentially expressed, indicate that in this tissue, 

cells expressing only Lamin-C have Nesprin-2 at the nuclear envelope, suggesting that 

Lamin-C may be sufficient to ensure correct Nesprin-2 localization.60 

When the KASH domain of Nesprin-2 is overexpressed in COS7 cells, the 

distribution of Lamin A/C is not noticeably affected.  However, the inner nuclear 

envelope protein emerin no longer localizes correctly and spills into the cytoplasm.  

Emerin, which interacts with Lamin-A/C and BAF (barrier to autointegration factor), also 

functions in regulating β–catenin activity. 64-66  Emerin delocalizing from the inner 

nuclear envelope implies that the overexpressed KASH protein may titrate emerin 

binding sites at the nuclear lamina, and that the protein may require association with 

Nesprin-2 to assume its location at the nuclear envelope.  When Nesprin-2 mRNA 

expression is silenced by RNAi, emerin forms cytoplasmic aggregates, indicating that the 

protein localizes to the NE in Nesprin-2 dependent manner.60   

Taken together, these findings indicate that Nesprin-2 has structural organizing 

functions at the nucleus.  In the cytoplasm, many Nesprin-2 functions overlap with 
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those of Nesprin-1.  The findings also imply that compromised function of either 

Nesprin-1 or -2 could result in myopathic phenotypes, a topic I will address in a separate 

chapter section. 

 

Mice lacking the CH domain of Nesprin-2 demonstrate subtle yet abnormal epidermal 
phenotypes 
 
  

 The large isoforms of Nesprin-2 include the N-terminal CH domains capable of 

interacting with actin.  What are the consequences of mutations that ablate the function of 

the CH domain at the level of an entire organism?  To address this question, the portion 

of the Nesprin-2 locus encoding the CH domains was deleted from the mouse genome by 

ends-out homologous recombination, and the mutant phenotype of this deletion was 

assessed.62 

 Murine embryonic stem cells in which the CH-encoding region of Nesprin-2 was 

knocked out as assessed by PCR and Southern blotting were used to generate mutant 

mice.  Use of an α-Nesprin-2 antibody in Western blotting and IF showed that the 

mutants were protein null for the knocked-out Nesprin-2 region. Further expression 

analysis by Western blot revealed that reduced levels of C-terminal isoforms were 

generated in homozygous CH domain knockouts.  Taken together, these findings 

indicated that the CH domain knockout of Nesprin-2 is a partial knockout of the entire 

locus.62  

Homozygous deletion mutant mice are viable, fertile and normal in appearance 

compared to heterozygous and homozygous wild type littermates.  However, histological 
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analysis reveals that the knockout mutants have a roughly 25 percent increase in 

interfollicular epidermal thickness.  IF using various antibodies against integrins, keratins 

and other epidermal cell markers reveals no abnormalities in subcellular localization of 

these proteins in the knockout compared to wild type.  While emerin is displaced from 

the nuclear envelope in cells of the dermis, it localizes to the nuclear envelope in the 

epidermis.  Levels of all marker proteins as determined by Western blotting are 

essentially identical in knockout and wild type tissues, indicating that the mutation does 

not influence their expression levels, and merely changes subcellular localization of 

emerin in cells of the dermis.  However, emerin staining reveals that the nuclei of basal 

keratinocytes in knockouts assume an abnormal round shape.  Knockout fibroblast nuclei 

are also larger than in wild type and have abnormal lobulations, suggesting that the CH 

domain isoform of Nesprin-2 controls both nuclear shape and size of cells in the 

interfollicular epidermis.  Similar nuclear size and shape abnormalities are observed in 

cultured human keratinocytes in which Nesprin-2 mRNA levels are reduced by RNAi 

knockdown; in addition, emerin accumulates in abnormal aggregates along the nuclear 

envelope.62   

Intriguingly, abnormal migration of Nesprin-2 knockout fibroblasts is observed in 

scratch wounding of monolayer primary fibroblast cultures:  when scratch wounds are 

induced in wild type vs. mutant fibroblast cultures, knockout fibroblasts migrate 

approximately 50 percent slower towards the wound site than their wild type 

counterparts.62  As the Golgi and MTOC need to reorient in migratory cells67, 

reorientation of these structures was also compared in wild type vs. knockout fibroblasts.  

Whereas in wild type fibroblasts, the Golgi and MTOC reorient within a 120° area 
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facing the wound in ~80 percent of the migratory fibroblasts, this occurs in only ~40 

percent of the knockout cells.  Nesprin-2 therefore has a role in cell migration and 

polarity.62 

Taken together, the results of knocking out the CH domain-encoding regions of 

Nesprin-2 suggest that while a lack of the N-terminal isoforms and a reduction in levels 

of the remaining isoforms have obvious defective cellular phenotypes in the epidermis, 

these defects are well tolerated in the affected mice, which are otherwise normal.  It is 

speculated that CH domain-containing isoforms of Nesprin-1 may offset, at least in part, 

the defects arising from the Nesprin-2 CH domain knockout.62    

 
 
 
The Nesprin-3 locus encodes KASH domain protein isoforms that link the nuclear 
envelope to the intermediate filament cytoskeleton via interactions with plectin 

 

 

The three cytoskeletal filament systems – microtubules, microfilaments and 

intermediate filaments (IFs) – are interconnected via the plakin family of cross-linking 

proteins.  Microtubule-actin cross-linking factor (MACF) connects the eponymous 

filament systems68, and plectin links the actin and IF systems.69 

In mammals, eleven different plectin isoforms are generated from the plectin 

locus.70, 71  In lieu of linking IFs to actin, some plectin isoforms link the cytoskeleton to 

membrane-associated proteins, for example, to the integrin β4 subunit at the plasma 

membrane, and to focal adhesion proteins.72, 73   

In a Y2H screen to find additional membrane-associated plectin interactors, the 
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actin-binding (AB) domain of human plectin-1C was used as bait.  A spectrin-repeat 

protein, Nesprin-3, was identified as an interactor; Nesprin-3 cDNA encodes a KASH 

domain protein. The Nesprin-3 locus gives rise to two mRNA splice variants, α and β.  

Nesprin-α is 110 kd in size and is expressed broadly in various cell lines and tissue types.  

IF experiments show perinuclear localization, and immuno-EM pinpoints the protein in 

the outer nuclear membrane.74   

To verify the plectin/Nesprin-3 association observed in Y2H, tagged Nesprin-3α 

was co-expressed with the actin-binding domain of plectin-1C, and IPs were performed 

that confirmed the Y2H result.  The association of plectin and Nesprin-3α by Y2H and IP 

would predict that overexpression of Nesprin-3α could recruit plectin to the nuclear 

envelope.  While this is not the case in wild type murine embryonic fibroblasts (MEFs), 

robust colocalization of plectin and GFP-tagged Nesprin-3α occurs in cultured PA-JEB 

cells, in which the actin cytoskeleton is disorganized, implying that F-actin can sequester 

plectin.  Keratin IF proteins also colocalize with Nesprin-3α at the nuclear envelope of 

PA-JEB cells, suggesting that Nesprin-3α may also be capable of recruiting IFs to the 

nuclear envelope.74, 75 

To summarize:  Nesprin-3α localizes to the outer nuclear envelope in a manner 

dependent on its C-terminal KASH domain, and the N-terminus of the protein can 

interact with intermediate filaments via plectin in the absence of organized networks of 

F-actin.  Nesprin-3 is thus the first KASH domain protein member of the spectrin repeat 

superfamily observed to interact with the IF system of the cytoskeleton.  
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Nesprins in human disease 

 

 Given the number of Nesprins proteins, the multiplicity of their isoforms, and the 

various compartments, organelles, filament systems of the cytoskeleton and protein 

complexes in the cell that they organize and/or connect, it seems reasonable to assume 

that mutations to Nesprin genes could be deleterious to human health.  Within the past 

two years, disease alleles of Nesprin-1 and -2 have indeed been characterized.  Here, I 

will briefly summarize the findings relevant to human disease. 

 

a) Implication of a Nesprin-1 allele in autosomal recessive cerebellar ataxia (ARCA) 
 

  
Autosomal recessive cerebellar ataxia (ARCA) Type 1 is a recently characterized 

disease attributable to point mutations and deletions in the Nesprin-1 gene.  The most 

common presenting symptoms of affected patients are limb ataxia and dysarthria, with 

symptom onset occurring at a mean age of 30.76  In mice, Nesprin-1 is most highly 

expressed in Purkinje cells of the cerebellar cortex and in cells of the brain stem olivary 

region.  In ARCA patients, the characteristic displacement of nuclei away from NMJs is 

observed.  However, no clinically or electrophysiologically aberrant muscle phenotypes 

are detected, suggesting either that mutations in Nesprin-1 affect control of voluntary 

muscle movement at the level of cerebellar function, or that Nesprin-2 may function 

redundantly with Nesprin-1 in muscle.76 
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b) Isolated cases of non-X-linked Emery-Dreifuss muscular dystrophy (EDMD) are 
caused by heterozygous dominant missense mutations in Nesprin-1 and -2 

 
 

 EDMD is a neuromuscular disease in which skeletal muscle wasting and 

cardiomyopathy occurs; affected patients typically present with symptoms of muscle 

wasting and heart block by their teens or twenties.77  Mutations in two causative genes 

have been determined.  Lesions to the EMD gene, which encodes the inner nuclear 

membrane protein emerin (subcellular localization of which has been discussed in 

previous chapter sections), cause an X-linked form of the disease.78  Mutations in the 

LMNA gene, which encodes the Lamin A/C proteins (also discussed in previous chapter 

sections), cause autosomal dominant forms of EDMD79, as well as many other heritable 

diseases collectively referred to as laminopathies.80  Expressivity of the EDMD disease 

phenotype (and that of other laminopathies) varies widely and does not correlate with the 

mutation type.81  Additionally, the majority of EDMD patients have mutations neither in 

EMD nor in LMNA, suggesting that modifier genes may contribute to the expressivity of 

the disease.82   

Nesprin-1 and -2 are candidates for such modifier genes.  Mutation screening of 

these genes in 190 EDMD patients was carried out in exons of Nesprin-1 and Nesprin-2 

that were chosen based on their known expression in skeletal and cardiac muscle, as well 

as on mapping of emerin and Lamin A/C binding sites to the corresponding protein 

domains.83  After identification of appropriate single-nucleotide polymorphisms, 

segregation analysis was carried out in the families of affected individuals.  Two and one 



 

 

35 

missense mutations were identified in evolutionarily conserved regions of Nesprin-1A 

and -2B, respectively, and cell biological studies were carried out on skin fibroblasts and 

myoblasts obtained from patients.83 

Nuclei in skin fibroblasts from affected patients show morphological defects 

similar to those observed in patients with mutations in EMD and LMNA, specifically, 

convoluted and/or fragmented nuclei of abnormal size, and variable uptake of DAPI 

evoking abnormal chromatin organization.  Integrity of the nuclear lamina is also often 

compromised as determined by IF using α-Lamin A and α-Lamin B antibodies.  While 

levels of Nesprin-1 and -2 appear normal, subcellular localization of these proteins is 

abnormal, with nuclear envelope and mitochondrial localization either reduced or absent.  

In addition, emerin localization at the nuclear envelope is abolished in all Nesprin-1 and -

2 mutant background fibroblasts investigated.  Emerin, Lamin and Nesprin-1 an -2 

localization defects similar to the fibroblasts are also found in the myoblasts.  In addition, 

sarcomere structure is less well defined than in wild type myoblasts.83 

Taken together, these findings suggest that mutations to Nesprin-1 and -2 can 

result in EDMD on their own, and that such mutations in EMD and LMNA mutant 

backgrounds might account for the variable expressivity of the EDMD disease 

phenotype. 

    

c) The functional overlap of Nesprin-1 and -2 is suggested by neonatal lethality in 
Nesprin-1ΔKASH and Nesprin-2ΔKASH homozygous double mutant mice 

  
 

As discussed in previous chapter sections, overexpression of the KASH domain of 

Nesprin-1 in mouse skeletal muscle displaces synaptic myonuclei away from 
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NMJs, but this myonuclear displacement does not result in a failure to develop NMJs, 

and mice are not obviously adversely affected by the muscle-specific overexpression.57  

Also, deletion of the CH domain of murine Nesprin-2 changes cellular and nuclear 

dimensions in the follicular epidermis, and results in a slow scratch wound healing 

phenotype, yet these defects do not result in deleterious effects to the organism as a 

whole.62  This is likely due to a degree of functional overlap between Nesprin-1 and -2, a 

hypothesis supported in part by the similar subcellular and -nuclear localization patterns 

of the two proteins. 

 To address the issue of functional overlap between Nesprin-1 and -2, KASH 

domain knockout mice were generated by ends-out homologous recombination, and 

homozygous double knockout (DKO) mice were bred.84  Nesprin-1 KASH homozygous 

knockout mice show pronounced synaptic myonuclear displacement and non-synaptic 

myonuclear clustering; this synaptic displacement significantly affected the sites of NMJ 

formation, causing longer motor nerve branches.  While homozygous Nesprin-2 KASH 

knockout mice show normal myonuclear distribution, overexpression of the Nesprin-2 

KASH domain has dominant negative effects as described previously for the 

overexpression of the KASH domain of Nesprin-1, i.e., displacement of synaptic 

myonuclei away from the NMJ.84  

  Intriguingly, while mice homozygous for either knockout alone are viable and 

fertile, homozygous Nesprin-1KASH/Nesprin-2KASH DKO mice are neonatal lethal.  DKO 

pups can move their jaws and limbs and have a heartbeat, however, their ribcages fail to 

move and the pulmonary alveoli fail to expand, resulting in cyanosis and death 

approximately 20 minutes after birth.  These results suggest that, while the 
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Nesprin-1 and -2 KASH domain knockout phenotypes do not completely overlap, the two 

proteins have complementary functions that support viability when the nuclear envelope 

localization of either protein is abolished.84 

 

Taken together, the findings described above indicate that mutations to the 

Nesprin-1 and -2 genes have phenotypes of clinical significance.  To date, phenotypes of 

mutations in Nesprin-3 have not been described.  However, in light of postulated roles for 

Nesprin-3 in linking IFs to the nuclear envelope via plectin74, 75, and the large number of 

known human diseases involving mutations to genes encoding IF proteins85, it seems 

reasonable to assume that human disease-causing mutations in Nesprin-3 with 

phenotypes resembling IF disease phenotypes will eventually be characterized.  

 

VERTEBRATE SUN DOMAIN PROTEINS 

 

Sun1 interacts with Syne proteins at the nuclear envelope in somatic cells 
 
 

 The mammalian SUN domain proteins Sun1 and -2 were first described as C. 

elegans UNC-84 orthologs, and were found in proteomic screens of the nuclear envelope 

of mouse neuroblastoma and mouse and rat liver cells.86  A testis-specific isoform of 

Sun1 was also recovered by Y2H in a screen to find translin-associated factor-X (TRAX) 

interactors.87 

 Sun1 interacts with the KASH domain of Nesprin-1 by Y2H, and with the KASH 

domains of Nesprin-1 and -2 by GST pulldown.7  Sun1 also associates with itself 
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in GST pulldown experiments; the self-association is likely due to coiled-coil domains C-

terminal to the transmembrane domains.88  The importance of the C-terminal proline 

triplet (Figure 1.1) shared by Nesprin-1, -2 and -3 for interaction with Sun1 is also 

demonstrated in GST pulldown experiments:  In the absence of this triplet, Sun1 fails to 

associate with the KASH domains of the nesprin proteins, and GFP fusions to triplet-less 

KASH domains fail to localize to the nuclear envelope in cultured cells.75, 88  Endogenous 

Sun1 also associates with endogenous Nesprin-2 by co-IP.89  

Use of α-Sun1 in IF shows colocalization of the protein with Lamin-A and Lamin 

B receptor (LBR) at the nuclear envelope in HaCaT cells.88  Selective permeabilization 

using N- and C-terminally epitope-tagged full-length and ΔSUN Sun1 indicates that the 

N-terminus of the protein is at the nucleoplasmic side of the inner nuclear envelope, and 

that the SUN domain is in the intermembrane space.  Biochemically, Sun1 behaves like 

an inner nuclear envelope protein:  it is refractory to extraction by high salt, chaotrope 

and detergent concentrations.88, 89  

The nucleoplasmic N-terminus of Sun1 interacts with Lamin-A by Y2H and in 

GST pulldowns.  In addition, the epitope-tagged N-terminal domain of Sun1 interacts 

with GFP-tagged Lamin-A in co-IP assays.  However, the association of Sun1 with 

Lamin-A is not required for SUN localization to the inner nuclear envelope, as Sun1 

localizes to nuclei in LMNA knockout cells.89  Given the nuclear envelope association of 

the SUN domain proteins of yeasts and Dictyostelium, organisms that lack a nuclear 

lamina, a direct interaction of Sun1 with chromatin proteins that accounts for the 

localization of Sun1 in the nuclear envelope is postulated.89     

Analysis of the sequence of Sun1 indicates the existence of four hydrophobic 



 

 

39 

runs of amino acids that are candidate transmembrane domains (one Sun1 splice variant 

lacks the N-terminal-most domain).90  Experiments using transgenes encoding partial 

proteins fused to GFP indicate that the most N-terminal of these hydrophobic runs is 

sufficient to confer inner nuclear envelope localization.  However, as the number of 

transmembrane domains in the GFP fusion proteins decreases, the extent to which the 

proteins also delocalize into the ER increases.  Careful analysis of the topology of the 

putative transmembrane regions by expression of tagged transgenic proteins in cultured 

cells, combined with selective permeabilization IF experiments and proteinase K 

protection assays, illustrate that only the C-terminal-most domain is a true 

transmembrane domain.  The hydrophobic domains further towards the N-terminus 

appear to target the protein exclusively to the inner nuclear membrane only when the 

transmembrane and SUN domains are also present in the protein, suggesting the 

hydrophobic domains may in fact mediate di- or oligomerization of SUN proteins within 

the intermembrane space.90 

 

Sun1 and -2 function semi-redundantly 
 
 

Similar experiments were performed for Sun2 as described for Sun1, i.e., 

expression analysis, interaction with Nesprin-1 and -2, subcellular localization, and 

topology within the inner nuclear memembrane, and yielded similar results:  Sun2 

interacts with the KASH domains of Nesprin-1 and -2 and with itself, is localized to the 

inner nuclear envelope, and interacts with Lamin-A.  However, unlike Sun1, the 

requirement of Lamin-A for the inner nuclear envelope localization of Sun2 is 
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more stringent.7  Furthermore, heteroligomerization of Sun1 and Sun2 within the 

intermembrane space is speculated to occur.  Taken together, these findings hint at 

functional redundancy of Sun1 and Sun2.7, 8, 75, 91   

Are Sun1 and Sun2 indeed functionally redundant?  Recent experimental 

evidence indicates that while the two proteins likely overlap in function, the overlap is 

not complete.  Specifically, while both proteins are simultaneously found at the nuclear 

envelope, their distributions there are not identical.  Sun2 is distributed within the nuclear 

envelope in a homogenous manner.  Sun1 however concentrates at the NPCs, and in the 

absence of Sun1, otherwise uniformly distributed NPCs form clusters within the nuclear 

membrane.90  As Sun-1 interacts with Syne proteins that in turn associate with 

cytoskeletal elements, this experimental result implies a linkage of the cytoskeleton to 

NPCs specifically via Sun1.  The functional significance of this link however has not yet 

been characterized. 

When Sun1 is knocked out in the mouse, homozygous adults are sterile, but are 

largely normal in appearance and have normal lifespans.  These findings suggest that 

while Sun1 has crucial functions for fertility, it is not essential for viability, presumably 

due to functional overlap with Sun2.92  

 

SPAG4, a male germline-specific SUN domain protein, localizes to specialized 
microtubule structures during spermiogenesis in the rat     
 

 
 In male gametogenesis in mammals, the haploid product of meiosis II is a round 

spermatid, which undergoes dramatic morphological changes as it differentiates into a 

mature sperm within the seminiferous tubules of the testes.  The most apparent 
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morphological changes include condensation of the nuclear DNA along with nuclear 

flattening and elongation, and the acquisition of a flagellum that propels the sperm 

forward in the female reproductive tract.93  

 In cross section, the sperm flagellum has the “9 + 2” configuration of 

microtubules characteristic of flagella:  nine evenly spaced fused pairs of microtubule 

doublets with a central singlet pair of microtubules.  Axonemal dynein “arms” connect 

each doublet to the doublet adjacent; the action of these dynein arms causes the doublets 

to slide past each other, which accounts for flagellar motion.  At the base of the flagellum 

is a basal body, which is a single centriole formerly part of the centrosome/MTOC of the 

round spermatid.  In the mature sperm, the basal body itself is the MTOC:  during 

spermatid elongation, it nucleates formation of the axoneme.93 

 A ring of nine outer dense fibers composed of outer dense fibrous (ODF) proteins 

surrounds the ring of microtubule doublets; these fibers are assumed to be crucial for 

elastic recoil during flagellar movement of sperm.  In a yeast two-hybrid screen with rat 

ODF1 protein as bait, a novel 49 kd ODF1-interacting protein, SPAG4, was found.  By 

Y2H, SPAG4 also interacts with itself.94   

 Expression analysis demonstrates that expression of Spag4 mRNA is limited to 

the testis, and more specifically, to round spermatids.  By sequence analysis, the ORF 

encodes a protein with leucine zipper motifs, a transmembrane domain, and a C-terminal 

SUN domain.94 

 Rabbit polyclonal α-SPAG4 antisera used in co-IP Western blotting, 

immunohistochemistry (IHC) and immuno-EM show that endogenous untagged ODF1 

and SPAG4 interact in protein extracts from purified rat elongating spermatids.  
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IHC in sections of seminiferous tubules demonstrates localization of SPAG4 to 

microtubules of the manchette, a specialized microtubule array involved in shaping the 

sperm nucleus, and to microtubules of the axoneme.  In elongated sperm in the 

epididymis, a prominent SPAG4 focus is observed in each sperm, however, the lack of 

counterstains precludes determining the subcellular localization of the focus.  By 

immuno-EM, puncta of SPAG4 immunoreactivity are found over manchette and 

axonemal microtubules.94   

Given the biochemical interaction of SPAG4 with ODF1 and the localization of 

SPAG4 to microtubules of manchette and axoneme, it is tempting to speculate that 

SPAG4 links microtubules both to outer dense fibers, and to the elongating spermatid 

nucleus.  However, as Spag4 mutants were not generated, the function of Spag4 in 

mammalian male gametogenesis remains uncharacterized. 

 

Taken together, the data for mammalian SUN domain proteins suggest their chief 

functions are to connect the cytoskeleton to the nuclear lamina (or to chromatin) via 

associations with cytoskeleton- or molecular motor-interacting KASH domain proteins. 

While no human diseases known to involve mutations to genes encoding SUN domain 

proteins exist, given their role in the LINC complex, it seems reasonable to postulate that 

such diseases will eventually be discovered.  Additionally, the Sun1 knockout 

experiments in mouse strongly suggest that mutations the human Sun1 ortholog that 

impair or abolish fertility will eventually be characterized.92  Finally, data I present in this 

dissertation suggest that loss-of-function mutations to human Spag4 are likely to cause 

male infertility. 
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ROLES OF THE KASH DOMAIN PROTEIN KLARSICHT IN POSITIONING 
NUCLEI AT THE MTOC IN D. MELANOGASTER EYE DEVELOPMENT 

 

klarsicht and msp-300 are two Drosophila genes encoding proteins that function 

in contexts similar to the nesprin proteins in vertebrates.4, 5  MSP-300 most closely 

resembles the mammalian nesprins:  it has a C-terminal KASH domain, N-terminal CH 

domains, and multiple spectrin repeats that separate the two domains.55  Klarsicht (Klar) 

has a C-terminal KASH domain, but lacks N-terminal CH domains, and the rest of the 

protein is composed of highly degenerate spectrin repeats.4  In this chapter section, I will 

discuss the role of Klarsicht in apical nuclear migrations of the developing Drosophila 

eye, as well as roles of the cytoskeleton, the nuclear lamina, and molecular motors in this 

process.   

 

Apical nuclear migrations occur during development of the compound eye  

  

 The ~800 ommatidia of the Drosophila adult compound eye develop from the eye 

imaginal disc, consisting of the squamous cell layer of the peripodial epithelium (PE) that 

covers the columnar cell layer of the disc proper (DP).95  In this summary, I will discuss 

events occurring in the DP only, to which I will refer hereinafter as the eye disc. 

 At the onset of determination of the cell types in the eye, a dorsoventral 

constriction called the morphogenetic furrow (MF) forms apically at the anterior margin 

of the disc.  The MF moves posteriorly into a pool of undifferentiated cells.  Ahead of the 

MF, nuclei in the undifferentiated cells are in cell bodies that occupy most of the cell 
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volume.  The nuclei in their cell bodies are distributed randomly along the apicobasal 

axis in these cells.  Interphase cells ahead of the MF extend from the apical surface to the 

basal membrane; mitotic cells however detach basally and round up at the apical surface 

as they divide.  In the MF, the nuclei and cell bodies plunge basally, and ommatidial 

assembly begins.95   

As the MF progresses posteriorly, cells become determined in its wake, starting 

with the photoreceptor (R-) cell known as R8.  R8 signaling results in recruitment of 

surrounding cells into a precluster comprising R2, R3, R4 and R5, and the nuclei in these 

cells rise apically as they become determined.  As new cells join the precluster, they form 

contacts with existing cells and become determined; the next cells to join the nascent 

ommatidium are R1, R6 and R7.  After these eight R-cells have been determined, four 

lens-secreting cone cells differentiate, and their nuclei rise apically as well.  In pupal 

retinogenesis, the pigment and interommatidial bristle cells become determined, and their 

nuclei also rise.95  These apical nuclear migrations contribute to the shape of the cells and 

thus to the convexity of the adult compound eye.  As the processes that result in 

ommatidial assembly are iterative, perturbations to these processes typically result in 

abnormally shaped or rough adult eyes.   

 
 
a) marbles/klarsicht mutants result in failures in apical nuclear migrations in cells 
of the eye 

 

In a mutant screen to identify genes resulting in rough adult eyes, alleles of an 

autosomal recessive gene were characterized in which eye roughness resulted from a 

failure of R- and cone cell nuclei to rise apically during larval eye disc 
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development.  R-cell nuclei falling into the axons resulted in oddly shaped cells, and gave 

the anterior of affected eye discs the appearance of a bag of marbles, which resulted in 

the gene being named “marbles” (marb).  Nuclear positioning in cone cells is also 

affected by mutations in marb.96 

Tangential sections of marb mutant adult eyes demonstrated shaping defects of 

the rhabdomeres that correlated with the nuclear positioning defect.  This defect 

notwithstanding, cone cells were nevertheless determined, and R-cells assumed their 

correct photoreceptor identities as assessed by expression analysis of markers 

characteristic for the various R-cell types.  This suggests that apical nuclear migration is 

uncoupled from cell determination in R- and cone cells.96 

In later experiments, marb was demonstrated to be allelic to klarsicht (klar).97 

klar is named after a failure in the cortical clouding phenotype observed during normal 

lipid droplet migrations in embryonic development.98  (“Klarsichtfolie” is the German 

term for a transparent plastic sheet used for overhead projectors.) 

 Initial molecular analysis of the klarsicht locus demonstrated that it is large and 

complex, covering 100 kb in the telomere region of chromosome arm 3L in the 

Drosophila genome.97  The ORF encodes a 2262 amino acid protein.  As sequence data 

from mammalian nesprins and C. elegans ANC-1 became available, a ~60 aa C-terminal 

domain that Klar shares with these proteins was recognized.  This domain was ultimately 

termed the KASH (Klar-/ANC-/Syne homology) domain, as discussed in the introduction 

to this chapter.43   

Subsequent analysis demonstrated that similarly to Nesprin-1 and -2, the klar 

locus encodes many isoforms.  One set of mRNA splice forms encodes protein 
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isoforms that include the KASH domain; another encodes those with a lipid droplet (LD) 

binding domain.99  In later experiments, both the KASH and LD domains were 

demonstrated to be sufficient to confer perinuclear and lipid droplet localization onto 

epitope tags, respectively.99, 100  The 2262 amino acid isoform with the C-terminal KASH 

domain is now known as the Klarα isoform, and the isoform that shares most of the N-

terminus with Klarα, but has an LD domain in lieu of the KASH domain, is called 

Klarβ.99  Transgenes encoding Klarα tagged N-terminally with a 6xMYC tag 

demonstrated perinuclear localization of the transgenic protein in R-cells, and indicating 

a direct mechanical role for Klar in apical migrations.97, 100 

 
b) Apical nuclear migrations require Klarsicht, Lamin, molecular motors, and an 
organized microtubule cytoskeleton 
   

 How does Klarsicht function to effect apical nuclear migration in R-cells?  

Experimental evidence suggests that the process requires apical formation of an MTOC 

as R-cells become determined, dynein and dynactin to walk the nucleus as a cargo 

organelle up to the MTOC, Klar to coordinate the activity of dynein/dynactin, and 

Lamin(Dm0), the fly orthologue of mammalian Lamin-A/C.101  A model for Klar-

dependent nuclear migrations in the eye is depicted in Figure 1.5B. 

The involvement of dynein/dynactin complex is demonstrated by the R-cell 

nuclear migration defects of Glued1 (Gl1).  Gl1 is a dominant negative form of the 

dynactin subunit p150Glued.  Both Gl1 and expression of dominant negative C-terminal 

truncations of Gl from inducible transgenes, cause nuclear positioning defects.102, 103 

Heterozygous Gl1 adults have rough eyes that are smaller than wild type.  R- and cone 
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cells are reduced in number, mitosis in undifferentiated cells is delayed, and R-cell nuclei 

fall into the axons.  Similar observations are made in eye discs in which inducible 

dominant negative Glued (GlDN) is expressed in R-cells.   

Interestingly, mutations in the kinesin heavy chain (khc) gene dominantly 

suppress the nuclear mispositioning phenotype of GlDN in the axons, suggesting that in R-

cells expressing GlDN, kinesin competes with dynactin at the nucleus, resulting in (+) end 

migration into the axons.104  A requirement for Klar in coordinating dynein and kinesin 

processivity in embryonic lipid droplet migrations has been described.105  These results 

suggest that Klar at the nuclear envelope of R-cells may be associated mainly with the 

dynein/dynactin complex, which walks nuclei towards the MTOC.  The Drosophila 

ortholog of LIS1, DLis1, is also likely to be part of the dynein/dynactin complex, as 

mutants in this gene result in aberrant nuclear migration phenotypes that are 

indistinguishable from those of GlDN.106 

Are R-cell nuclei walked towards the MTOC, or do MTOCs remain associated 

with their nuclei while dynein, anchored at the apical cortex, reels in nuclei to the apical 

surface?   To address this question, the location of the MTOC in the eye disc was 

determined both by expressing Nod-LacZ, which accumulates at microtubule (-) ends in 

R-cells, as well as by using an antibody against γ-tubulin.101  In wild type eye discs, both 

MTOCs and nuclei are apical in R-cells.  In klar- eye discs, the MTOCs are still apical, 

but R-cell nuclei fail to migrate apically.  Taken together with the findings of the GlDN 

experiments, this result suggests that the dynein/dynactin complex walks nuclei as cargo 

to the apical MTOC.101 

Klar expressed in R-cells from a transgene localizes not only perinuclearly, 
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but also to apical microtubules.  What domain or domains account for this non-nuclear 

localization?  To address this question, transgenes were generated that encoded 6xMYC-

tagged KASH-less Klar, and tagged C-terminal KASH domain only.  While the latter 

transgene showed tagged protein localizing exclusively to the nuclear envelope, the 

association of the protein encoded by the former transgene was mostly with apical 

microtubules.100  This suggests that the N-terminus of the protein interacts with 

microtubules in the cytoplasm, likely via the dynein/dynactin complex, and that the single 

transmembrane domain immediately N-terminal to the C-terminal KASH domain 

traverses the outer nuclear envelope.      

In a genetic screen to find dominant enhancers of the adult rough eye phenotype 

associated with Klar overexpression, alleles of Lamin(Dm0) were recovered.  Lam(Dm0) 

alleles as homozygotes and in trans to a deficiency chromosome have apical nuclear 

migration defects on their own, suggesting that Lam(Dm0) and Klar function in the same 

pathway to move nuclei apically in R-cells.101   

Taken together, these experimental data implicate the microtubule cytoskeleton, 

molecular motors, the A-type lamin Lam(Dm0), and the KASH domain protein Klar in 

apical nuclear migrations in the developing eye. However, the involvement of SUN 

domain proteins in nuclear positioning has not been described in Drosophila until 

recently.107  In addition, the event that triggers nuclear migrations in the eye disc has not 

yet been characterized.  In this dissertation, I describe experiments that attempt to fill 

these gaps in knowledge about how nuclear migrations are regulated in Drosophila eye 

development. 
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STATEMENT OF DISSERTATION RESEARCH SPECIFIC AIMS 

 

By sequence analysis, the Drosophila genome has two genes encoding proteins 

with C-terminal SUN domains, CG6589 and CG18584.108  Are the gene products of 

either gene required as an interacting partner for Klar in nuclear migration and 

positioning in the Drosophila eye disc?  Are CG6589 and CG18584 used nuclear 

migrations in different cell types of the eye, i.e., in neural vs. non-neural cell types?  

Does the expression of CG6589 or CG18584 trigger the apical nuclear migrations during 

3rd larval instar eye development?  To address these questions, I pursued the following 

specific aims: 

 

Aim 1:  Characterize expression patterns of CG6589 and CG18584. 

Aim 2:  Generate mutant alleles of CG6589 and CG18584. 

Aim 3:  Determine whether CG6589 and CG18584 mutants have nuclear positioning 

defects in the eye. 

Aim 4:  Establish whether CG6589 and CG18584 protein subcellular localization 

patterns are consistent with roles for these proteins in nuclear positioning.  

 

 Achieving these specific aims could result in the development of Drosophila 

models for human laminopathies involving mutations in genes encoding SUN domain 

proteins.  In addition, the use of facile yet powerful Drosophila genetics could be utilized 

to find novel candidate genes involved in laminopathic disease.    
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Chapter 2:  Identification of Drosophila SUN genes 

 

INTRODUCTION 

 

The goals of the research described in this thesis are as follows: 

1) to find genes that encode SUN domain proteins in Drosophila, 

2) to generate loss-of-function mutations in these genes, 

3) to characterize the loss-of-function phenotypes, and 

4) to elucidate the mechanisms by which the gene products act. 

 

In this chapter, I will describe how Drosophila SUN genes were found 

algorithmically, and will characterize their degree of similarity to other SUN domain 

proteins and to each other.  In addition, I will discuss briefly the existence of genes 

encoding non-canonical SUN domain proteins of unknown function in the Drosophila 

genome.  An alignment of mammalian, C. elegans and Drosophila SUN domain proteins 

is shown in Figure 2.1. 

 

RESULTS AND DISCUSSION 

 

Drosophila C-terminal SUN domain proteins 

 

When the SUN domain of C. elegans UNC-84 is used in a BLAST search against  
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Figure 2.1:  Conservation of interspecies SUN domains.  The amino acid sequences of 
the proteins with C-terminal SUN domains are shown (Kracklauer et al, 2007).  Light 
gray shading indicates similarities, and dark gray identities.   
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the Drosophila genome, the putative SUN domain of the annotated protein CG18584 

shows the highest similarity score (Figure 2.2)108.  CG18584 is located at cytological 

position 42D4, on the right arm of the second chromosome, and encodes a predicted 563-

amino acid protein.109   

The predicted SUN domain of CG18584 is 60 percent similar to that of UNC-84.  

When the remaining amino acids outside of the SUN domain of UNC-84 are used in a 

BLAST search against the Drosophila genome, UNC-84 and CG18584 are 57 percent 

similar only in the region ~110 amino acids immediately upstream of their SUN domains 

(Figure 2.1). 

While the SUN domain of UNC-84 also aligns with the putative SUN domain of 

the annotated Drosophila protein CG6589 (49 percent similarity; see Figure 2.1), the 

SUN domain of C. elegans SUN-1 also aligns well with CG6589, showing 47 percent 

similarity (Figure 2.2).  In addition, the SUN domain of SUN-1 is more similar to the 

SUN domain of CG6589 than to that of CG18584.  CG6589 is found at cytological 

position 32F4, on the left arm of the second chromosome, and the predicted ORF encodes 

a protein of 275 amino acids.  Similarly to CG18584, no mutant alleles of CG6589 have 

been characterized to date.  Outside of their SUN domains, SUN-1, UNC-84 and CG6589 

show no obvious similarity to each other. 

The SUN domains of UNC-84 and SUN-1 are 45 percent similar to each other, 

and the SUN domains of CG18584 and CG6589 are 51 percent similar to each other.  

Given the degree of cross-species similarity in SUN domains between the possible 

orthologs UNC-84 and CG18584 and that of the SUN domains in SUN-1 and CG6589  
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Figure 2.2:  Alignment of C. elegans SUN domains with Drosophila CG18584 and 
CG6589 SUN domains.  At 60% similarity, the SUN domain of UNC-84 is more similar 
to that of CG18584 than to that of CG6589, and at 47% similarity, the SUN domain of 
SUN-1 is more similar to that of CG6589 than to that of CG18584.  Boxes indicate 
similarities, and shading indicates identities.  
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(60 and 47 percent, respectively; see Figure 2.2), the lower average degree of intraspecies 

similarity between paralogous domains suggests that within Drosophila, the paralogs 

may diverge functionally. 

In the case of the SUN domain of S. pombe SAD1, the BLAST search against the 

Drosophila genome reveals significant similarities only to the putative SUN domains of 

CG18584 and CG6589, at 59 and 50 percent similarity, respectively (Figure 2.3).  No 

significant similarities are observed outside of the SUN domains of SAD1 and the 

annotated fly proteins. 

 

Drosophila SUN-like proteins (SLPs) 

 

As sequence information for an increasing number of genomes has become 

available and as alignment algorithms have improved, two additional Drosophila proteins 

with SUN-like domains have surfaced.  These two proteins were found using the 

Conserved Domain Database feature available through the website of the National Center 

for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/).  An alignment of 

Drosophila SUN- and SUN-like proteins is shown in Figure 2.4. 

CG31678 is found at cytological position 38D2-4 on the left arm of the second 

chromosome.  The predicted protein is 1621 amino acids in size and contains a SUN-like 

domain spanning amino acids 613 through 736.  The only mutant alleles described thus 

far are intronic and 5’ UTR transposon insertions; none of these alleles have been 

documented to result in obvious phenotypes.  The amino acid sequences of other domains  
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Figure 2.3:  Alignment of S. pombe SAD1 SUN domain with the SUN domains of 
Drosophila CG18584 and CG6589.  The percent similarity between SAD1 and CG18584 
is higher than CG6589 (59 and 50 percent, respectively).  Boxes indicate similarities, and 
shading indicates identities.   
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Figure 2.4:  Alignment of the SUN and SUN-like domains of CG18584, CG6589, 
CG31678 and CG5604.  While SUN domains of CG18584 and CG6589 are C-terminal, 
the SUN-like domains of CG31678 and CG5604 are internal.  Boxes indicate similarities, 
and shading indicates identities.   
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of the protein suggest functions in oxidoreductase activity and electron transport.  While 

a BLAST search against all proteins in the NCBI database reveals many possible 

orthologs in other species, none of these orthologs have been characterized to date.  The 

SUN-like domain of CG31678 is 67 percent, 71 percent and 76 percent similar to the 

SUN-like domains of the putative orthologs in C. elegans, mouse and human, 

respectively (Figure 2.5).   

CG5604 is found at cytological position 31C4 on the left arm of the second 

chromosome and encodes a predicted protein of 2727 amino acids.  In addition to an 

internal SUN domain spanning amino acids 1173-1298, the putative protein also has a 

MIB-HERC2 domain at amino acids 1333-1392, and a C-terminal HECT domain found 

in ubiquitin E3 ligases.  The presence of the HECT domain suggests a role for CG5604 in 

the ubiquitin cycle, however, no experimental evidence for E3 ligase activity has been 

reported.  A transposon insertion allele of CG5604 has been characterized, but no readily 

observable phenotype is known.  Mouse HECTD1 is orthologous to CG5604, and 

HECTD1 alleles cause incompletely penetrant neural tube closure defects in 

heterozygous animals, suggesting the protein is required at a critical threshold for neural 

tube closure.110  The similarity of the CG5604 SUN-like domain to the SUN-like 

domains of the likely C. elegans and mammalian orthologs is 75 percent and 86 percent, 

respectively (Figure 2.6).  However, unlike the C-terminal SUN domain proteins and 

CG31678, outside of the SUN-like domain, the cross-species similarity of CG5604 to its 

orthologs is also high, at 60 percent and 70 percent for C. elegans and mammals, 

respectively (data not shown). 
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Figure 2.5:  Interspecies alignment of CG31678-related SUN-like domains.  The 
alignment of these proteins is most robust within the SUN-like domains.  Boxes indicate 
similarities, and shading indicates identities.   
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Figure 2.6:  Alignment of the CG5604-related SUN-like domains.  The alignment of 
these proteins is robust not only within the SUN-like domains, but also throughout the 
entire proteins; space constraints preclude showing the alignments of the entire proteins, 
which are all larger than 2000 amino acids.  Boxes indicate similarities, and shading 
indicates identities.   
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CONCLUSION 
 

By BLAST alignment against the characterized C. elegans proteins UNC-84 and 

SUN-1, the genome of Drosophila encodes two C-terminal SUN domain proteins, 

CG18584 and CG6589.108  The SUN domain of UNC-84 is most similar to that of 

CG18584, and the SUN domain of SUN-1 is most similar to that of CG6589.  In addition, 

there are two SLPs encoded in the Drosophila genome, CG31678 and CG5604, with 

internal SUN-like domains.  All D. melanogaster SUN and SUN-like genes are found on 

the second chromosome. 

While within Drosophila, the degree of similarity of the SUN domains to each 

other is relatively low, when comparing the putative orthologs between species, the 

degree of similarity is relatively high. Of particular noteworthiness is the highest cross-

species similarity of CG5604 to its putative orthologs in nematodes and mammals, 

suggesting this protein may have a vital function in metazoans. 

To date, the functions of Drosophila SUN and SUN-like genes have not been 

characterized. For the former, if amino acid sequence similarity predicts functional 

homology, CG18584 and CG6589 may correspond functionally to UNC-84 and SUN-1, 

respectively.  The SLPs CG31678 and CG5604 have orthologs in other organisms.  The 

mouse CG5604 ortholog, HECTD1, has been implicated in neural tube closure, 

suggesting the Drosophila protein may have an important function in development of the 

nervous system.  However, SLP functions have yet to be characterized in Drosophila.  In 

this thesis, I will describe research I performed to characterize functionally the C-

terminal SUN domain proteins CG18584 and CG6589. 
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Chapter 3: Expression patterns of CG18584 and CG6589 

 

INTRODUCTION 

 

The uncharacterized Drosophila genes CG6589 and CG18584 encode proteins 

with C-terminal SUN domains and are found on the second chromosome at cytological 

bands 32F4 and 42D4, respectively.  The encoded proteins are likely candidates for 

connecting KASH domain proteins in the ONM to the nuclear lamina in cells of the 

developing eye.  However, the expression pattern of neither gene is known. In this 

chapter, I will describe experiments that establish where and when CG6589 and 

CG18584 mRNAs are expressed.  In addition, I will discuss inconsistencies between the 

annotated mRNA sequences, and those I obtained experimentally.   

 

RESULTS AND DISCUSSION 

 

To analyze whether CG18584 is expressed in the eye, I obtained crawling w1118 

3rd instar larvae and dissected eye imaginal discs into the in-tissue RNA preservation 

solution RNAlater (Ambion, Austin, TX).  The two eye discs co-dissect with antennal 

imaginal discs as part of a bilaterally symmetric imaginal disc complex that comprises 

~100,000 cells, and thus are miniscule.  With no prior knowledge about expression levels 

of the target gene, I opted to dissect a total of 500 eye disc pairs to ensure sufficient 

copies of the target mRNA for expression analysis. 
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The annotated genomic sequence of CG18584 includes two small introns.109  

When I used total eye/antennal disc RNA in RT-PCR, I designed PCR primers that 

amplified a partial CG18584 cDNA from which the introns had been spliced, thus 

yielding a PCR product smaller than the corresponding genomic product.  Upon gel 

analysis of the CG18584 RT-PCR product, I observed an amplicon size consistent with 

spliced mRNA, indicating that CG18584 is indeed expressed in the eye/antennal disc.  As 

an unspliced size control, I PCR-amplified the corresponding genomic sequence from the 

bacterial artificial chromosome BAC07J20 with the same primer pair (Figure 3.1). 

Is CG18584 expressed in tissues outside of the eye disc?  To answer this question, 

I dissected eye/antennal discs from ten w1118 3rd instar larvae, discarded the discs, and 

isolated total RNA for RT-PCR from the remaining larvae.  Using the same primer set as 

in the eye disc total RNA analysis, I obtained an amplicon identical in size to the partial 

cDNA described previously (Figure 3.2).  From these data, I infer that CG18584 is 

expressed outside of the eye.  In a subsequent chapter, I will describe protein expression 

within and outside of the eye in greater detail. 

 

Careful analysis of the CG18584 genomic region and intron/exon structure suggests 
errors in the existing gene annotation 
 

Is the predicted CG18584 ORF accurate and complete?  Experiments I performed 

may indicate that the annotated ORF is not accurate in the 5’ region, and careful analysis 

of the DNA sequence upstream of the annotated start codon reveals that another 5’ exon 

may exist.  In addition, my CG18584 cDNA sequence data strongly suggest that one of 

the previously predicted splice donor sites is incorrect. 
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Figure 3.1:  CG6589 and CG18584 mRNA transcripts in the Drosophila eye.  A 
photograph of an EtBr-stained agarose gel with PCR products that correspond to mRNAs 
is shown (Kracklauer et al, 2007).  RT = reverse transcriptase.  The schematics at the 
bottom show the expected sizes of the cDNA and genomic amplicons. 
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Figure 3.2:  CG18584 mRNA is expressed outside of the eye disc.  A photograph of an 
EtBr-stained agarose gel is shown. RNA for RT-PCR was obtained from whole larvae 
from which eye discs were removed.  The CG18584 amplicon size (568 bp) is the same 
here as observed in the eye disc (see Figure 3.1).  100, 500, 600, 1000, and 1500 bp rungs 
of a 100-bp DNA ladder are labeled.  γ-tubulin23C mRNA was amplified as a reagent 
control. 
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My first experiment that hinted at an incorrect annotation of CG18584 was a 

failed attempt to rescue the CG18584 null phenotype in the eye with a GFP-tagged UAS 

transgene under control of the pan-somatic Act5C-Gal4 driver (see Chapter 5 for a 

detailed discussion of the CG18584 null phenotype).  The failure to rescue could be 

attributed to a key protein-protein interaction being sterically hindered by GFP, therefore, 

this result on its own does not provide strong evidence for missing 5’ cDNA sequence.  

However, a similar phenotype rescue experiment with an untagged transgene under direct 

control of the rough (ro) promoter111, which drives transgene expression in a subset of 

developing cells in the eye, and has been used successfully in similar phenotype rescue 

experiments in the lab107, also failed.  Taken together, these failed experiments possibly 

indicate that sequences encoding domains crucial for CG18584 function are missing from 

the annotated ORF. 

To address the issue of missing 5’ cDNA sequence, I attempted 5’ RLM-RACE of 

CG18584 mRNA (see Figure 3.8 for a description of this technique).  However, the start 

codon I uncovered was not only downstream of the annotated ATG, but was the fourth 

downstream ATG in the annotated ORF.  As it is highly unlikely that the 5’ UTR of 

CG18584 would have three in-frame ATGs, I suspect this experimental result is an 

artifact and thus is not the true start codon in the ORF. 

When the sequence immediately upstream of the annotated start codon is closely 

analyzed, a possible intron with near-consensus splice donor and acceptor sites is found 

(Figure 3.3 A).  After splicing, the new CG18584 ORF would thus encode 47 additional 

amino acids (Figure 3.3 B).  The novel N-terminal amino acids of CG18584 form gap- 
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Figure 3.3:  Reassessment of the 5’ end of CG18584 in algorithmo.  A.  A possible novel 
intron (highlighted in red) is found upstream of the annotated CG18584 start codon.  An 
alternative start codon (highlighted in green) is proposed.  The new upstream exon 
encodes only three amino acids, but would splice to the putative 5’ UTR of the first 
annotated exon to give a novel 5’ ORF.  B.  The speculated new 5’ region of the ORF is 
in frame to the annotated ORF, and would encode a peptide of 47 amino acids.  C.  The 
47 amino acids encoded by the possible novel 5’ sequence are well conserved between 
the Drosophilid species D. melanogaster, D. persimilis and D. pseudoobscura. 
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free and robust alignments with those predicted for the D. persimilis and D. 

pseudoobscura orthologs, showing 55 percent identity and 74 percent similarity to the 

relevant amino acid sequences in both Drosophila species (Figure 3.3 C).  If the new 

sequence information is correct, the missing amino acids may explain why the transgene 

rescue experiments described above failed. 

In RT-PCR experiments unrelated to finding additional sequence at the 5’ end of 

the CG18584 ORF, data I obtained indicate that the splice donor site of the first annotated 

intron was predicted incorrectly.  When I used eye disc total RNA to generate a full-

length CG18584 cDNA, the sequence of the intronless product suggested a non-canonical 

splice donor site, …AG•GCAAGT…, where the italicized cytosine is the non-canonical 

base at the otherwise robust splice junction (thymine being the expected base at that 

position).  The FlyBase EST CO178305, which is a partial CG18584 sequence, also 

supports the use of this non-canonical splice donor site to generate the ORF (Figure 3.4 

A).109 

The novel ORF encodes the amino acids valine, leucine and lysine, replacing 

lysine, serine and arginine at positions 456, 457 and 458, respectively, and no longer 

encodes the annotated glycine at position 455 (Figures 3.4B and 3.5).  When the 

alignments of SUN domains in Figure 2.1 are examined closely, all other SUN domain 

amino acid sequences have a gap at Gly455 in CG18584.  Also, the newly characterized 

amino acids are more similar to those at corresponding sites of the other SUN domains 

(Figure 3.5).  I therefore predict that the amino acids encoded by the CG18584 cDNA I 

generated are more accurate than the annotated translation at those amino acid positions. 
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Figure 3.4:  A non-canonical splice junction is used to generate CG18584 mRNA.  A.  
The EST CO178305 differs from the annotated CG18584 mRNA as indicated in the 
alignment; this difference is attributed to a non-canonical splice junction as described.  B.  
Annotated vs. experimentally inferred CG18584 amino acid sequence.  The new amino 
acid sequence (“Sbjct”) is derived from the described non-canonical splicing event. 
 



 

 

69 

 
 
Figure 3.5:  Old vs. new CG18584 alignments.  The experimentally determined splice 
junction of the first intron results in different and fewer amino acids in the relevant region 
of the protein (CG18584 cor = correct) than the annotated splice junction (CG18584 
incor = incorrect).  The new amino acids result in a more robust alignment with 
comparable regions of other SUN domains than the annotated amino acids. 
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EXPRESSION ANALYSIS OF CG6589 
 

Analysis of CG6589 expression in the eye/antennal disc was essentially as 

described for CG18584, in which I ascertained differences in size between genomic and 

cDNA amplicons.  In the case of CG6589, I consistently obtained a barely detectable 

amount of RT-PCR product that corresponded in size to the genomic amplicon (Figure 

3.1).  However, as the total RNA used in the RT-PCR had been treated exhaustively with 

DNase I, amplification from contaminating genomic DNA can likely be ruled out as the 

cause.  In addition, a no-RT control yielded no visible PCR product on a gel, thus 

eliminating the possibility of genomic DNA contamination as template for the PCR 

product.  This suggests that a small amount of unspliced primary CG6589 RNA transcript 

is produced in the eye.  As I could not find an amplicon corresponding to spliced mRNA 

in this tissue, I presume that CG6589 protein is not expressed endogenously in the eye 

and has no essential functions in this organ. 

Prior attempts at amplifying the annotated CG6589 ORF by RT-PCR for the 

purpose of generating transgenes had been successful using total RNA from adult flies.  

In a repeat attempt to amplify the CG6589 ORF, I separated adult flies by sex, isolated 

total RNA separately from ten males and ten females, and repeated the RT-PCR with 

primers identical to those used in the eye expression analysis. 

My decision to separate the flies by sex was motivated by the possibility of 

observing female-specific expression of CG6589.  Oogenesis in Drosophila requires 

anchoring polyploid nurse cell nuclei away from the ring canals to permit unrestricted 

flow of anteroposterior and dorsoventral determinants and yolk protein through the 
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syncytium and into the oocyte.112, 113  Therefore, a KASH and SUN domain protein 

interaction – for example, between the KASH protein MSP-300 and CG6589 – might be 

necessary for nuclear anchorage in oogenesis, and CG6589 may therefore be expressed 

only in females. 

My results however indicated that a partial cDNA consistent with a spliced 

mRNA could be amplified only from males. (Figure 3.6).  To establish when during male 

development CG6589 expression was most robust, I carried out developmental RT-PCR 

using the same primer set as for eye expression analysis, and total RNA isolated from 

male 3rd instar larvae, ~50-hour-old pupae, and adults. 

To facilitate sex determination of larvae and pupae, I crossed males of genotype 

FM7c-Kr•GFP/Y to w1118 females.  Progeny males in the pre-adult stages were identified 

both by the presence of round immature testes readily visible in transparent larvae, and 

by the absence of the FM7c-Kr•GFP X-balancer chromosome in larvae and pupae.  I 

found that CG6589 is expressed at low levels in larvae, is highly expressed in pupae, and 

is again weakly expressed in adults (Figure 3.7 B).  While these results are not strictly 

quantitative – I did not co-RT-PCR an internal standard mRNA of known concentration – 

the number of larvae, pupae or adults used for each RNA isolation was identical, as were 

the amounts of total RNA used in each RT-PCR. 

Rat Spag4 encodes a SUN domain protein that associates with microtubules and 

flagellar axonemes in various post-meiotic stages of sperm development94 (a detailed 

discussion of CG6589 protein expression will follow in Chapter 9).  mRNA expression is 

first seen in male rats four weeks postpartum, peak expression of Spag4 mRNA occurs 

around adolescence (~five weeks p.p.), and gradually tapers off over the remaining  
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Figure 3.6: Spliced CG6589 mRNA is found only in males. A photograph of an EtBr-
stained agarose gel with RT-PCR products is shown. Spliced CG6589 mRNA 
(represented by a 618 bp PCR product) is found in a mixed-sex population and in males, 
but not in females. γ-tubulin23C mRNA was amplified as a reagent control. 
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Figure 3.7:  Comparison of mouse Spag4 and Drosophila CG6589 expression patterns in 
developmental RT-PCR.  A.  Mouse Spag4 expression is first seen in 3-week-old males 
(lane 4).  Peak expression levels occur at four weeks of age (lane 5) and then gradually 
decline over the lifespan of the mouse (weeks 5, 7, 13 and 57 in lanes 6, 7, 8 and 9, 
respectively).  B.  Moderate levels of CG6589 expression are observed in Drosophila 3rd 
instar larvae.  Expression levels apparently peak mid-pupation, and decline thereafter.  
The expression patterns of mouse Spag4 and Drosophila CG6589 thus share similarities 
with regard to sex specificity and developmental stage.  Figure 3.8 A are data by Xing et 
al (2004). 
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Figure 3.8:  5’ RNA ligase-mediated (RLM)-RACE and 3’ RACE with anchored 
oligo(dT).  In 5’ RLM-RACE, calf intestinal phosphatase (CIP) removes 5’ phosphate 
groups from degraded mRNA, rRNA, tRNA and DNA, rendering these molecules 
ineffective as substrates for T4 RNA ligase.  Tobacco acid pyrophosphatase (TAP) is 
used to remove 5’ methylguanosine from intact mRNA, leaving a 5’ phosphate that is an 
appropriate substrate for T4 RNA ligase.  The sequential treatment of total RNA with 
CIP and TAP thus limits T4 RNA ligase activity to mRNAs that are intact at their 5’ 
ends.  After ligation of the RNA adapter to the 5’ phosphate group of mRNA, the CIP- 
and TAP-treated RNA is reverse transcribed, then PCR-amplified using a gene-specific 
reverse and an adapter-specific forward primer.  RLM-RACE thus results in enrichment 
of the targeted 5’ ends in the RT-PCR.  In 3’ RACE using anchored oligo(dT) primers, 
the anchor (NV) at the 5’ end of the oligo(dT) adapter reduces the number of mRNAs 
that can be reverse transcribed, thus rendering the PCR with the gene-specific forward 
and the adapter-specific reverse primer more specific, resulting in enrichment of 
polyadenylated 3’ ends of transcripts.  Figure reprinted in modified form from the 
FirstChoice RLM-RACE Kit product manual (Applied Biosystems/Ambion).  
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lifespan of the rat, an expression pattern that resembles that of CG6589 (Figure 3.7 A).114 

While the Spag4 mutant phenotype is unknown, given the male-specific expression 

pattern of both Spag4 and CG6589 and the subcellular localization of Spag4 in testes, it 

seems reasonable to hypothesize that strong alleles of either gene could result in 

compromised male fertility.  The phenotype of CG6589 mutants, the CG6589 protein 

expression pattern, and the likely orthology of this gene to Spag4 are topics I will discuss 

in greater detail in later chapters of this thesis. 

Most SUN domain proteins described previously have at least one TM domain N- 

terminal to the SUN domain.  The annotated ORF of CG6589 does not encode a protein 

with a TM domain, suggesting that this ORF is only a partial sequence.  To find 

additional sequence, I used total male pupal RNA in 5’ RLM-RACE and in standard 3’ 

RACE. 

The 3’ RACE results showed that the region of the ORF with the stop codon had 

been predicted correctly; in addition, I found a hitherto uncharacterized 3’ UTR 

approximately 160 nucleotides in length (Figure 3.9 A).  In the 5’ RLM-RACE, I found a 

novel 5’ UTR comprising 21 nucleotides, and a novel initiator codon upstream of the 

ATG annotated previously.  The new 5’ sequence encodes an additional 29 amino acids, 

in which a run of 20 amino acids is predicted to comprise a single-pass TM domain using 

the TM-HMMER transmembrane helix finder algorithm (Figure 3.9 B).115 
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Figure 3.9:  A novel CG6589 ORF obtained using 5’ RLM and 3’ RACE.  A.  The 
previously annotated ORF is in red.  New 5’ sequence encoding hitherto uncharacterized 
amino acids is in blue, with the initiator codon in green.  Novel 5’ and 3’ UTRs are in 
orange and pink, respectively.  B.  Previously annotated CG6589 amino acids are in 
purple.  Amino acids that result from the translation of the new ORF are in blue and red; 
the TM domain resulting from the translation of the new ORF is in red.  The novel 
protein has 29 additional amino acids over the annotated protein, all at the N-terminus. 
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CONCLUSIONS 

 

The putative SUN gene CG18584 is expressed in the developing Drosophila eye 

as assessed by RT-PCR.  Its gene product is therefore a likely candidate SUN domain 

protein that can interact with the KASH domain of Klar.  However, the ORF of CG18584 

as annotated may be incomplete at the 5’ end, based both on the presence of a possible 

novel exon, and on aligning the translation of the novel 5’ ORF to partial proteins of 

CG18584 orthologs in other Drosophila species.  Also, my CG18584 cDNA sequence 

data and an independently generated EST support the existence of a non-canonical splice 

donor site for the first annotated intron. 

In contrast to CG18584, expression of the SUN gene CG6589 cannot found in the 

eye by RT-PCR.  However, spliced CG6589 mRNA is found exclusively in male larvae, 

pupae and adults, and mRNA levels of this gene apparently peak during pupation.  As 

this temporal expression pattern resembles that of another SUN gene, Spag4, expressed 

only in male rats, CG6589 may be the Drosophila ortholog of Spag4.  The male-specific 

mRNA expression patterns of the two genes, taken together with immunolocalization 

data indicating that SPAG4 is expressed in post-meiotic stages of spermatid development, 

suggests a role for the CG6589 gene product in male gametogenesis. 
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Chapter 4:  Generating CG18584 mutants 

 

 

INTRODUCTION 

 

 In the previous chapter, I discussed data indicating that CG18584 is expressed in 

the 3rd larval instar eye imaginal disc as assessed by RT-PCR, and that the gene product 

is therefore a likely candidate SUN protein that interacts with Klarsicht to effect apical 

nuclear migrations.  What phenotype results from loss of CG18584 function, and are 

these phenotypes a consequence of aberrant nuclear positioning?  

As there were no recorded mutants in CG18584 prior to the work discussed in this 

dissertation, I generated mutants in a targeted manner using ends-out homologous 

recombination (henceforward referred to as ends-out HR).  In this chapter, I will describe 

the technique of ends-out HR in Drosophila and show Southern blot data that indicate the 

targeted mutagenesis was successful. 

 

RESULTS AND DISCUSSION 

 

Ends-out HR proved successful for generating loss-of-function CG18584 mutants.  

Using this technique enabled the deletion of the entire annotated 1,946 base-pair locus 

from the genome, which was replaced with the w+ marker gene, resulting in easily scored 

red-eyed flies in the w1118 genetic background.116  A schematic that summarizes the 

results of the technique is depicted in Figure 4.1.  Details about reagents used for  
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Figure 4.1:  Schematic for ends-out HR in flies.  In this technique, the target gene is 
replaced by the easily-scored w+ gene.  Xs indicate where recombination occurs.  
Reprinted from Drosophila.  A Laboratory Handbook (2005)  



 

 

80 

 
the technique are discussed in Materials and Methods.   

 

CLONING OF THE CG18584 DISRUPTION CONSTRUCT  

 

 The vector I used to generate the CG18584 donor construct was pW35, which has 

the following features:  a w+ gene flanked by multiple cloning sites, in turn flanked by 

sites for the homing endonuclease I-SceI, and finally flanked by FRT sites upon which 

the site-specific yeast recombinase FLP acts.116  The homologous sequences in the pW35-

CG18584HRKO donor construct were approximately four kilobase PCR products that had 

been amplified from regions immediately up- and downstream of the annotated CG18584 

region, and were sequentially cloned into pW35 into the multiple cloning sites flanking 

w+.107  Figure 4.2 depicts the pW35 vector, and the figure legend outlines the cloning 

steps involved in generating the pW35-CG18584HRKO construct. 

 The template used for the PCR of the homologous arms was the bacterial artificial 

chromosome (BAC) BAC07J20 (Open Biosystems, Huntsville, AL), which contains 

Drosophila genomic sequence from isogenized flies of the strain y[1]; cn bw sp.  I chose 

to use this BAC as the template, as PCR from the subregion of the genome covered by 

the BAC was in my estimation likely to work more robustly than a PCR with the entire 

genome as template DNA.  While it is likely that there were single nucleotide sequence 

differences between the homologous arms in the donor amplified by PCR from the BAC 

and the target in the genome in which gene replacement occurred, such mismatches 

between donor and target are reported to be inconsequential to the success of the ends-out  
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Figure 4.2:  Schematic of the pW35 vector. An approximately 4 kb region homologous to 
genomic sequence 5’ to CG18584 was cloned non-directionally into the NotI site, and a 
region of equal size 3’ to CG18584 was cloned non-directionally into the BamHI site, 
resulting in pW35-CG18584HRKO.  A detailed description of the cloning of this disruption 
construct is provided in the Materials and Methods section of this dissertation.  This 
figure was provided by Wei Gong and Kent Golic. 
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technique in Drosophila.117  

The region immediately upstream of CG18584 contains the uncharacterized gene 

CG3287.  To rule out that any aspect of the phenotypes observed when targeting 

CG18584 were due to inadvertent mutagenesis of this upstream gene due to PCR error, 

high-fidelity thermostable polymerase was used in the PCR of the homologous arms from 

the BAC template, and the PCR product containing CG3287 sequence was sequenced 

and thoroughly checked for PCR errors.   No differences were observed between the PCR 

product and the BAC template, and it therefore seemed unlikely to me that mutations 

altering or abolishing CG3287 expression would arise if the CG3287 sequence of the 

targeted chromosome were replaced by the sequence in the targeting construct.   

 

GENERATING CANDIDATE CG18584 DELETION STOCKS  

 

 The pW35-CG18584HRKO construct was introduced into the germline of flies of 

the genotype w1118;; MKRS/TM6B by P element transformation.  Curiously, in most of 

the transgenic stocks obtained, the donor P elements inserted into the second 

chromosome, which is the chromosome containing CG18584.  This observation may be 

attributable to parahomologous recombination of the donor with the genome, and was not 

further investigated in these studies.118 

 To induce targeted HR events, a fly crossing scheme was followed as depicted in 

Figure 4.3.  Virgin female flies of the genotype y w; pW35-CG18584HRKO were collected 

and aged for 1-2 days at 25˚C, and then crossed to males of the genotype (y) w;; [hs- 
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Figure 4.3:  Ends-out HR crossing scheme to generate CG18584 deletion mutants.  The 
subscript “t” in the final solid-eyed males means a targeted insertion.  Details of the 
crossing scheme are discussed in this chapter, and in the Materials and Methods section. 
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FLP],[hs-I-SceI]/TM3, Sb.  This mating was carried out with ~500 flies of each genotype 

in an embryo collection cage.  F1 embryos were collected every 24 hours and were 

subjected to the following treatments:  First, the embryos were rinsed in PBS, 

dechorionated in 50% bleach solution, and rinsed again in Embryo Wash Buffer.  Then, 

embryos were weighed in a tared container and resuspended in Embryo Resuspension 

Buffer at approximately 0.5 g/ml.  80-90 microliter aliquots of resuspended embryos 

were pipetted into unyeasted food vials, where they were permitted to develop into first-

instar larvae overnight at 25˚C.  The following day, the vials containing first instar F1 

progeny were heat-shocked at 38˚C for one hour in a water bath, and the heat-shocks 

were repeated twice in 24-hour intervals.  These heat shocks induced expression of the I-

SceI homing endonuclease and the FLP recombinase, which could then act on the 

relevant sites of the donor molecule to generate a linear knockout construct with 

recombinogenic double-stranded ends. 

Upon conclusion of the heat-shocks, the larvae were permitted to develop 

normally at 25˚C until adulthood.  Treating the F1 progeny in this manner provided the 

following advantages:  First, the P generation adults were not subjected to the heat 

shocks, which would have compromised their fertility and viability.  Second, by virtue of 

pipetting consistent volumes of F1 embryo suspension into each vial, I was able to 

recover reproducible numbers of the desired F1 individuals.  Finally, as the time window 

for F1 embryo collection was 24 hours, the F1 generation reached the adult stage more or 

less simultaneously, greatly facilitating screening and collecting F1 adults.   

In the F1 generation, I screened the progeny for female flies of genotype (y) w; 
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pW35-CG18584HRKO/+; [hs-FLP],[hs-I-SceI]/+.  These females had eyes mosaic for w+, 

reflecting the fact that the w+-containing donor had excised from the genome as a result 

of FLP recombinase and homing endonuclease action, and had reinserted into the genome 

in cells of the eye, where w+ is expressed.  w+ mosaicism in the eye was manifest as 

streaks of facets with a pale yellow color in an otherwise w- eye.  Mosaicism in the eye is 

indicative of mosaicism in all tissues of the affected flies, including gametes in the 

germline in which targeted reinsertion events may have occurred.  Virgins of the 

indicated genotype were used in the F1 cross, as recombination events are reported to 

occur 10- to 20-fold more frequently in females than in males of the same genotype.116  

In the female gametes, donor reinsertion events can occur in targeted manner (i.e., 

into CG18584).  However, the donor may fail to excise from its original insertion site.  

Both the original donor insertion and CG18584 were on the second chromosome.  To 

distinguish between w+ eye color mapping to the second chromosome due to correct 

targeting, or due to failure in donor excision, the mosaic-eyed F1 females were crossed to 

w; hs-FLP males, which constituitively express FLP recombinase.  When the donor fails 

to mobilize, the FRT sites are retained, and the FLP recombinase supplied by the F1 

males can act upon those sites in the F2 progeny, resulting in excision of the w+-

containing donor, and ultimately in F2 offspring with either completely w-, or w+/ w--

mosaic eyes.  Targeted insertions of the donor in F1 female gametes however would 

result in the FRT sites recombining away (see Figure 4.1), therefore generating a gene-

disrupting donor insertion upon which FLP recombinase cannot act.  This results in F2 

progeny that have solid w+ eyes. 

To generate F2 progeny in which targeted events occurred, I crossed 3-4 F1 
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mosaic-eyed (y) w; pW35-CG18584HRKO/+; [hs-FLP],[hs-I-SceI]/+ females with an 

equal number of w; hs-FLP males in 200 food vials, and screened for solid-eyed w+ F2 

males that were indicative of likely targeted reinsertion events.  F2 progeny were 

permitted to develop at 25˚C, and progeny solid-eyed w+ males were found at a 

frequency of approximately 1/1,500-1/2,000 individuals, in good agreement with 

published results.116  The screen continued until 100 independent F2 candidate knockout 

males were obtained.  The w+ insertions were mapped by standard segregation testing, 

and all candidate males for which w+ mapped to the second chromosome were retained.  

Only two stocks had w+ insertions that failed to map to the second chromosome (one 

each mapped either to the X chromosome, or to the third chromosome), which 

presumably arose due to non-homologous recombination events.  These stocks were 

discarded. 

Males from 50 randomly selected candidate stocks with w+ insertions on the 

second chromosome were used to generate balanced stocks by crossing to w; Sco/CyO 

virgin females.  Of the 50 balanced stocks, 33 spontaneously generated individuals in 

which the targeted chromosome homozygosed.  Intriguingly, homozygotes had a mild 

rough-eye phenotype that resembled that of klar.  Of the remaining stocks that failed to 

generate homozygotes, most yielded rough-eyed progeny when the targeted chromosome 

was crossed to Df(2R)Exel6050, which bears a deficiency in the CG18584 region.  

Five stocks produced neither homozygous nor trans-heterozygous rough-eyed 

individuals.  These stocks likely arose due to non-homologous recombination of the 

donor into the second chromosome and were discarded. 

In all of the above steps, I was assisted by Heather Wiora, an 



 

 

87 

undergraduate student who worked under my supervision. 

 

 

VERIFYING TARGETING OF CG18584 – SOUTHERN BLOTS 

 

 Upon obtaining candidate CG18584 knockout stocks, I used Southern blotting to 

verify targeting.  I determined the anticipated sequence of the targeted disruption in 

algorithmo, and virtually inserted this sequence into the CG18584 region of BACR07J20.  

This new sequence was then subjected to virtual digestion with individual restriction 

enzymes using Restriction Mapper version 3, an online freeware restriction analysis 

resource.  The most useful fragment size difference – 1.8 kb in wild type vs. 7.1 kb in the 

knockout chromosome – were predicted for digestion with PstI. A representative 

Southern blot showing the sizes of wild-type and knockout genomic DNA fragments, 

along with a diagram showing the wild-type and mutant fragment sizes and the probe that 

detects them, are shown in Figure 4.4.      

 Genomic DNA was isolated essentially as described119 from ten flies from each of 

the 33 stocks that produced homozygotes.  w1118, y w and Oregon-R genotypes served as 

wild-type controls.  The genomic DNA samples were digested with PstI, run on 1% 

agarose gels, blotted to nylon membranes, probed with a digoxigenin-labeled PCR probe, 

and subjected to chemiluminscent detection as described.  Most of the knockout stocks 

yielded the predicted genomic fragment size, and all three genotypes used as wild type 

controls gave an identical control fragment size.  Of those stocks that yielded the 

predicted fragment size, I retained five – CG18584HRKO58, CG18584HRKO79,  
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Figure 4.4:  Confirming CG18584 knockout by Southern blot.  A.  Southern blot 
confirming the insertion of the CG18584HRKO disruption construct.  B.  Diagram 
depicting expected fragment sizes in wild type and knockout PstI fragments of genomic 
DNA, and the probe (in purple) used in the Southern blot (A).  Adapted from Kracklauer 
et al (2007).  
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CG18584HRKO80, CG18584HRKO84, and CG18584HRKO86 – for phenotype analysis as 

described in Chapter 5.  Prior to using these stocks for phenotype analysis, I backcrossed 

each to a w1118 stock bearing an isogenized second chromosome derived from Oregon-R 

for four generations, and rebalanced them by crossing to w; Sco/CyO.  Details of the 

Southern blotting are presented in the Materials and Methods section.  I was again 

assisted by Heather Wiora in these experiments, as well as by Marc Kowalkowski, 

another undergraduate student who worked under my supervision.  

 

CONCLUSIONS 

 

 Using ends-out HR, I successfully generated a targeted deletion in the CG18584 

region of the second chromosome, and confirmed the deletion using Southern blotting.  

Deletion mutants were homozygous viable and had mildly rough eyes, which were an 

intriguing clue that the CG18584 gene product may indeed be part of the machinery 

involved in apical nuclear migrations in the 3rd larval instar eye disc.  In the next chapter, 

I will describe the CG18584HRKO phenotype in greater detail.    
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Chapter 5:  The CG18584 (klaroid) mutant eye phenotype 

 
 
 

INTRODUCTION 

 

 In the previous chapter, I discussed the generation of CG18584 alleles by ends-

out HR.  In adult flies homozygous for the resulting deletion, mildly rough eyes with a 

klar-like phenotype are observed.  Is this phenotype consistent with nuclear positioning 

defects occurring in 3rd larval instar eye development?  In this chapter, I describe 

experimental data that elucidate at the cellular level the CG18584 mutant phenotype in 

the eye.  As the nuclear positioning phenotype of CG18584 mutants strongly resembles 

that of klar, I have named CG18584 “klaroid” (“koi”).107     

 

RESULTS AND DISCUSSION 

 

NUCLEAR POSITIONING DEFECTS IN THE 3RD LARVAL INSTAR EYE DISC 

 

 Upon observing a mild rough-eye phenotype in the five CG18584HRKO stocks 

discussed in the previous chapter, I rebalanced these stocks and the Df(2R)Exel6050 

stock by crossing them to w; Sco/CyO•GFP.  When the rebalanced CG18584HRKO stocks 

are crossed to the rebalanced deficiency stock, larvae transheterozygous for the deletion 

and deficiency are anticipated to lack CG18584 function, and can be scored by the 

absence of GFP fluorescence.  Transheterozygous larvae occurred in such 
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crosses in the anticipated ratios and were recovered for eye imaginal disc dissections as 

described.   

To assess the positions of nuclei in differentiated cells, eye discs were fixed, and 

then immunostained with α-ElaV, an antibody directed against a neural RNA splicing 

factor found in the nuclei of R-cells, and with α-Cut, a homeobox transcription factor 

found in the non-neural cone cell nuclei.  Appropriate fluorescent secondary antibodies 

were used to detect the α-ElaV and α-Cut antibodies, the eye discs were mounted on 

microscope slides, and were then imaged using laser scanning confocal microscopy 

(LSCM).  w1118 and klarCD4/Df(3L)emcE12 eye discs were stained in parallel and served as 

wild type and positive control for nuclear migration defects, respectively.107  

 As shown in Figure 5.1H-J, the CG18584HRKO/Df(2R)Exel6050 eye discs showed 

defects in R- and cone cell apical nuclear migration that were as prominent as those 

observed in the klarCD4 genetic background (Figure 5.1E-G), which resulted in my 

naming CG18584 “klaroid” (“koi”).  Double mutant koi; klar eye discs had nuclear 

positioning defects that were no different from either mutant on its own (Figure 5.1N), 

suggesting that Koi and Klar are proteins in the core apical nuclear migration pathway.107 

 

ADULT EYE PHENOTYPES 

 

Ommatidial and Rhabdomere Shaping Defects 

 

 To assess mutant ommatidial and rhabdomere shapes in the adult eye, tangential 

sections through koiHRKO80/Df(2R)Exel6050 and koi; klar double mutant retinas were  
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Figure 5.1 I:  Consequences of klar and koi mutations on nuclear positioning in the eye 
disc.  A.  A schematic illustrating positioning of cell bodies in the developing 3rd larval 
instar eye disc.  R-cell bodies are shaded gray, cone cell bodies are white.  Cell bodies 
and associated nuclei rise apically as R- and cone cells become determined.  B-M.  IF 
images of R- and cone cell nuclear positioning in the eye disc.  R-cell nuclei are stained 
with α-ElaV (blue), cone cell nuclei with α-Cut (green).  B.  A z-section through a wild-
type eye disc.  Cone cell nuclei and cell bodies are apical to R-cell nuclei and cell bodies.  
White arrows denote the xy-sections in C and D.  C.  An apical xy-section in which cone 
cell nuclei and some R-cell nuclei are observed.  D.  An xy-section slightly more basal to 
that in C showing mostly R-cell nuclei.  E.  A z-section through a klarCD4 eye disc.  R- 
and cone cell nuclear positioning are disrupted, with most R-cell nuclei found towards the 
basal surface of the disc.  White arrows denote the xy-sections in F and G.  F.  An xy-
section showing a few apical R- and cone cell nuclei.  G.  A basal xy-section in which the 
majority of R-cell nuclei are observed.  The cells that stain with the α-Cut antibody are 
not cone cells, but Cut-expressing hemocytes.  Adapted from Kracklauer et al (2007).   
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Figure 5.1 II:  H.  A z-section through a koi80/Df(2R)Exel6050 eye disc.  White arrows 
denote the xy-sections in I and J.  Nuclear positioning defects that are essentially 
identical to those observed in the klarCD4 genetic background are observed.  K.  A z-
section through a ro-6xmyc•klar∝; klarCD4 eye disc.  The ro promoter drives expression 
of 6xmyc•Klar∝ in a subset of the R-cells, and apical nuclear migrations are restored in 
those cells.  White arrows denote xy-sections in L and M.  L.  While nuclear positioning 
defects in cone cell nuclei are not rescued, many more R-cell nuclei have risen apically.  
M. An xy-section more basal to that in L illustrating that cone cell nuclei are 
inappropriately positioned.  N.  An xy-section of a koi80; klarCD4 double mutant eye disc.  
The nuclear positioning defects in the double mutant are equivalent to those in either 
single mutant.  Adapted from Kracklauer et al (2007).          
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stained and analyzed as described.107  Images obtained were compared to existing data for 

Oregon-R and klarmFU2/Df(3L)emcE12 eye sections (Figure 5.2).  In wild-type retinas, 

cross-sections of the ommatidia are regularly shaped hexagons delineated by pigment 

granules in the pigment cells.  In addition, cross sections of the seven rhabdomeres in 

each R-cell visible in apical transverse retinal sections are round, arranged in a 

characteristic trapezoidal array, and with the exception of R7, approximately equal in 

area.   

 In klar-, koi-, and klar; koi double mutant retinas, the regular ommatidial shaping 

is slightly disrupted compared to wild type (Figure 5.2).  In addition, in klar- and klar; koi 

double mutants, the mutations affect shapes, positions and sizes of the rhabdomere cross 

sections within each ommatidium.  In the case of klar- retinas, cross sections of the 

rhabdomeres frequently appear more elongated than in wild type, and occasionally, more 

or fewer than seven rhabdomeres are observed from one ommatidium to the next.107   

The abnormal rhabdomere shapes in klar- retinas correlate with the changes in R-

cell shape that result from mispositioned nuclei.96  However, the apparent variable 

number of rhabdomeres per ommatidium and the variations in the area of their cross 

sections suggest that these organelles could be branching or fusing with each other, 

indicating that mutations in klar may be influencing rhabdomere membrane biogenesis.  

In support of a role for klar in membrane biogenesis, apical membrane secretion during 

development of the salivary gland is affected in embryos that either lack wild-type Klar 

function, or misexpress Klar.120  In addition, data from the Fischer laboratory suggest that 

expression of a glrs-6Xmyc·klara transgene in a klar mutant background only marginally  
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Figure 5.2.  Tangential sections of embedded and stained adult retinas.  A.  Magnified 
view of a wild-type adult retina section.  Red pigment granules in pigment cells delineate 
each hexagonal ommatidium.  The rhabdomeres of the R-cells are stained blue in this 
figure, and assume a characteristic trapezoidal pattern.  The numbering convention for the 
rhabdomeres is shown in the inset.  B.  koi80/Df(2R)Exel6050 retina section.  The 
hexagonal shape of the ommatidia is poorly defined.  Rhabdomeres appear normal in 
shape and number, but more variation in size is seen than in wild type.  C.  
klarmFU2/Df(emc)E12 retina section.  As in B, the hexagonal shape of the ommatidia is 
poorly defined.  The number of rhabdomeres per ommatidium appears grossly normal, 
but rhabdomere shapes are often severely distorted.  The bar in the bottom right corner of 
C is 7 µm long.  D.  koi80; klarCD4 retina section.  Ommatidial shaping defects appear as 
described for B and C, and rhabdomere shape defects are more klar-like.  A, B and D 
from Kracklauer et al, 2007; C from Fischer-Vize and Mosley, 1994.  
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rescues the aberrant nuclear positioning phenotype in the eye disc, but significantly 

restores the ommatidial and rhabdomere cross-section shaping and arrangement in the 

retina (Figure 5.3).100 

While koi mutant retinas show defects in ommatidial and rhabdomere cross-

section shape, the overall roundness of rhabdomeres is largely unchanged compared to 

wild type, and aberrant rhabdomere numbers are infrequently observed.  This suggests 

that, while Klar function may be required for the two distinct processes of nuclear 

positioning and rhabdomere biogenesis, the requirement for Koi function in development 

of the 3rd larval instar eye disc may be limited to nuclear positioning, and that aberrations 

in this process account for the differences in rhabdomere cross-sectional area, but not 

shape.107 

 

Lens and Interommatidial Bristle Defects 

 

 To analyze the consequences of the koi mutation on the external adult eye, 

koiHRKO80/Df(2R)Exel6050 adults were prepared for scanning electron microscopy as 

described previously.  As shown in Figure 5.4, a koi- eye in whole mount appears subtly 

rough compared to wild type, and higher magnifications show defects described in the 

following paragraphs.107   

First, ommatidial shape deviates slightly from the regular hexagons observed in 

wild type, and occasionally, adjacent lenses are fused (Figure 5.4).  These ommatidial 

defects are similar to those observed in klar mutants.107   



 

 

97 

 

 
 
Figure 5.3.  Rescue of klarCD4 phenotypes with a glrs-6xmyc•klarα transgene (glrs-
6mklarFL, in C).  A.  The rescued adult eye appears mostly normal and is not obviously 
rough.  B.  A transverse section through a rescued adult retina reveals significant 
restoration of the hexagonal shape of ommatidia.  Occasional defects in rhabdomere 
number are observed, but rhabdomere shape is restored to wild type.  C.  Apical nuclear 
migrations of R-cell nuclei are somewhat rescued, but rescue is not as pronounced as in 
Figure 5.1 K.  From Fischer et al, 2004.  
 



 

 

98 

 
 
Figure 5.4.  SEM of whole-mount adult eyes.  A.  Wild type eye, characterized by 
regular hexagonal facets and interommatidial bristles (IOBs) that point radially outward 
and are regularly spaced (i.e., at every other vertex).  B.  klar- eye.  The overall shape of 
the eye is minimally impacted by the mutation.  However, the hexagonal regularity of the 
ommatidia is disrupted, some ommatidial rows appear out of register with respect to each 
other, and IOB spacing and directionality are irregular.  Inset shows fused ommatidia and 
IOB irregularities at higher magnification.  C.  koi- eye.  At the level of whole-mount 
SEM, the phenotypes associated with this genotype are indistinguishable from those of 
klar-. Inset shows fused facets and IOB irregularities at higher magnification.  D.  ro-
klarα; klarCD4 eye.  Many of the defects seen in B are rescued; the hexagonal shape of 
ommatidia is more regular, and IOB defects are less pronounced.  A and B:  Fischer-Vize 
and Mosley (1994); C:  Kracklauer et al (2007).    
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Second, oblique views of highly magnified wild-type lenses (Figure 5.5) show 

that each lens assumes a dome shape with consistent curvature.  Similar views of koi- 

lenses however indicate that lenses appear flattened at the apex of the dome.  In wild 

type, the cell bodies and associated nuclei of the cone cells are positioned apically to the 

R-cell bodies after these cells types have been determined.  In both klar and koi mutants, 

the cone cell nuclei no longer occupy their positions apical to R-cell nuclei, and the cell 

bodies are thus also no longer apical, which may in part explain the apical flattening 

observed in koi null lenses.  While a ro-klarα transgene expressed in a klar null 

background rescues the nuclear positioning defects in a subset of R-cells in the eye disc 

(Figure 5.1 K-L), cone cell nuclear positioning in this background is still aberrant, and 

individual lenses of the adult eye still have apically flattened lenses.  This suggests that 

the lens flattening phenotype is a consequence of inappropriate positioning of the cone 

cell bodies and nuclei in the ommatidia.  While there are no klar- adult eye data with 

oblique high-magnification views comparable to the koi- and ro-klarα; klar- data shown 

in this chapter, if my hypothesis about cone cell body positioning is correct, I predict that 

klar- adult eyes would show a flattening phenotype identical to that of koi.107  

Finally, both head-on and oblique high magnification views of koi- adult eyes 

show obvious defects in interommatidial bristle spacing and directionality (Figure 5.4 and 

5.5).  During the pupal stage of wild type eye development, the bristle cells are the last 

cell type to be determined, and their nuclei rise apically during this stage.  These bristle 

cells form the interommatidial bristles, which appear at every other vertex of the 

hexagonal lattice and radiate symmetrically outward from the convex surface of the 

compound eye.   In the koi mutant, the interommatidial bristles are present, but  
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Figure 5.5.  SEM of adult eyes at high magnification, oblique aspects.  A.  Wild type 
eye.  Ommatidia are dome-shaped at their apices, and IOBs are spaced correctly and are 
radially symmetrical.  B.  koi- eye.  Ommatidia are flattened apically compared to wild 
type.  Pink arrow denotes a vertex where an IOB is expected, but not observed.    C.  ro-
klarα; klarCD4 eye.  The hexagonal shape of the ommatidia is more regular compared to 
klar-, but obvious IOB spacing and directionality defects persist, and apical flattening of 
ommatidia is still observed.     
 



 

 

101 

 
their spacing is irregular.  Bristles are often found at adjacent vertices, and are missing at 

vertices where they normally would occur.  The radial symmetry of the bristles is also 

compromised in the koi mutant; the long axis of the bristles is no longer perpendicular to 

the surface of the eye, and while the bristles still point outward, the bristle angle with 

respect to the eye surface is randomized.  Similar phenotypes are observed for 

interommatidial bristles in klar null adult eyes.107   

 

CG3287 is an annotated gene immediately upstream of koi that may be part of the koi 
ORF 
 
 

 In the past year, P element insertion alleles of CG3287, the gene immediately 

upstream of koi, have become available at the Drosophila Stock Center in Bloomington, 

IN.  Intriguingly, one of these alleles, EY03560, is an insertion in the second annotated 

intron, and results in an adult rough eye phenotype highly similar to that of klar and koi 

when homozygous.  In trans to the Df(2R)Exel6050 chromosome, the EY03560 allele 

results in R- and cone cell nuclear positioning defects in 3rd instar eye discs that are 

identical to klar and koi mutants.  As the likelihood of mutations in two adjacent genes 

resulting in identical eye phenotypes seems vanishingly small, it seems likely that 

CG3287 might comprise hitherto uncharacterized 5’ ORF regions of the koi locus.  Is 

CG3287 indeed part of the koi gene? 

 As it seemed plausible to me that the insertion site of the P element resulting in 

the EY03560 allele may have been misreported – perhaps the insertion site is in fact in the 

koi region – I first verified by Southern blot whether the reported insertion site of the 
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P element is correct.  My Southern blot data using genomic DNA isolated from wild type 

and homozygous EY03560 mutants were consistent with the annotated insertion site 

being correct (data not shown), indicating that the P element is not inserted in the koi 

region. 

 The adult eye and larval eye disc data are consistent with CG3287 being part of 

the koi gene.  In addition, when the CG3287 amino acid sequence is analyzed, two robust 

transmembrane domains are found; comparably robust transmembrane domains are 

lacking when the Koi amino acid sequence is analyzed, providing an additional clue that 

CG3287 may be part of the koi gene.   

However, molecular data I obtained are not consistent with koi and CG3287 

comprising a single ORF.  First, using the α-Koi antibody in Western blots with eye disc, 

salivary gland and ovary extracts gives a ~70 kD band that is too small for a protein 

encoded by a koi ORF extended into the CG3287 region (see Figure 6.2D).  Second, there 

are several dozen ESTs in the CG3287 gene region, none of which connect to the 

annotated koi ORF sequence. Also, several of the ESTs indicate the existence of a 

polyadenylated CG3287 mRNA transcript, which would be inconsistent with an ORF 

connecting to koi.  Finally, while the EY03560 P element insertion allele results in a koi-

like phenotype, another P element insertion allele, CB04483, does not.  Furthermore, the 

reported CB04483 insertion site is only ~50 nucleotides upstream of the EY03560 

insertion site, and I verified the insertion site by Southern blotting as decribed for 

EY03560.  Unless the downstream insertion is in an enhancer region of the koi locus, it is 

not immediately obvious why two independent and closely spaced P element insertions 

would not both result in similar eye phenotypes. 
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 To address whether CG3287 is indeed part of koi, the following experiments 

might prove useful: 

 1) Generate flies in which the EY03560 allele is in trans to the koi alleles 

generated by ends-out HR.  If CG3287 and koi are distinct genes, the resulting flies 

would likely have wild type eyes.   

 2)  Reattempt RLM-RACE of koi mRNA.  My initial attempts to find the 5’ end  

of the koi transcript were unsuccessful, yet I did not attempt to optimize PCR parameters 

such as primer annealing temperatures, magnesium ion concentration, etc.  Further 

optimization of these parameters may eventually result in my finding new 5’ ORF 

sequence. 

 3) Assess subcellular localization of endogenous Koi in the CG3287 mutant 

background.  Western blot data suggests that the 70 kD Koi band seen in wild type tissue 

extrtacts is also found in CG3287 mutant tissue extracts (data not shown), indicating that 

Koi is expressed in the CG3287 mutants.  However, whether Koi localizes perinuclearly 

in the CG3287 mutant is unknown.  If Koi is indeed perinculear in cells of the developing 

eye in the CG3287 mutant background, this would argue for the CG3287 gene product 

being essential neither for subcellular localization of Koi, nor for nuclear positioning in 

the eye.  If however Koi is mislocalized in the CG3287 mutant background, this raises 

the intriguing possibility that CG3287 encodes a separate protein that is part of the Klar- 

and Koi- dependent nuclear migration pathway. 
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CONCLUSIONS 

 

 The defects observed in koi- mutant eyes – aberrant nuclear positioning, 

ommatidial and rhabdomere shaping defects, flattened ommatidial lenses and errors in 

interommatidial bristle positioning and directionality – are largely equivalent to those 

observed in klar- genetic backgrounds.  Most of these phenotypes are explicable by the 

abnormal cell shapes that result from nuclei failing to migrate apically.   

 Questions that arise from the defects observed are:   

1) What is the subcellular localization of Klaroid protein?   

2) If koi mutants have external morphology phenotypes that only affect eye development, 

is expression of Klaroid protein limited to this organ?   

3) Is the expression of Klarsicht and Klaroid proteins consistent with when and where 

apical nuclear migrations happen in the developing eye? 

4) Do the expression patterns of Klarsicht and Klaroid in the eye suggest that either or 

both might be involved in coordinating apical nuclear migration with cell specification? 

I will address these questions in Chapter 6. 
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Chapter 6:  Klarsicht and Klaroid protein expression patterns in 

Drosophila development 
 
 

INTRODUCTION 

 

 As discussed in Chapter 5, koi and klar mutants result in prominent defects in 

nuclear positioning in the developing eye.  Are the subcellular localizations of Koi and 

Klar proteins in the eye consistent with roles for the proteins in R- and cone cell nuclear 

migration?  Do the expression patterns of Klar and Koi in the eye suggest that either or 

both might be involved in coordinating apical nuclear migration with cell specification?  

What factors determine Klar and Koi subcellular localization in the eye?  Are Klar and 

Koi expressed outside of the eye?  I will address these questions in this chapter. 

 

RESULTS AND DISCUSSION 

 

SUBCELLULAR LOCALIZATION OF TRANSGENIC AND ENDOGENOUS KLAR AND KOI 

 

1.  Subcellular localization of the pUASt-GFP•koi transgene product 

 

 A transgene construct, pUAST-GFP•koi, was generated as described in Materials 

and Methods, and I made fly stocks with this transgene by P element transformation.  

Upon obtaining balanced pUAST-GFP•koi stocks, I crossed these to w;; elaV-Gal4 to 
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induce expression of the transgene in R-cells in the eye disc.107 

I observed perinuclear GFP expression in R-cells as seen in xy- and z-plane 

images taken by LSCM as shown in Figure 6.1.  However, expression of this transgene in 

a koi80/Df(2R)Exel6050 background does not rescue the aberrant nuclear positioning 

phenotype described in the previous chapter (data not shown), even when driven with the 

early pan-eye ey-Gal4 driver.  The most likely reason for the failure of this transgene to 

rescue is the incorrect annotation of the 5’ ATG of the koi ORF as discussed in Chapter 

3.107   

 

2.  Subcellular localization of the pUASt-6xmyc•klarα transgene product 

 

 To assess localization of 6xmyc-tagged Klarα in the eye disc, I generated 

transgenic fly stocks with a pUASt-6xmyc•klarα transgene as described in Materials and 

Methods, and induced transgene expression by crossing to the elaV-Gal4 stock as 

described for the koi transgene.  Late 3rd instar larvae were obtained for eye disc 

dissections.  After fixing, staining with an α-myc antibody and mounting, eye discs were 

analyzed by LSCM.107   

 Two aspects of 6xmyc-tagged Klar localization are prominent in R-cells:  

punctate localization to what are presumably apical microtubules, where the MTOC is 

found, and nuclear envelope localization (Figure 6.1 B – C’).107   

Each of the two aspects of Klar localization is governed by a distinct domain:  the 

C-terminal KASH domain is sufficient to confer nuclear envelope localization, and 

hitherto undefined regions of the protein N- terminal to the KASH domain account for  
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Figure 6.1:  Subcellular localization of transgenic Koi and Klar in R-cells.  A.  z-section 
and A’. xy-section through an eye disc expressing GFP-tagged Koi, which is perinuclear 
on R-cell nuclei.  F-actin is stained with 568-phalloidin (red).  B. z-section and B’. xy-
section through an eye disc expressing 6xmyc-tagged Klar, which associates with apical 
microtubules.  Topmost white arrow points at the plane imaged in B’.    C.  z-section and 
C’. xy-section through an eye disc stained with α-22C10 (red) and α-ElaV.  Topmost 
white arrow points at the plane imaged in C’.  As both α-myc and α-22C10 antibodies 
were raised in mouse, immunostaining was carried out separately with each antibody; 
colocalization of wild type Klar and 22C10 can be observed in Figure 6.3 J’’. Unless 
otherwise indicated, all R-cell nuclei are in blue.  In A and A’, GFP•Koi is in green; in B 
and B’, 6xMYC-tagged Klar is in green; in C and C’, 22C10 is in red.    Data in A and A’ 
were published in Kracklauer et al (2007), and remaining Figure 6.1 data were adapted 
from Fischer et al (2004).    
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microtubule localization.100  The microtubule association domain of Klar has not been 

characterized, and whether such a domain interacts directly or indirectly with 

microtubules in R-cells is unknown.  However, given existing studies suggesting Klar is a 

regulator and co-ordinator of (+)- and (-) end-directed motor proteins105, it seems likely 

that apical microtubule/MTOC-associated Klar is brought there via interactions with 

dynein.  

 

3.  Subcellular localization of endogenous Koi by IF 

 

 Does endogenous Koi localize to nuclei in cells of the eye disc?  To assess 

subcellular localization of endogenous Koi in this tissue, rat polyclonal α-Koi antiserum 

was generated against the partial protein encoded by the first exon of koi as described in 

Materials and Methods.  This antiserum was used in Western blotting to verify its 

specificity to Koi, and was also used in immunofluorescence as described below.107  

The polyclonal antiserum stained a ~70 kd antigen in a Western blot (Figure 

6.2D).  Protein extracts from koi80/Df(2R)Exel6050 tissues show dramatically reduced 

levels of the immunoreactive band seen in extracts from wild type tissues, and no bands 

were observed in a Western blot in which pre-immune serum was used (data not shown), 

indicating that the antiserum is specific to Koi. 

 Upon verifying the specificity of the α-Koi antiserum by Western blot, I dissected 

wild type and koi80/Df(2R)Exel6050 3rd larval instar eye discs, and used the antiserum for 

immunofluorescence in these genetic backgrounds.  As shown in Figure 6.2B-C’, the  
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Figure 6.2:  Endogenous Koi localization in the eye disc by IF.  A.  Wild type eye disc 
immunostained with rat α-Koi.  Specificity of the staining is confirmed by 
immunostaining a koi80/Df(2R)Exel6050 eye disc (A’), which is expected to be a protein 
null.  p = posterior, a = anterior of the eye disc; white arrow indicates MF.  B.  Detail of a 
wild type eye disc stained with α-Koi, B’ shows counterstaining of R-cell nuclei with α-
ElaV.  Koi is perinuclear in R-cells.  C.  Detail of a wild type eye disc stained with α-
Koi; in C’, the cone cell nuclei are counterstained with α-Cut, showing that Koi is also 
perinuclear in cone cells. Unless otherwise indicated, Koi is in green, ElaV in blue and 
Cut in red.  D.  α-Koi Western blot with protein extracts from ovaries of the indicated 
genotype. All panels except D were published in Kracklauer et al (2007).        
 



 

 

110 

 
antibody specifically stains an antigen that rings R- and cone cell nuclei in the eye disc.  

In whole-mount koi80/Df(2R)Exel6050, the antibody staining pattern is faint and diffuse, 

again indicating that the antiserum is specific.107  The perinuclear localization of Koi will 

be discussed in greater detail below.  

  

4.  Subcellular localization of endogenous Klar by IF 

 

 Does the localization of endogenous Klar parallel that of Klar expressed from a 

transgene?  To address this question, I generated recombinant Klar antigen by expressing 

recombinant protein from a partial klar cDNA encoding the N-terminal third of Klarα as 

described in Materials and Methods. Polyclonal antiserum against the antigen was 

generated in guinea pig.107  

This antiserum was used in immunofluorescence on wild type and 

klarmBP/Df(3L)emcE12 eye discs (Figure 6.3).  klarmBP is a translocation allele that disrupts 

the gene approximately in mid-locus, and is thus predicted to be a strong klar allele.96  In 

the klarmBP/Df(3L)emcE12 genetic background, only low fluorescent signal lacking any 

obvious subcellular localization was observed, indicating the antiserum specifically 

detects Klarsicht isoforms that have the same antigens as those in the N-terminal third of 

the protein.107  I did not attempt to test antiserum specificity using Western blotting.   

 Where is endogenous Klar found in the eye disc?  The immunofluorescence 

results in Figure 6.3 indicate that behind the MF, endogenous Klar localizes mostly to 

apical microtubules, to the nuclear envelope in R-cells, and to microtubules that extend  
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Figure 6.3:  Endogenous Klar localization in the eye disc by IF.  A.  Wild type eye disc 
stained with guinea pig α-Klar.  Stain is observed across the eye-antennal disc complex.  
B.  klarmBP/Df(3L)emcE12 eye disc stained with α-Klar.  Only a low level of background 
staining is apparent, indicating that the staining in A (and in all other panels of this 
figure) is specific.  C, C’.  z-section of a wild type eye disc stained with α-Klar and 
TOPRO-3, a pan-nuclear stain.  Most of the Klar staining is apical; some basal staining 
that is likely basal microtubule-associated is also observed (see E).  D.  xy-section of 
cells of the peripodial epithelium show a punctate Klar staining pattern that is not 
obviously perinuclear.  E.  Klar staining on axonal microtubules in the basal plane of the 
eye disc.  F, F’.  xy-section through an apical plane of a wild type eye disc stained as 
described in C/C’.  In this plane, perinuclear localization is more readily apparent than in 
the plane shown in G and G’, an xy-plane in which Klar is still present, but is not 
obviously associated with nuclei.  H.  Detail of an xy-section through a wild type eye disc 
stained with α-Klar; α-ElaV counterstain to show R-cell nuclei is shown in H’.  I.  As 
described in H, with an α-Cut counterstain in I’.  H-I’ show that Klar is present and 
around nuclei in R- and cone cells.  J-J’’:  z-sections of α-Klar, α-22C10/Futsch and α-
ElaV triple-stained wild type eye discs.  Colocalization of Klar and 22C10 is frequently 
observed, both in the z-plane, and in the apical xy-planes (K-L’’).  All data from 
Kracklauer et al (2007). 
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along the axons that converge at the optic nerve.  Klar is also expressed in cone cells, 

however, these cells are significantly smaller than R-cells, rendering analysis of 

subcellular localization difficult.  However, given that both Klar and Koi are expressed in 

this cell type, and that cone cell nuclei fail to migrate in the single and double mutant 

backgrounds, it seems reasonable to me to assume that the nuclear positioning 

mechanism is identical in R- and cone cells, and depends on Klar and Koi both localizing 

to cone cell nuclei.107 

 

5.  Are Koi and Klar perinuclear? 

 

 In R- and cone cells, the nucleus occupies most of the cell body, with only 

minimal cytoplasm present, which renders assessment of cytoplasmic vs. nuclear 

envelope localization difficult.  Is the observed localization of Koi and Klar in cells of the 

eye disc perinuclear or cytoplasmic?   

To address this question, I carried out an immunofluorescence experiment in the 

eye disc in which I compared the subcellular localization patterns of GFP-tagged Koi and 

-KlarKASH to Lam(Dm0)•GFP, GFP•DUbe3A, and endogenous 22C10.  GFP-tagged 

KlarKASH was expressed instead of GFP-Klarα in order to eliminate localization of the 

transgenic protein to apical microtubules, which could have confounded analysis of 

perinuclear localization.  The latter three proteins are known to be nuclear envelope-

associated, cytoplasmic, and microtubule-associated, respectively, and were used as 

known standards for localization to these compartments and features in the cells.  The 

localization patterns of GFP•Koi and GFP•KlarKASH most resemble that of 
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Lam(Dm0)•GFP, suggesting that Klar and Koi indeed localize to the nuclear envelope 

(Figure 6.4).107 

To confirm these results further, I used the Koi and Klar antisera for 

immunofluorescence in wild-type larval salivary glands, cells in which the volume ratio 

of cytoplasm to nucleus is severalfold higher than in cells of the eye disc.  In salivary 

gland cells, the localization of Klar and Koi is obviously perinuclear (Figure 6.4E-F’).  

Taken together with the immunofluorescence results in the eye, and the fact that nuclear 

migrations in the eye require the action of both Klar and Koi, the salivary gland results 

strongly suggest that the localization of these proteins is perinuclear in differentiated cells 

in the eye.107  

 

DYNAMICS OF KLAR AND KOI EXPRESSION IN THE EYE DISC   
 

 What are the expression patterns of Klar and Koi throughout the eye disc?  Do the 

observed expression patterns correlate with when these proteins are required for nuclear 

positioning?  I addressed these questions by using the α-Koi and α-Klar antisera for 

immunofluorescence in wild type eye discs and obtaining pre- and post-MF images, 

results of which are described below and are depicted in Figures 6.2 - 6.5. 

 

1.  Dynamics of Koi expression in the eye disc 

 

 In whole mount, a wild type eye disc immunostained with α-Koi shows staining 

ahead of and behind the MF (Figure 6.2A).  In z-sections behind the MF, stronger  
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Figure 6.4: Transgenic Koi and Klar are perinuclear in cells of the eye disc. A-E’:  
Details of xy-planes of eye discs that demonstrate perinuclear localization of Klar and 
Koi.  Unless otherwise indicated, tissue was counterstained with α-ElaV and 568-
phalloidin in B’, C’, D’ and E’. A.  Lam(Dm0)•GFP expression driven in R-cells.  
Lam(Dm0) is a protein of the nuclear lamina and lines the inner nuclear envelope. B.  
GFP•DUbe3A expression in R-cells.  DUbe3A is a cytosolic protein. C.  Endogenous 
22C10/Futsch stained with α-22C10.  22C10 is a microtubule-associated protein in R-
cells.  D.  GFP•Koi expression in R-cells.  E.  GFP•KlarKASH expression in R-cells.  The 
GFP signals in D and E most closely parallel that in A, indicating Koi and Klar are 
perinuclear.  F-G’:  Details of α-Koi and α-Klar staining in wild type salivary glands.  
Koi and Klar ring the nuclei of cells in this tissue, providing further confirmation for the 
perinuclear nature of Koi and Klar.  This figure is adapted from Kracklauer et al (2007). 
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Figure 6.5:  Koi and Klar are expressed ahead of and behind the MF.  A.  z-section of a 
wild type eye disc stained with α-Koi.  The white chevron denotes the position of the 
MF.  Note that Koi is found on nuclei ahead of and behind the MF (right and left of the 
white chevron, respectively).  However, nuclei behind the MF stain stronger for Koi, and 
in this region, apical nuclei (delineated by the bracket) stain stronger than basal nuclei.  
A’ shows the same z section with TOPRO-3 counterstain.  B.  Detail of an xy-section of a 
wild type eye disc stained with α-Klar.  Both B and B’ were taken ahead of the MF.  
Punctate distribution of Klar is observed in both apical and basal sections, and whether 
the punctae are associated with nuclei is equivocal.  In addition, punctae are not 
obviously concentrated in the apical xy-section, which contrasts with Klar localization 
behind the MF.      
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perinuclear Koi staining is observed on apical than on basal nuclei (Figure 6.5A), yet 

essentially every nucleus, whether apical or basal, is ringed by Koi.  Koi expression 

therefore is not obviously regulated as a function of when nuclear positioning occurs; its 

expression appears to occur in all cells of the eye disc.107  

 

2.  Dynamics of Klar expression in the eye disc         

 

 An eye disc stained with α-Klar and observed in whole mount shows that Klar, 

like Koi, is found in every cell as well (Figure 6.3).  In cells of the peripodial epithelium, 

Klar distribution is punctate (Figure 6.3D).  In the disc proper, Klar puncta are found 

throughout the cells ahead of the MF (Figure 6.5B, B’).  Whether the puncta are 

perinuclear is equivocal, and there is no obvious difference between apical and basal xy-

sections with respect to the amount of Klar staining, a situation that changes behind the 

MF (Figure 6.3C, C’).107  

In the basal-most regions of the eye disc behind the MF, Klar decorates what are 

likely axonal microtubules (Figure 6.3E).  Behind the MF, where R- and cone cell 

determination and apical nuclear migrations have occurred, more Klar staining is 

observed than in undifferentiated cells ahead of the MF (Figure 6.3A), and z-sections 

reveal that Klar is found mostly associated with those apical nuclei, as well as on apical 

microtubules (Figure 6.3J-J’’).  In the case of R-cells, the perinuclear association of Klar 

is most apparent in xy-sections (Figure 6.3 K-L’’).107   

 Given the ubiquity of α-Klar staining in the eye disc, it seems reasonable to ask:  



 

 

117 

can the process of nuclear migration be regulated at the level of Klar expression?  The 

data I have described here would suggest that this is unlikely.  However, a circumstance 

that complicates addressing this question is the multiplicity of isoforms that can be 

generated by alternative splicing of transcripts from this locus (see Chapter 1).99 

The klar locus is currently thought to encode at least seven distinct Klar isoforms, 

which have either the LD or the KASH domain at their C-termini (three isoforms are 

shown in Figure 6.6).121  Klarα is the largest of these isoforms, and shares amino acid 

sequences at the N-terminus with Klarβ and Klarδ.  The latter is an isoform that results in 

oocyte and eye disc nuclear positioning defects when overexpressed in the ovary and eye 

disc, respectively.122  The polyclonal antiserum against the recombinant antigen I 

generated to assess Klarα expression should therefore be capable of staining Klarβ and 

Klarδ as well.  While expression of Klarβ, an isoform required for lipid droplet 

movement in pre-cellularized embryos99, has not been observed in the eye disc, 

expression of the γ and δ isoforms in this tissue has been confirmed in the Welte 

laboratory.121  Therefore, it seems likely that the polyclonal antiserum I used in 

immunofluorescence is also detecting Klarδ, and may be detecting other isoforms of Klar 

as well.    

While it is possible that expression of KASH domain isoforms, including α and δ, 

is indeed concurrent with nuclear migration, when KASH forms are clearly required, the 

α-Klar antibody I used cannot specifically detect KASH isoforms.  In-situ hybridization 

of a probe specific to the KASH domain-encoding part of the klar ORF, as well as an 

antibody generated specifically against the KASH domain, would be useful to determine 

if indeed KASH forms of Klar are expressed only in cells with nuclei  
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Figure 6.6:  Multiplicity of Klar isoforms.  At least four distinct Klar isoforms, α, β, γ 
and δ, can be generated from the klar coding region.  A novel isoform, δ, has the KASH 
domain in common with α and γ. This isoform has an N-terminus that starts at exon 5, 
had not been characterized at the time this figure was published, and is not depicted.  The 
guinea pig α-Klar antibody discussed in this work was raised against an antigen encoded 
by exons 2, 3, 4, 5 and part of 6, and is thus predicted to be capable of detecting Klar α, 
β, and δ.  Figure reprinted from Guo et al (2005). 



 

 

119 

 
undergoing apical nuclear migration. 

 

LAMIN(DM0), KOI AND KLAR FORM A NUCLEAR LOCALIZATION HIERARCHY 

 

 Mutations in Lam(Dm0), koi and klar all result in defects in apical nuclear 

migration in the eye disc, and alleles of Lam were recovered as dominant enhancers of 

the glrs-klar overexpression phenotype.101  Lam(Dm0) is a protein of the nuclear lamina 

that lines the inner nuclear envelope, and Klar is presumed to localize to the outer nuclear 

envelope via a single-pass TM domain within the KASH domain.  As mutations in 

Lam(Dm0) and klar result in similar aberrant nuclear migrations, and the gene products 

are unlikely to associate directly, it seems reasonable to predict that a protein in the inner 

nuclear envelope links Lam(Dm0) and Klar.  Since mutations in koi have defects identical 

to Lam(Dm0) and klar, Koi presents itself as a candidate protein that mediates the 

association of Lam(Dm0) and Klar.  How are the subcellular localizations of Lam(Dm0), 

Koi and Klar affected in mutant backgrounds of the genes that encode these proteins? 

 

1.  Koi requires Lam(Dm0), but not vice versa, to localize to the NE 

 

 In wild type eye discs, Lam(Dm0) is found at the NE in every cell.  In the 

koi80/Df(2R)Exel6050 genetic background, both R- and cone cells fail to assume their 

wild type apical positions, but Lam(Dm0) still rings R-cell nuclei (Figure 6.7), suggesting 

that Lam(Dm0) does not depend on Koi to localize at the nuclear lamina.107  
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Figure 6.7:  Lam(Dm0), Koi and Klar form a nuclear localization hierarchy.  Unless 
otherwise indicated, data are details of xy-sections of the indicated genotypes, and R-cell 
nuclei are counterstained with α-ElaV.  A, A’.  In the absence of Lam(Dm0), Koi is not 
retained at the nuclear envelope of R-cells.  E, E’.  Localization of Lam(Dm0) to the 
nuclear envelope in R-cells in koi- tissue is not affected, although R-cell nuclei are basal.  
B, B’.  Koi localizes to R-cell nuclei in a klar- eye disc.  C, C’.  In apical sections of a 
koi- eye disc, apical microtubule localization of Klar is unaffected.  D, D’.  In basal 
sections of the same eye disc in C/C’, Klar is still present, but its localization is not 
obviously perinuclear.  F.  A model depicting interactions of Lam(Dm0), Koi and Klar.  
INM, ONM:  inner and outer nuclear membranes.  Adapted from Kracklauer et al (2007).     
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Where is Koi found in Lam(Dm0)- eye discs?  To answer this question, I needed to 

generate larvae for eye disc dissections bearing a strong mutant Lam(Dm0) allele.  

Lam(Dm0) is an essential gene; weak alleles result in subfertile or sterile adults, and 

strong alleles that encode severely truncated Lam(Dm0) protein result in severely 

shortened adult lifespan.101  Flies homozygous for strong Lam(Dm0) alleles (or 

transheterozygous with Df(2L)cl-h4, a deficiency chromosome in the Lam(Dm0) region) 

survive to reach the 3rd larval instar stage101, but have fragile tissues that render dissection 

and downstream analysis of eye discs difficult.   

To circumvent the problems of larval tissue fragility, a strong Lam(Dm0) allele, 

Lam4643, was crossed onto an FRT chromosome, which enables generation of eye tissue 

homozygous for Lam4643 using the EGUF/GMR-hid technique.123  The non-eye larval 

tissues are heterozygous for Lam4643 and lack the fragility defects, facilitating dissection 

and analysis of eye discs.  

 In Lam4643 homozygous eye discs, perinuclear localization of Koi is abolished, 

and α-Koi staining shows diffuse Koi throughout.  This result indicates that Koi requires 

Lam(Dm0) to localize to the nuclear envelope.  A similar defect in transgenic Koi protein 

localization is observed when expressing a UAS-GFP•koi transgene in the Lam4643 

background (Figure 6.7).107   

 

2.  Klar requires Koi, but not vice versa, to localize to the NE 

 

 When eye discs from klarCD4 homozygotes are stained with α-Koi, Koi rings R-

cell nuclei, although these nuclei are found basally in the eye disc (Figure 6.7).  This 
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result indicates that Koi does not depend on Klar for localization to the nuclear 

envelope.107   

 Where is Klar found in koi mutant eye discs?  I answered this question by 

generating koi80/Df(2R)Exel6050 eye discs and immunostaining these with the α-Klar 

antibody.  Most of the Klar staining observed is associated with apical microtubules.  

Some Klar staining is observed throughout the R-cells, but none of it is obviously 

perinuclear.  The Klar staining observed in the basal plane of the eye disc, where most of 

the R-cell nuclei are found, is presumably associated with the microtubules that wrap 

around the R-cell nuclei and extend along the axons.107   

 Taken together, these results indicate that Klar requires Koi to localize to the 

nuclear envelope.  In the absence of Koi, apical microtubule association of Klar is still 

observed, but perinuclear localization is abolished.  Similarly, in R-cells of Lam(Dm0)- 

eye discs expressing transgenic 6xMYC-tagged Klarα, transgenic protein localizes to 

apical microtubules, but not to nuclei.101   

 A model showing Lam(Dm0), Koi and Klar interactions at the nuclear envelope of 

differentiating nuclei in the eye disc is depicted in Figure 6.7.  

 

KLAR AND KOI ARE WIDELY EXPRESSED OUTSIDE OF THE EYE 

 

 As discussed previously, both Koi and Klar are found on nuclei in cells of the 

salivary gland (Figure 6.4F-G’).  In addition, Koi is found at the nuclear envelope of 

germline and somatic cells of the ovary (Figure 6.8).  Data generated in other studies 

indicate that Klar is expressed in many different tissues of the 3rd instar larva 
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(Figure 6.8)99, and that Koi is found at the nuclear envelope in cultured Drosophila S2 

cells, a cell type derived from tissues from late embryonic stages (Figure 6.8).124  While I 

have not exhaustively checked all larval and adult tissues for Koi expression, I suspect 

that Koi is found ringing nuclei in all Drosophila tissues.   

What is the functional significance of the broad expression pattern of Klar and 

Koi?  What are the phenotypic consequences of mutations in these proteins outside of eye 

development? 

 In the case of Koi, flies that are protein nulls have no obvious phenotypes outside 

of eye development, and are viable and fertile both as homozygous mutants and as 

transheterozygotes with the Df(2R)Exel6050 chromosome.  This suggests that if Koi has 

functions other than tethering KASH domain-containing proteins at the nuclear envelope 

that are essential for organismal viability, such functions may be redundant with other 

nuclear envelope proteins.   

 What are the phenotypic consequences of deleting the entire klar ORF?  As the 

klar locus is large and complex, encoding several different protein isoforms, the point 

mutant and X-ray alleles described to date may affect expression of some, but not all, 

protein isoforms (with the possible exception of the klarmBP translocation allele).  A 

mutant that deletes most of the ORF regions would be useful to assess phenotypic 

consequences of loss of all Klar isoforms, and such a mutant has recently been generated 

in the Welte laboratory.125   

The complete deletion of the entire klar locus was achieved by inducing 

recombination between FRT sites in PiggyBac transposon insertions located 5’  
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Figure 6.8:  Koi and Klar are expressed widely in Drosophila tissues.  Unless otherwise 
indicated, nuclei are counterstained with TOPRO-3.  A, A’.  Perinuclear Koi staining in 
the ovary.  In A, the oocyte compartment is labeled with an asterisk.  B-B’’.  Perinuclear 
Koi staining in follicle cells.  C.  α-Klar staining in the wing imaginal disc; a wing disc 
from a klarmBP/Df(3L)emcE12 individual (lower half of the image) stains only weakly 
compared to wild type (upper half).  D.  α-Klar staining in the 3rd larval instar brain; 
genotypes and arrangement of tissue as in C.  E.  Koi (green) is perinuclear in S2 cells.  
A-B’ are reprinted from Kracklauer et al (2007); C and D from Guo et al (2005), and E. 
from Commisso and Boulianne (2008). 
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and 3’ to the locus.  This deletion results in animals that are protein nulls for all known 

isoforms. Deletion mutants are semi-viable and have rough eyes.125 In addition, females 

have an egg laying defect phenotype and are sterile.  The observed egg-laying defect has 

also been corroborated in klarCD4 homozygous females, however, klarCD4 females are still 

partially fertile.  Predictably, homozygous deletion mutant pre-cellularized embryos show 

the aberrant lipid droplet movement phenotype characteristic of mutants of the β isoform.  

As the gene 3’ to the klar locus is also deleted, however, it cannot be excluded that some 

of the phenotypes observed in the deletion mutant are due to the missing downstream 

gene.  Klar is speculated to have roles in coordinating and regulating motor protein 

function in organellar trafficking105, therefore, the phenotypes observed for the deletion 

mutant may be attributable to failures in fundamental organellar transport processes. 

 

CONCLUSIONS 

 

 Klar and Koi are both required for the apical nuclear migrations characteristic of 

differentiating cells in the 3rd larval instar eye disc.  As assessed by immunostaining 

experiments, the expression of these proteins in the eye does not obviously correlate with 

when these migrations occur.  What, then, is the trigger for apical nuclear migrations in 

eye development?  A possible answer to this question may lie in the observation that the 

microtubule cytoskeleton of R-cells is reorganized as this cell type is determined; data 

from the Fischer laboratory suggest that an MTOC forms only in differentiating cells 

behind the MF.101  As formation of a focused MTOC appears to depend at least in part on 
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the dynein regulatory subunit DLis1106, it seems possible that cytoskeletal reorganization 

and MTOC formation may be a function of when motor protein regulators that 

specifically facilitate these processes are expressed.    

Koi localizes perinuclearly in all nuclei of the eye disc, and is also observed on 

nuclei of cells in many tissues.99, 107, 124  If Koi has functions outside of localizing Klar to 

the nuclear envelope in developing cells of the eye, such functions may be redundant 

with other nuclear envelope proteins, perhaps explaining the lack of obvious null 

phenotypes in tissues outside of the eye. 

Klar is found in essentially every cell of the eye disc, and subcellular localization 

consistent with a role in nuclear positioning is most apparent in R- and cone cells behind 

the MF.107  However, as I analyzed Klar expression by immunofluorescence using an 

antibody capable of detecting at least two Klar isoforms with KASH domains – Klarα 

and Klarδ – I could not specifically establish whether expression of either KASH isoform 

occurs during nuclear positioning.  

As ahead of the MF, Klar is punctate and not obviously perinuclear, it seems 

plausible that any Klar isoforms expressed in this unspecified region of the eye disc are 

associated with a microtubule cytoskeleton that behind the MF will reorganize and form 

an MTOC in differentiating cells.  What Klar isoforms are present in the puncta ahead of 

the MF?  The existence of Klar isoforms with KASH domains ahead of the MF seems 

counterintuitive, as a KASH domain appears sufficient to localize proteins to the nuclear 

envelope.100  However, the only other C-terminal domain characterized for Klar isoforms 

confers localization to lipid droplets, and these isoforms are reportedly not expressed in 

the developing eye.99  Further research using antibodies specific to KASH 
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isoforms of Klar may help determine the nature of the puncta, and may be useful for 

defining Klar function(s) ahead of the MF.  

The expression of Klar forms outside of eye development is widespread, and in 

the case of embryonic lipid droplet migrations, the phenotypic consequences of mutations 

in LD forms are well characterized.98, 99, 105  Assessing klar loss-of-function phenotypes 

in contexts outside of the eye and embryo has been confounded by the complexity and 

size of the locus, however, a complete deletion has recently been generated using 

recombination between FRT sites at 5’ and 3’ ends of the gene.125  The phenotypes 

observed in the deletion mutants – rough adult eyes, impaired lipid droplet movement in 

embryos, and an egg-laying defect in adult females – are consistent with known 

phenotypes for klar mutants, the semi-viability however may be an artifact attributable to 

removing the gene 3’ to the locus.   
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 Chapter 7:  Generation of CG6589 mutants 

 

INTRODUCTION 

 

 In Chapter 3, I discussed the expression pattern of CG6589, the second 

Drosophila gene encoding a protein with a C-terminal SUN domain.  A spliced mRNA 

for this gene is found only in male larvae, pupae and adults, a pattern that evokes the R. 

norvegicus gene sperm associated antigen 4 (Spag4).94, 114  The Spag4 mutant phenotype 

is unknown, however, subcellular localization of the protein to the microtubule structures 

of manchette and axoneme in elongating spermatids suggest roles for the protein in 

spermiogenesis and male fertility.94   

 What is the mutant phenotype of CG6589?  Is this gene a Drosophila ortholog of 

Spag4?  Prior to the work described here, there were no available mutants of CG6589.  

Therefore, I generated CG6589 deletion mutants using ends-out HR, essentially as 

described for CG18584 (see Chapter 4), to address these questions.116  In this chapter, I 

will describe the procedures that generated ends-out HR CG6589 mutants, and 

experiments that confirmed the mutagenesis of this locus.         

 

RESULTS AND DISCUSSION 

 

1.  Cloning of the CG6589 disruption construct 

 

 Prior to the experiments that determined the 5’ and 3’ ends of the ORF 
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(see Chapter 3), the annotated CG6589 locus comprised 1000 base pairs.  Using ends-out 

HR as described in Chapter 4 resulted in the replacement of most of the coding regions of 

the locus with the w+marker gene (whs in Figure 7.1).   

 The vector I used to generate the CG6589 donor construct was pW35, with 

features as described in Chapter 4.116  The regions of homology that conferred targeting 

onto the donor were 3 kb of genomic sequence upstream and 5 kb downstream of 

CG6589, which were both amplified by PCR, and then sequentially cloned into pW35 at 

the multiple cloning sites that flank w+.  Figure 7.1 depicts the pW35 vector, and the 

figure legend outlines the cloning steps involved in generating the pW35-CG6589HRKO 

construct.  

The template used for the PCR of the homologous arms was BAC02J20, which 

contains Drosophila genomic sequence from isogenized flies of the strain y[1]; cn bw sp.  

For reasons described for the pW35-CG18584HRKO construct (see Chapter 4), I again 

opted to use a BAC as template to generate the homologous arms for pW35-CG6589HRKO.   

In the case of knocking out the koi locus, a critical concern was that generation of 

the upstream homologous arm of the knockout construct by PCR would introduce 

incorrect bases into CG3287, the gene immediately upstream of koi.  As I wanted any 

observed mutant phenotypes to be attributable to knocking out koi only, and not due to 

introducing errors in CG3287, I carefully sequenced the HR arm upstream of koi to 

ensure no base errors had been introduced by PCR into CG3287.   

In the case of CG6589, this concern seemed less critical to me, as no genes are 

annotated up- or downstream of the locus.  Therefore, I opted not to sequence the 

homologous arms when generating the pW35-CG6589HRKO construct.  However,  
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Figure 7.1:  Schematic of the pW35 vector.  pW35, the vector used to generate the donor 
DNA molecule that replaces CG6589 with w+.  An approximately 3 kb region 
homologous to genomic sequence 5’ to CG6589 was cloned into the NotI site, and a 5 kb 
region 3’ to CG6589 was cloned into the BamHI site and an AvrII site not annotated in 
this plasmid map, resulting in pW35-CG6589HRKO.  A detailed description of the cloning 
of this disruption construct is provided in the Materials and Methods section.  This figure 
was provided by Wei Gong and Kent Golic. 
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I nevertheless used a high-fidelity polymerase in the PCR that generated these arms to 

minimize the probability of any unannotated genes becoming mutangenized due to PCR 

error. 

 

GENERATING CANDIDATE CG6589 DELETION STOCKS  

 

 The pW35-CG6589HRKO construct was introduced into the germline of flies of the 

genotype y w by P element transformation.  Similarly to the pW35-CG18584HRKO 

construct, in most of the pW35-CG6589HRKO transgenic stocks obtained, the donor P 

elements inserted into the second chromosome, which is the chromosome containing 

CG6589.  I also obtained two stocks for which the transgene inserted into the X 

chromosome, and used one of these stocks for the steps described below.  

 To induce targeted HR events, a fly crossing scheme was followed as depicted in 

Figure 7.2.  Virgin female flies of the genotype y w, pW35-CG18584HRKO/FM7c were 

collected and aged for 1-2 days at 25˚C, and then crossed to males of the genotype (y) w;; 

[hs-FLP],[hs-I-SceI]/TM3, Sb.  This mating was carried out with ~500 flies of each 

genotype in an embryo collection cage.  Embryo collections, dechorionation, aliquotting 

into food vials and heat shocks were carried out essentially as described in Chapter 4.  

Upon conclusion of the heat-shocks, the resulting F1 larvae were permitted to develop at 

25˚C until adulthood.  

In F1 adults, I screened for female flies of genotype (y) w, pW35-

CG18584HRKO/+;; [hs-FLP],[hs-I-SceI]/+, which had w+ mosaic eyes (see Chapter 4 for  
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Figure 7.2:  Ends-out HR crossing scheme to generate CG6589 deletion mutants.  
Details of the crossing scheme are discussed in this chapter, and in the Materials and 
Methods section. 
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an explanation of the mosaicism).  To generate F2 progeny in which targeted events 

occurred, I crossed 3-4 F1 mosaic-eyed (y) w, pW35-CG6589HRKO/+;; [hs-FLP],[hs-I-

SceI]/+ female virgins with an equal number of w; hs-FLP males, and screened for solid-

eyed w+ F2 males, which occurred at approximately the same frequency (1/1,500 – 

1/2,000) as described for the mutagenesis with the pW35-CG18584HRKO construct in 

Chapter 4.  The screen continued until 100 independent F2 candidate knockout males 

were obtained.   

The w+ insertions in the F2 candidate stocks were mapped by standard 

segregation testing, and in 97 stocks, w+ mapped to the second chromosome.  As I had 

started with a P generation donor construct stock in which the w+-marked donor had 

inserted into the X chromosome, the fact that most of the candidate F2 progeny had a w+ 

insertion that mapped to the second chromosome (i.e., the chromosome targeted by the 

procedure) provided a degree of reassurance that targeting had in fact occurred.  Only 

three stocks had w+ insertions that failed to map to the second chromosome (all three 

mapped to the third chromosome), which presumably arose due to non-homologous 

recombination events.  These stocks were discarded. 

Males from 50 randomly selected candidate stocks with w+ insertions on the 

second chromosome were used to generate balanced stocks by crossing to w; Sco/CyO 

virgin females.  In each of the 50 balanced stocks, individuals homozygous for the 

targeted chromosome appeared in the anticipated ratios.  Unlike the homozygotes 

described in Chapter 4, these putative CG6589 deletion homozygotes did not have rough 

eyes, and in fact lacked obvious adult phenotypes altogether.  When I generated 
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transheterozygotes with Df(2L)Prl, a deficiency chromosome lacking genes in the 

CG6589 region, the only obvious mutant phenotype observed was shortened, dumpy 

wings.  However, this phenotype is also observed in the Df(2L)Prl/CyO stock.  Therefore, 

it is presumably attributable to haploinsufficiency of a gene in the deleted region, and as 

the homozygous deletion mutants have normal wings, it does not result from deleting 

CG6589.     

The screening and fly crosses described above were performed by Heather Wiora. 

 

VERIFYING THE TARGETING OF CG6589 – SOUTHERN BLOTS 

 

 Upon obtaining candidate CG6589 knockout stocks, I used Southern blotting to 

verify targeting.  Most of the knockout stocks yielded the predicted genomic fragment 

size (4.9 kb), and all three genotypes used as wild type controls gave an identical control 

fragment size (2.1 kb).  Of those stocks that yielded the predicted fragment size, I 

retained five – CG6589HRKO1, CG6589HRKO6, CG6589HRKO11, CG6589HRKO12, and 

CG6589HRKO15 – for phenotypic analysis as described in Chapter 8.  Prior to using these 

stocks for phenotypic analysis, I backcrossed each to a w1118 stock bearing an isogenized 

second chromosome derived from Oregon-R for four generations, and rebalanced them 

by crossing to w; Sco/CyO.  

A representative Southern blot showing the sizes of wild-type and knockout 

genomic DNA fragments, along with a diagram showing the wild-type and mutant 

fragment sizes and the probe that detects them, are shown in Figure 7.3.  Heather Wiora 

and Marc Kowalkowski assisted me in the Southern blotting experiments
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Figure 7.3: Confirming CG6589 knockout by Southern blot.  A.  Southern blot 
confirming the insertion of the CG6589HRKO disruption construct.  B.  Diagram depicting 
expected fragment sizes in wild type and knockout PstI fragments of genomic DNA, and 
the probe (in green) used in the Southern blot (A).  
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CONCLUSIONS 

 

Using ends-out HR, I successfully generated a targeted deletion in the CG6589 

region of the second chromosome, and confirmed the deletion using Southern blotting.  

Deletion mutants were homozygous viable and lacked readily observable external 

phenotypes.  In adults, the deletion chromosome transheterozygous to Df(2L)Prl resulted 

in a dumpy wing phenotype that presumably is incidental to mutating CG6589.   

 

What are the phenotypic consequences of knocking out CG6589?  Given the 

male-specific expression pattern of the gene, an obvious phenotype to assess is male 

fertility, defects in which would not necessarily be evident upon cursory inspection of 

knockout adults.  In the next chapter, I will describe the experiments that determined the 

CG6589HRKO knockout phenotype. 
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Chapter 8:  The CG6589 (dspag4) mutant phenotype 

 

 

INTRODUCTION 

 

 In the previous chapter, I described how CG6589 mutants were generated. I 

observed that homozygous knockout adults lacked obvious external defects.  In Chapter 

3, I established that spliced forms of CG6589 mRNA are found only in males, an 

expression pattern that parallels rat Spag4.114  Spag4 protein is found associated with 

various microtubule structures present during spermiogenesis in male rats, which 

suggests a role for this protein in sperm development, and possibly in male fertility.94  

However, in the study that characterized the expression patterns of the mRNA and 

protein, Spag4 mutant rats were not generated.  Therefore, it is unknown whether Spag4 

mutant rats have fertility defects. 

 Do mutant CG6589 male Drosophila have fertility defects?  If yes, what is the 

specific defect that impairs fertility?   Does the CG6589 deletion affect female fertility?  

These are the questions I will address in this chapter. 

 

RESULTS AND DISCUSSION 

 

1.  Gametogenesis in male Drosophila – a brief overview 

 

 To facilitate discussion of possible causes for male sterility in Drosophila, I  
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provide a brief overview of the process of male gametogenesis here.  “Spermatogenesis” 

refers to the steps of the process that generate primary spermatocytes by meiosis, 

“spermiogenesis” is used when discussing all post-meiotic stages, and “gametogenesis” is 

the combined processes of spermatogenesis and spermiogenesis.  The stages of the 

process are illustrated in Figure 8.1. 

The two adult Drosophila testes are blind tubes approximately 2 mm long and 0.1 

mm wide; each testis assumes a curled shape.  Spermatogonial stem cells are found at the 

testis tip.  These undergo asymmetric divisions to generate a daughter stem cell and a 

primary spermatogonial cell.  The latter undergoes four synchronous mitoses, resulting in 

16 primary spermatocytes.  Two synchronous meiotic divisions then give rise to 64 round 

spermatids.  In round spermatids, the mitochondria fuse into a single unit called the 

nebenkern (NK).  All mitotic and meiotic products of the primary spermatogonial cell are 

referred to as a cyst, and remain interconnected via ring canals.  Two cyst cells, which are 

somatic, derive from asymmetrically dividing cyst stem cells at the testis tip, and 

ensheath the cyst throughout gametogenesis.  Progressively more mature cysts are found 

farther away from the tip.126  

Round spermatids undergo nuclear condensation and nuclear, axonemal and NK 

elongation, resulting in spermatid cysts (still ensheathed in cyst cells) approximately as 

long as the testis itself (1.8 mm).  At this stage, spermatid nuclei have achieved their final 

needle- shaped structure, and the axonemes and NKs extend down the length of each pre- 

individualized spermatid.  At this and in all downstream stages, the two products of the 

elongated NK are referred to as the major and minor mitochondrial derivatives  
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Figure 8.1:  The stages of gametogenesis in male Drosophila.  Reprinted from 
http://www.fly-ted.org/images/Spermatogenesis%20diagram.png. 
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(MDs).126   

Upon completion of elongation, an actin-rich structure known as the 

individualization complex (IC), comprising 64 individual investment cones, assembles at 

the nuclei. The IC then moves down the length of the bundle towards the caudal ends of 

the elongated spermatids.  As the IC moves caudally along the nuclei, both the nuclear 

membranes and lamina are stripped off the nuclei.  Ahead of the IC, spermatids are 

interconnected via cytoplasmic bridges; behind the IC, spermatids are invested in plasma 

membrane and are thus individualized.  Most of the cytoplasm of the spermatids is 

eliminated in the individualization process, forming a cytoplasmic bulge (CB) 

immediately ahead of the IC.  The CB grows continuously in size until the caudal end of 

the bundle is reached.  Extruded cytoplasm is pinched off as a membranous structure, the 

waste bag (WB), into the lumen of the testis. Upon completion of individualization, cysts 

are coiled in the testis terminal zone, the cyst cells die, and coiled mature spermatids with 

nuclei that lack nuclear membranes are deposited in the seminal vesicle.126   

 

2.  Common causes for male sterility in Drosophila 

 

 Many types of defects interfere either with the processes described above, or with 

normal courtship and mating behaviors, and result in loss of male fertility in Drosophila.  

The most common of these are listed below:   

a) Behavioral defects:  Adult males fail to court and mate with females.  These defects 

can arise due to mutations that affect either the ability to respond to specific pheromonal 
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or olfactory cues, or the fate determination of neurons in the brain that affect courting 

behavior.127, 128  

b) Defects affecting external genitalia:  Adult males either lack external genitalia 

altogether, or external genitalia are malformed, precluding successful mating.129, 130 

c) Defects affecting development of germline tissue:  Development of somatic tissue of 

the testis occurs normally, but the gamete precursor stem cells and their products fail to 

proliferate, or are absent from the testes altogether.131, 132  

d) Meiotic defects of primary spermatocytes:  The mitotic cell divisions of the primary 

spermatogonia occur normally, but a meiotic arrest occurs, resulting in testes that fill up 

with cysts of primary spermatocytes.126, 133-138  

e) Defects affecting post-meiotic morphological changes:  The meioses giving rise to 

cysts with 64 round spermatids occur normally, but the morphological changes resulting 

in elongation, structural organization or shaping of axonemes, MDs and nuclei fail to 

occur, or are abnormal.139-143 

f) Defects in sperm individualization:  Elongation and morphological changes of MDs, 

axonemes and nuclei are normal, but investment of each spermatid in plasma membrane 

fails.130, 144-151 

g) Defects in sperm activation:  Mature sperm are deposited into the seminal vesicle, but 

activating proteins in the seminal fluid provided by the accessory glands are abnormal or 

absent.151 

h) Defects in sperm/egg fusion:  Mature sperm are activated normally, however, sperm 

lack surface determinants required for interaction with receptors of the egg plasma 

membrane.152 
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i) Defects in sperm plasma membrane breakdown (PMBD):  Unlike fertilization in other 

animals, Drosophila sperm enter the egg with an intact plasma membrane, which must 

then break down prior to formation of the male pronucleus.  In this class of mutant, sperm 

are capable of entering the egg, but key acrosomal proteins required for sperm PMBD are 

absent or nonfunctional.153  

 Do mutations specifically in the gene region of CG6589 result in a male fertility 

defect?  If so, does the defect fall into any of the classes described above?  To address the 

first question, I cloned rescue and mock-rescue transgenes, generated transgenic fly 

stocks, and quantitatively compared fertility of mutant, rescue and mock-rescue stocks 

assays as described in the following subheadings.   

 
3.  CG6589 deletion mutants are male sterile 
 

Do mutations in CG6589 result in impaired fertility?  To address this question, I 

performed quantitative fertility assays using both male and female CG6589 homozygotes, 

and CG6589/Df(2R)Prl transheterozygotes.   

In 20 separate vials, I crossed individual CG6589HRKO1, CG6589HRKO6, 

CG6589HRKO11, CG6589HRKO12 and CG6589HRKO15 males to two w1118 female virgins.  As 

a wild type control, I set up an identical number of crosses using either w1118 males 

homozygous for a wild-type (Oregon-R) copy of chromosome 2 (w1118; ORC2), or w1118 

males with a single copy of this Oregon-R chromosome in trans to the Df(2L)Prl 

chromosome (w1118; ORC2/Df(2L)Prl).  After seven days, I scored the total number of 

larvae and pupae in each vial. 

 Each w1118; ORC2 or w1118; ORC2/Df(2L)Prl male produced an 
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average of 39 or 64 larvae and pupae per vial, respectively (Table 8.1).  However, every 

vial in which CG6589 homozygous and transheterozygous males had been crossed to 

w1118 virgins was devoid of larvae and pupae.  In addition, unhatched eggs covered the 

surface of the food in most vials.   

To test the possibility that the eggs had been fertilized by the CG6589 mutant 

males, but were arrested in embryonic development, I recovered two to four individual 

eggs from five randomly chosen vials, dechorionated these manually, and used phase 

microscopy to examine the dechorionated eggs for characteristic stages of embryonic 

development, i.e. cellularization or gastrulation.  I observed neither gastrulated nor 

cellularized embryos, suggesting that if fertilization of the eggs had occurred, embryonic 

development had arrested at stages not observable by phase microscopy (data not shown).  

Taken together, these results suggested that CG6589 males are sterile, and that the 

sterility defect is fully penetrant.  Are CG6589 females similarly affected by the 

mutation? 

To assay mutant female fertility, I recovered 20 virgin CG6589 homozygous 

females for each allele (and the corresponding females transheterozygous to Df(2L)Prl), 

and placed them singly into 20 food vials together with two w1118 males.  Similar crosses 

with w1118; ORC2 and w1118; ORC2/Df(2L)Prl virgin females were set up in parallel as a 

control.  In all experimental crosses, I observed that most vials contained eggs that 

hatched at the latest by two days after setting up the mating.  Seven days later, 

homozygous CG6589 females and the Df(2L)Prl transheterozygotes had produced 20 and 

34 larvae and pupae, respectively (Table 8.1).  w1118; ORC2 females had produced an 

average of 18 larvae and pupae.  The w1118; ORC2/Df(2L)Prl transheterozygous  
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Table 8.1:  Quantitative dspag4 fertility and rescue data.  The wild type genotype is 
w1118; C2ORiso, the deficiency chromosome is Df(2L)Prl, dspag46 was used as the mutant 
allele, and the rescuing transgene is a pC4-g(dspag)PstI insertion on chromosome 3.  
SUNstop refers to the mock-rescue transgene as described on p. 141.  wt/Df females were 
only marginally fertile, however, their low fertility is not obviously related to dspag46 or 
to Df(2L)Prl.  Error bars are +/- one standard deviation.   
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females proved to be subfertile, laying only a few embryos that hatched into larvae that 

typically pupated in the food; progeny numbers were not thus not analyzed for these 

females.  

Taken together, these results indicate that CG6589 mutant males are completely 

sterile, whereas female fertility is not adversely affected by the mutation.  

 

4.  A 5 kb genomic DNA fragment containing the CG6589 gene region completely 
rescues the male sterile phenotype 
 

 

To rescue the CG6589 phenotype, I cloned a transgene containing a 10 kb 

fragment excised from BACR02J0.  According to the genome annotation on FlyBase, the 

excised fragment contains CG6589 and no other genes.  A single copy of the resulting 

transgene rescues the male sterility completely, and sperm individualization occurs 

normally (Figure 9.2; quantitative rescue data not shown). 

 The CG6589 coding region as determined by RACE spans only ~1.2 kb of 

sequence within the 10 kb rescue fragment (see Chapter 3 and Figure 9.3), and the use of 

ends-out HR to knock out CG6589 involved targeting ~8 kb of genomic sequence 

surrounding the locus.  Therefore, I cannot rule out the possibility that the ends-out HR 

mutagenesis of the locus may have inadvertently mutagenized regulatory regions that 

affect expression of unannotated nearby genes, and that the CG6589 phenotype in fact 

results from mutations of such regions.  Therefore, I constructed a second transgene 

comprising a 5 kb subfragment of the original 10 kb fragment.  After generating the 
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corresponding transgenic fly stocks, crossing the transgene into the CG6589 knockout 

background and performing a fertility assay as described, I again observed complete 

rescue of the CG6589 male sterile phenotype (average of 84 combined larval and pupal 

progeny per vial; see Table 8.1).  I did not assess whether the transgene rescues the sperm 

individualization defect by examining testes cross-sections by TEM, however, as male 

fertility was completely rescued, such analysis seemed unnecessary.    

 Even after rescue with the 5 kb genomic fragment, I could not rule out that 

unannotated loci or CG6589 exons were affected by the ends-out HR mutagenesis, and 

that the rescuing activity of the transgene is due to expression of another gene within the 

5 kb.  To address this issue, I generated a derivative 5 kb CG6589 genomic fragment in 

which a stop codon is inserted upstream of the SUN domain-encoding region (Figure 

9.2), and carefully sequenced this derivative fragment to ensure that the only mutation 

was the introduced stop codon.  I used the resulting mutant genomic fragment to generate 

a transgene that fails to rescue the male sterile phenotype (mock-rescue transgene).  This 

failure on the part of the mock-rescue transgene to revert the sterility phenotype suggests 

that the rescuing transgenes that restore fertility are not functional by virtue of having 

crucial DNA sequences outside of the annotated CG6589 region.  Taken together, these 

results lead me to conclude that the CG6589 cDNA sequence as shown in Figure 3.8 is 

indeed correct, and that there are no other genes in the CG6589 vicinity that account for 

the phenotype.    

 Vertebrate Spag4 and D. melanogaster CG6589 both encode C-terminal SUN 

domain proteins, and spliced mRNAs of each gene are found only in the males of the 

respective species.94  Given these expression patterns, and the CG6589 
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phenotype being male sterility, I decided to name CG6589 “dspag4”, as this gene seems 

to me to be the likely ortholog of rat Spag4.  

 

5.  Sperm individualization is severely compromised in dspag4 mutant males 

 

 What is the nature of the dspag4 fertility defect?  Of the nine classes of fertility 

defects listed in Subheading 2 above, into which class does dspag4 fall?   

As I observed mutant males engaging in normal courtship and mating when 

randomly inspecting the fertility assay crosses, I was able to rule out behavioral defects 

as causes for the sterility.  In addition, dspag4 external genitalia and internal reproductive 

organs appear identical to wild type (Figure 8.2).  Examining unfixed wild type and 

dspag4 testes by phase microscopy reveals that elongated cysts are present in both 

genotypes, suggesting that neither spermatogenesis nor spermiogenesis are adversely 

affected in the mutant (Figure 8.3).   

Using phase contrast microscopy, I also compared the sizes of seminal vesicles 

between Oregon-R and dspag4 males (Figure 8.4).  In zero to one-day-old males of either 

genotype, the seminal vesicles found adjacent to the anterior ejaculatory duct are small 

(Figure 8.3).     After sequestration away from females for seven to eight days, the 

seminal vesicles of Oregon-R males become prominent structures that in unfixed testes 

burst open upon mounting with a coverslip, releasing thousands of motile sperm.  dspag4 

mutant males however have seminal vesicles that do not significantly change in size over 

the same time period, indicating these organs are not filling with mature sperm.  Instead, 

the terminal epithelial region of dspag4 mutant testes immediately apical to the  
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Figure 8.2:  Male terminalia and internal reproductive apparatus in wild type and dspag4 
mutant.  A.  Schematic illustrating wild type D. melanogaster male terminalia.  B.  
Photograph of wild type terminalia.  C.  Photograph of dspag4 terminalia.  In A-C, ga = 
genital arch, ap = anal plate, ao = anal opening, t9o/t9i = outer/inner lobe of tergite 9 
(penultimate segment in abdominal region), pf = phallic foramen. A’.  Schematic 
depicting male internal reproductive apparatus of wild type D. melanogaster.  B’.  
Photograph of wild type male internal reproductive tract.  C’.  Photograph of dspag4 
male internal reproductive tract.  In A’-C’, T = testis, V = seminal vesicle, G = accessory 
gland, AD = anterior ejaculatory duct, B = ejaculatory bulb, PD = posterior ejaculatory 
duct.  In the photograph of the dspag4 tract, the ejaculatory bulb is semi-opaque and is 
positioned on top of the co-dissected external terminalia.  A and A’ are adapted from 
Biology of Drosophila (facsimile edition), CSHL Press (1994)155 and The Development 
of Drosophila melanogaster, CSHL Press (1993), respectively; the remaining panels are 
unpublished data (M. Kracklauer). 
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Figure 8.3:  Analysis of wild type and dspag4 testes by phase microscopy.  A.  Wild-type 
testis.  B.  dspag4 testes pair.  In both pictures, the tips of the testes are towards the right, 
and the seminal vesicles are towards the upper left.  Note that wild type and dspag4 testes 
are equal in size, and that the testes are full of convoluted elongated cysts. 
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Figure 8.4:  Size comparison of wild type and dspag4 seminal vesicles in 7-8 day-old 
adult males.  Arrows denote seminal vesicles, and arrowheads the terminal epithelium.  
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seminal vesicle enlarges (Figure 8.4).   

I did not assay for abnormal sperm activation in dspag4 males.  However, the 

failure in seminal vesicle enlargement after seven to eight days, an indicator for 

production of mature sperm, makes problems with sperm activation, a process occurring 

downstream of seminal vesicle filling, seem unlikely in the mutant.  In addition, as 

mature sperm are apparently not produced in the mutant in quantities sufficient to result 

in full seminal vesicles, I infer that the dspag4 mutant resulting in sperm-egg fusion or in 

PMBD abnormalities is at best a remote possibility.  

To observe directly the effects of the dspag4 knockout on plasma membrane 

investment, I dissected testes from three to four-day-old w1118 and dspag4 males, and 

prepared them for sectioning, staining, and analysis by transmission electron microscopy 

(TEM).  Heather Wiora assisted me with the tissue dissection, fixing and embedding, and 

Dr. Dwight Romanowicz sectioned the embedded tissue and performed post-sectioning 

staining and TEM analysis.  

In dspag4 mutants, cross sections of cysts ahead of the IC look no different than 

wild type.  However, behind the IC in wild type testes, individualization has occurred; 

each MD and axoneme is invested in plasma membrane, and most of the cytoplasm is 

eliminated.  The resulting individualized sperm tails are tightly packed together, and the 

spatial arrangement of major and minor mitochondrial derivatives and axonemes is 

iterative in the cross section of the cyst, giving it the appearance of a “spermiocrystalline 

lattice” (Figure 8.5).   

In dspag4 mutants, a high degree of organellar disorganization is observed behind  
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Figure 8.5:  TEM of wild type and dspag4 cyst cross sections.  In all panels, white 
arrowheads denote major MDs, black arrowheads minor MDs, and black arrows 
axonemes.  A.  Wild type cyst pre-IC.  Accumulation of paracrystalline material in major 
MDs has begun, and each axoneme is wrapped in an axonemal sheath (AS).  B.  dspag4 
cyst pre-IC.  Accumulation of paracrystalline material in the major MD has advanced 
farther than in A; otherwise, similar features are observed in both cross sections.  C.  
Wild type cyst post-IC.  Spermatids are invested in plasma membrane, and cytoplasm is 
eliminated.  White spaces within each spermatid are an embedding artifact.  D.  dspag4 
cyst post-IC.  The arrangement of organelles within the cyst is highly disorganized, and 
cytoplasmic elimination has failed.   
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the IC.  Wherever new plasma membrane forms, it often invests multiple axonemes and 

MDs, and many axonemes and MDs lack plasma membrane altogether (Figure 8.5).  In 

addition, the iterative arrangement of these structures across the cyst is highly disrupted.  

However, the axonemes and MDs themselves are essentially wild type in appearance, 

even though their spatial arrangement is disorganized.  In addition, significant amounts of 

cytoplasm remain in dspag4 null cysts, and ribosome puncta are observed that are absent 

behind the IC in wild type cysts.  

What other dspag4 null phenotypes are observable by TEM?  In wild type 

individualization, the membrane bilayer of the axonemal sheath (AS) is found on each 

axoneme ahead of the IC.  Behind the IC, this endomembrane delaminates from the 

axonemes, and it is speculated to be turned over into plasma membrane.154  Upon close 

inspection of TEM sections of dspag4 cysts, another abnormal phenotype becomes 

apparent:  behind the IC, axonemes retain their AS (Figure 8.6).  Therefore, dspag4 null 

mutations appear to influence removal of the AS from the axonemes.     

 

CONCLUSIONS 

 

 Mutations in dspag4 result in complete male sterility.  Female fertility is not 

noticeably affected by the mutation, and given that spliced dspag4 mRNA is not found in 

females, I found this result unsurprising. 

 What causes the male sterility in dspag4 mutant males?  When dspag4 mutant 

seminal vesicles are examined by light microscopy, the failure of these storage organs to 

enlarge compared to wild type is readily apparent, suggesting that a key process  
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Figure 8.6:  The axonemal sheath is retained around axonemes in dspag4 mutants.  A.  
High magnification view of a cross-section of wild type spermatid (from cyst in Figure 
8.5 C).  B.  Equivalent view of a cross section of an unindividualized dspag4 mutant 
spermatid.  The membrane bilayer of the AS is bulging out, and there are inclusions 
between the axoneme and the AS in the plane shown.  The nature of these inclusions is 
unknown, but its texture appears similar to the uneliminated cytoplasm.  
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required for generating mature sperm has failed.   

When cross sections of mutant cysts are examined by TEM, two abnormal 

phenotypes are apparent.  First, gross failures in cytoplasmic elimination, plasma 

membrane investment and quasi-crystalline packing of sperm tails are observed.  Second, 

the AS has failed to delaminate, remaining associated with axonemes.  These results 

suggest that Dspag4 is required for sperm individualization in Drosophila, and may also 

have a role in AS turnover.   

 Where is Dspag4 found throughout male Drosophila gametogenesis?  Is the 

subcellular localization of Dspag4 consistent with possible roles in plasma membrane 

investment and AS turnover?  In the next chapter, I discuss experiments that establish the 

subcellular localization of Dspag4 in the testis, information essential in determining a 

mechanism for Dspag4 function in spermiogenesis. 
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Chapter 9:  Subcellular localization of Dspag4 in the Drosophila testis 

 

INTRODUCTION 

 

 In Chapter 8, I assessed the fertility of dspag4 mutant males and females.  Males 

lacking Dspag4 are wild type in outward appearance, but are completely sterile.  By 

contrast, females lacking Dspag4 are fertile.  Male sterility results from a failure of 

mature sperm to move into the seminal vesicle, and the cysts containing elongated sperm 

show gross defects in sperm individualization. 

What accounts for the inability of dspag4 null males to produce individualized 

mature sperm?  Is Dspag4 subcellular localization consistent with a requirement for the 

protein in sperm individualization and maturation?  I will address these questions in this 

chapter. 

 

RESULTS AND DISCUSSION 

 

1.  Visualizing Dspag4 in the testes  

 

 a) IF:  α-Dspag4 antibody  

 

 My first attempt to assess subcellular localization of Dspag4 in the testis involved 

generating a rat polyclonal α-Dspag4 antibody, essentially as described for Klaroid in 
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Chapter 6.  I used this antibody in Western blotting and immunofluorescence with the 

assistance of Dr. Xin Chen.  The antiserum reacted with protein extracts on Western 

Blots from wild type testes to produce the expected 33 kD band.  However, this band was 

not completely absent in extracts from mutant testes, suggesting that the antiserum may 

contain an antibody that reacts with an antigen similar in size to the target antigen.  In 

addition, I observed cross-reactivity of the serum with other proteins in both samples, 

resulting in several other bands of varying size (Figure 9.1A).   

Using the α-Dspag4 antibody in immunofluorescence resulted in staining patterns 

in wild type testes that did not differ significantly from patterns observed in dspag4 

mutant testes, and thus were not obviously specific (Figure 9.1 B).  My attempts to 

reduce non-specific background in Western blots and immunofluorescence by affinity-

purifying the antibody using Dspag4 antigen failed, as did attempts to preabsorb the 

antiserum against fixed dspag4 null testes and wild-type embryos.  Therefore, I 

abandoned further attempts to use the antiserum for addressing Dspag4 subcellular 

localization in the testis.   

 

b.  Tagged and untagged genomic dspag4 rescue transgenes 

 

 The α-Dspag4 antiserum described above was unusable in Western blots and 

immunofluorescence.  Therefore, I opted instead to generate genomic transgenes 

encoding epitope-tagged Dspag4 that were derived from the 5 kb dspag4 genomic rescue 

fragment described in Chapter 8.  As the transgenes contain the crucial dspag4 regulatory 

elements in addition to the gene itself, I anticipated that expression of these  
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Figure 9.1:  Rat α-Dspag4 antiserum in Western blotting and IF.  A.  The antiserum 
detects a ~33 kd band in the wild type testis extract lane, and a much fainter band in the 
dspag4 testis extract.  Non-specific bands are detected by the antiserum in both samples.  
B. Antiserum in IF of wild type and dspag4 testes; elongated cysts are shown.  Results 
with the this antiserum are equivocal; whether the distribution of putative Dspag4 
speckles on elongating axonemes (in green, left panel) is specific is difficult to determine 
when comparing to signal from the dspag4 null background (right panel). 
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transgenes would result in levels and patterns of tagged Dspag4 expression that mimicked 

wild type.    

 After obtaining a 5 kb dspag4 PstI genomic rescue fragment, I generated a 

derivative construct by adding an AscI site immediately upstream of the dspag4 stop 

codon.  I then used this site for in-frame cloning of GFP or 6xMYC epitope tags, 

ultimately generating pC4-g(dspag4)GFPPstI and pC4-g(dspag4)6xMYCPstI transgenes 

(Figure 9.2).  The pC4-g(dspag4)6xMYCPstI transgenic stocks were used for investigating 

subcellular localization of tagged Dspag4 with respect to organelles marked with GFP-

tagged proteins.  The pC4-g(dspag4)GFPPstI transgenic stocks, on the other hand, were 

useful for assessing subcellular localization of Dspag4•GFP either when use of an α-myc 

antibody would have created species compatibility problems together with other 

antibodies, or for generating images from regions of the testis that were prone to high 

antibody backgrounds.     

A single copy of either transgene rescues the male-sterile phenotype completely 

(Table 9.1).  The subcellular localization pattern of both epitope-tagged proteins is 

identical.  In addition, for either transgene, the expression pattern of tagged protein in 

each transgenic line is identical.  Taken together, these results suggest that the tagged 

gene products retain wild-type function, and that their subcellular localization reflects, at 

least in part, that of the untagged endogenous protein.  The detailed protocol used to 

generate the transgenes discussed here is presented in Materials and Methods.    
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Figure 9.2:  Genomic dspag4 rescue fragments and their derivatives.  According to the 
most recent FlyBase annotations, there are no other genes within the region shown.  The 
10 kb XbaI/BamHI and 5 kb PstI untagged fragments, as well as the GFP- and 6xMYC 
tagged derivatives of the PstI fragment, completely rescue the male sterility.  The 
derivative of the PstI fragment with a TGA stop codon inserted just upstream of the 
dspag4 region encoding the SUN domain results in a transgene that fails to rescue male 
sterility (see Chapter 8).  Modified from www.flybase.bio.indiana.edu.   
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Table 9.1:  Rescue of dspag4 male sterility phenotype with transgenes tagged Dspag4.  
The wild type genotype is w1118; C2ORiso, the deficiency chromosome is Df(2L)Prl, 
dspag46 was used as the mutant allele, and the rescuing transgenes are either a single 
pC4-g(dspag)GFPPstI or a pC4-g(dspag)6xMYCPstI insertion on chromosome 3.  With the 
exception of dspag4/Df; GFP rescue, male fertility is restored to essentially wild type 
levels.  Error bars are +/- one standard deviation.  
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2.  Subcellular localization of tagged Dspag4 throughout gametogenesis  

 

a.  Mitotic spermatogonia 

 

A gonioblast is generated by asymmetric division of stem cells at the stem cell 

niche at the apical-most tip of the testis.  The first three mitotic divisions of the 

gonioblast occur with incomplete cytokinesis and result in spermatogonia interconnected 

via ring canals.126  While the spermatogonia do not express Dspag4•6xMYC at levels 

that I could readily visualize by immunofluorescence (Figure 9.4A), dspag4 mRNA is 

expressed abundantly at this developmental stage as determined by in situ hybridization 

(Figure 9.4B), suggesting a mechanism that suppresses translation of dspag4 mRNA in 

spermatogonia.  In situ hybridization was performed by Benjamin Bolival.   

 

b.  Primary spermatocytes 

 

Dspag4•6xMYC protein expression is first observed in early primary 

spermatocytes, where it is perinuclear. Insofar as Dspag4•6xMYC is capable of 

localizing to the nuclear envelope, it behaves essentially like Klaroid and many other 

SUN proteins during this developmental stage. 

When Dspag4•6xMYC is co-expressed with Unc•GFP in an otherwise wild type 

genetic background, the protein associates with a filamentous structure adjacent to polar 

primary spermatocyte nuclei (Figure 9.5A).  The juxtanuclear filamentous structure  
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Figure 9.3:  dspag4 phenotype rescue by the pC4-g(dspag4)BX transgene. The transgene 
bearing the 10 kb BAC fragment with the dspag4 genomic region completely rescues the 
aberrant individualization phenotype observed in the dspag4 mutant.  Male sterility is 
also completely rescued (no quantitative data available). 
 

 
 
Figure 9.4:  Dspag4•6xMYC mRNA and protein expression at the testis tip.  A.  The 
apical tip of a testis from a male of indicated genotype. Dspag4•6xMYC and DNA were 
imaged in the red and blue channels, respectively; no obvious red signal is present.  The 
blue bracket denotes where spermatogonia are found.  B.  In situ hybridization indicates 
that dspag4 mRNA is expressed abundantly at the tip of the testis (left panel), and is 
found in lower amounts throughout the remainder of the organ.  The right panel in B is a 
sense probe control hybridization.  
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Figure 9.5:  Association of Dspag4•6xMYC with primary cilia.  A primary cilium points 
towards a single centriole pair in polar primary spermatocytes.  Centrioles are marked 
with Unc•GFP. 
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points away from the nucleus at a ~30°-40° angle, appears not to contact the nucleus 

directly, and points towards a single centriole pair without however forming a direct 

physical contact with it (Figure 9.6).  In mature primary spermatocytes, the 

Dspag4•6xMYC localization to the filamentous structure is lost, but the perinuclear 

localization is retained (Figure 9.5B). What is the juxtanuclear structure, referred to 

henceforth as Structure X, with which Dspag4•6xMYC associates?   

Drosophila Unc is a protein required for ciliogenesis in type I sensory neurons 

and in the male germline, the only Drosophila tissues in which primary cilia are found.143  

Unc is thought to be involved in intraflagellar transport (IFT), a critical process for 

assembling flagellar structures.  In the absence of Unc, the axonemes show severe 

structural abnormalities.  In the experiments in which Unc•GFP is co-expressed with 

Dspag4•6xMYC, the total levels of Unc and Dspag4•6xMYC in the cell are at least 50% 

higher than in wild type, and artifactual phenotypes due to extra copies of Unc•GFP have 

been reported.143  As Dspag4•6xMYC does not localize to Structure X in the absence of 

Unc•GFP, the observed localization of Dspag4•6xMYC to Structure X may therefore be 

attributable to overexpressed Unc mislocalizing overexpressed Dspag4•6xMYC through 

an IFT mechanism.  However the localization of Dspag4•6xMYC to Structure X might 

be explained, the question remains:  What is Structure X? 

The summary illustrations of the stages of spermatocyte and spermatid 

differentiation from the doctoral thesis of Tates126 do not directly show any cellular 

structures to which Structure X corresponds.  Given its filamentous shape, it seems 

reasonable to postulate a microtubule-based composition for Structure X.   
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Figure 9.6:  Dspag4•6xMYC subcellular localization in primary spermatocytes.  A.  
Early primary spermatocytes.  Dspag4•6xMYC is perinuclear, and when co-expressed 
with Unc•GFP, also associates with what are likely primary cilia (circled in white).  B.  
Mature primary spermatocytes.  Nuclear envelopes show the characteristic involutions 
and irregular shapes, and no obvious Structure X is observed at any nucleus.  In all 
panels, Dspag4•6xMYC is in red, and DNA is in blue. 
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Dspag4•6xMYC appears to associate with microtubules of the meiotic spindle and with 

microtubule arrays in later stages (see c. and d. below, and Figures 9.7, 9.8 and 9.10).  

However, I have not generated biochemical data that unequivocally demonstrate direct 

association of Dspag4•6xMYC with microtubules during the mitotic and meiotic stages 

of sperm development.  

What is the function of Structure X?  Its location suggests it could be involved in 

facilitating the association of a nucleus with an MTOC, a function consistent with that of 

previously characterized SUN domain proteins.  However, given that mitotic and meiotic 

divisions occur apparently normally in dspag4 null testes (see Chapter 10), Dspag4 

would appear not to be essential for maintaining nuclear-centriolar association during this 

developmental stage. 

Could Structure X be a primary cilium?  To find an answer to this question, I 

contacted Dr. Yukiko Yamashita, a faculty member in the Life Sciences Institute at the 

University of Michigan Ann Arbor.  In Dr. Yamashita’s estimation, Structure X looks 

like a primary cilium, and she informed me that an antibody against acetylated tubulin 

(α-Ac•Tub) stains primary cilia in the testis.  Use of this antibody in testes co-expressing 

Dspag4•6xMYC and Unc•GFP should reveal whether Structure X is indeed a primary 

cilium, and whether the tagged Dspag4 proteins localize to this organelle in early primary 

spermatocytes.  In addition, the α-Ac•Tub antibody may also reveal whether primary 

cilia are found in dspag46 mutant testes.  
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c.  Secondary spermatocytes and round spermatids 

 

Secondary spermatocytes are the first meiotic products of the mature primary 

spermatocytes.126  As the meioses that generate cysts of round spermatids occur rapidly, 

and the interphases between meioses I and II are brief, I could observe cysts with 

interphase secondary spermatocytes in the testis only infrequently.  Therefore, I never 

generated IF data that show Dspag4•6xMYC localizing solely to nuclear envelopes of 

secondary spermatocytes in an entire cyst.   

However, data shown in Figure 9.7 make it seem reasonable to assume that prior 

to meiosis II, Dspag4•6xMYC localizes to the nuclear envelope, and that over the course 

of this meiotic division, Dspag4•6xMYC distributes to spindle microtubules before 

reinsertion into the nuclear envelopes of round spermatids.  In Figure 9.7A, a cyst of 

secondary spermatocytes is shown in which nuclear envelope breakdown, meiotic spindle 

assembly, and alignment of chromosomes at the metaphase I plate are occurring 

simultaneously; a meiotic cell in which the distribution of Dspag4•6xMYC evokes a 

spindle apparatus is boxed.  Figure 9.7B shows late anaphase II and early telophase II 

nuclei; around the nuclei to which arrowheads point, nuclear envelopes marked by 

Dspag4•6xMYC are beginning to reassemble.  In Figure 9.7C, the nuclear envelopes of 

round spermatids have reassembled.   

In Figure 9.8, localization of Dspag4•6xMYC at microtubules and MTOCs is 

shown in cysts undergoing meiosis.  While Dspag4•6xMYC associates with a subset of 

microtubules of the meiotic spindle, significant colocalization is observed in the region of 

the spindle poles, a pattern consistent with proteins of the inner nuclear envelope. 
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Figure 9.7:  Dspag4•6xMYC localization to nuclear envelopes and spindle microtubules 
during meiotic divisions.  A.  A 2° spermatocyte in metaphase of meiosis II is boxed.  
White chevrons denote secondary spermatocytes prior to NEB. B. 2° spermatocytes in 
late telophase.  White arrowheads point at Dspag4•6xMYC accumulating on reforming 
nuclear membrane.  C.  Round spermatids. Dspag4•6xMYC is mostly associated with 
nuclear envelopes, and remains there until onset of nuclear elongation. Dspag4•6xMYC, 
DNA,kF-actin.
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Figure 9.8:  Localization of Dspag4•6xMYC with respect to meiotic spindle 
microtubules and MTOCs.  Spindle microtubules are marked with αTub•GFP expressed 
under control of the ubi promoter; MTOCs are marked with an α-γ-Tubulin antibody.  
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Taken together, the series of images in Figures 9.7 and 9.8 suggests that 

Dspag4•6xMYC associates with the nuclear envelope in secondary speramtocytes and 

round spermatids.  As the nuclear envelope breaks down during meiosis, localization of 

Dspag4•6xMYC shifts to a subset of the spindle microtubules, and to the spindle poles.  

In meiotic telophase, Dspag4•6xMYC relocalizes to the nuclear envelope.  I do not know 

whether this oscillatory association of Dspag4•6xMYC with nuclear envelopes and 

spindle microtubules in meiosis is functionally significant.  However, the secondary 

spermatocytes and round spermatids that result from meiosis I and II are normal in 

appearance (Figure 10.5), suggesting that Dspag4 is not essential for the meiotic divisions 

to occur. 

 

d.  Early elongating spermatids 

 

After completion of meiosis I and II, the morphological changes that result in 

elongated sperm commence.  Nuclear condensation and elongation result in long, needle-

shaped nuclei characteristic of mature sperm.126   

Once the nuclei of round spermatids begin condensing and elongating, the 

distribution of Dspag4•6xMYC shifts from nuclear envelopes to juxtanuclear foci on one 

side of the nuclei (Figure 9.9A).  While the focus is the most prominent feature on an 

elongating nucleus that shows Dspag4•6xMYC staining, the “streaks” staining for 

Dspag4•6xMYC that trail away from the focus along the surface of the nuclei suggest 

that Dspag4•6xMYC streams towards the focus along tracks at the onset of nuclear  
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Figure 9.9:  Dspag4•6xMYC forms 
foci at the centriolar body during MT-
dependent nuclear elongation and 
shaping.  A.  At the onset of nuclear 
elongation, Dspag4•6xMYC localizes 
to foci on elongating nuclei.  
Dspag4•6xMYC also “trails” along 
nuclei.  DNA, Dspag4•6xMYC.  B.  
Parallel MTs surround nuclei, 
providing a framework for elongation 
and condensation.  a-d: MTs (drawn as 
empty circles) accumulate along the 
side of the nucleus that becomes 
concave.  e-h: MTs redistribute around 
convex side of  nucleus, the concave 
furrow becomes shallow and 
disappears, and condensing chromatin 
fibers (black circles) accumulate along 
convex side of nucleus.  i-m:  

Chromatin fibers continue accumulating, and nuclear envelope with nucleoplasm pinches 
off from the formerly concave side of nuclei (ovoid circles in i-l).  After 
individualization, microtubules that surround nucleus in l are removed, resulting in a 
condensed nucleus approximately 0.3 um in width (m).  Reprinted from M. Fuller (1993).   
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Figure 9.10:  Dspag4•6xMYC and αTub•GFP colocalize extensively around the nuclei 
of elongating spermatids.   
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elongation.  This juxtanuclear focus most likely corresponds to the centriolar body, a 

phase-dense structure that becomes visible at the onset of nuclear elongation.126  

What are the nucleus-associated tracks to which Dspag4•6xMYC localizes?  

Parallel microtubule arrays are known to surround elongating nuclei, are required for 

nuclear shaping, and are absent from the elongated nuclei only at the onset of the 

individualization process126 (Figure 9.9B).  Therefore, I postulate that Dspag4•6xMYC 

localizes along parallel microtubule tracks that wrap around elongating nuclei.  In Figure 

9.10, a confocal section of a cyst with nuclei and axonemes in a stage of nuclear 

elongation comparable to Figure 9.9A is shown.  The merge of the channels of the image 

strongly suggests that Dspag4•6xMYC colocalizes to these microtubules during this 

stage of spermatogenesis.  

Dspag4•6xMYC localizing to microtubules during nuclear elongation is 

reminiscent of the Spag4 immunostaining observed on manchette microtubules in the 

initial stages of nuclear elongation in rat spermiogenesis.94  Therefore, I postulate that in 

Drosophila, the stage of spermiogenesis depicted in Figures 9.9 and 9.10 is equivalent to 

the manchette stage in rat, and conclude that Dspag4•6xMYC is moved along 

microtubule tracks towards the centriolar body.  As this focus ends up immediately 

rostral to the centriole in elongated sperm, where the (-) ends of the axonemal 

microtubules are found, I also speculate that Dspag4•6xMYC may be brought to that 

location by a (-) end-directed molecular motor, i.e., by dynein. 
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e.  Late elongating and pre-individualized spermatids 

 

After nuclear elongation and condensation, the formation of mitochondrial 

derivatives, and axonemal elongation, the major morphological changes to spermatids are 

complete, and the key remaining step necessary to generate mature sperm is 

individualization, during which cytoplasm is eliminated and new plasma membranes are 

formed around each spermatid. 

In elongating spermatids in testes from males co-expressing Unc•GFP and 

Dspag4•6xMYC, the centriole, marked by Unc•GFP, is immediately caudal to a focus of 

Dspag4•6xMYC (Figure 9.11A).  At this stage, the Dspag4•6xMYC focus assumes a 

trefoil shape at the base of elongated nuclei when viewed at an oblique angle (Figure 

9.11B).  This shape presumably reflects the shape of the cross-section of the nascent 

flagellum at this stage (Figure 9.11C).126  By the final stages of nuclear elongation and 

condensation, Unc•GFP is either degraded, or is delocalized from the centriole.143 

 

f.  Mature spermatids  

 

At the end of individualization, cysts containing individualized mature sperm coil 

in the terminal epithelium.  After the cyst cells degenerate, coiled bundles of mature 

sperm are deposited into the seminal vesicle.126   

Both Dspag4•6xMYC and Dspag4•GFP are observed at the base of the nuclei of 

mature sperm in the seminal vesicle (Figure 9.12).  I will discuss the possible functional 

significance of this in Chapter 10.   



 

 

176 

 

 
Figure 9.11:  A trefoil-shaped focus of 
Dspag4•6xMYC localizes immediately rostral to the 
centriole.  A.  Spermatid nuclei approaching the 
final stage of sperm maturation have assumed a 
needle-like shape.  The sperm centrioles marked 
with Unc•GFP are immediately caudal to a focus of 
Dspag4•6xMYC (red).  DNA is in blue.  B.  At 
higher magnification, the Dspag4•6xMYC focus has 
a trefoil shape.  C.  The trefoil shape observed in B 
is presumably attributable to the shape of elongating 
sperm in cross-section.  C reprinted from M. Fuller 
(1993). 
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Figure 9.12:  Tagged Dspag4 is found in the centriolar region of mature sperm in the 
seminal vesicle.  The potential functional significance of the presence of Dspag4 in 
mature sperm is discussed in Chapter 10 (pp. 195-196; p. 207).  



 

 

178 

 
CONCLUSION 

 

 The localization of Dspag4•6xMYC is highly dynamic over the course of 

gametogenesis.  Dspag4•6xMYC is first observed at the nuclear envelope in early 

primary spermatocytes, and remains there as primary spermatocytes mature.  During 

meiosis I and II, Dspag4•6xMYC localization shifts back and forth from nuclear 

envelope to meiotic spindle microtubules and the spindle poles as these structures break 

down and reform with each meiotic cycle.  Upon completion of meiosis II, 

Dspag4•6xMYC is again found at the nuclear envelope.  When nuclear elongation 

commences, Dspag4•6xMYC streams along parallel bundles of microtubules that 

surround the elongating nuclei, aggregating at the centriolar body in the process.  In late 

stages of spermatid elongation, the Dspag4•6xMYC aggregation assumes a trefoil shape 

and is located immediately rostral to the Unc•GFP-marked centriole.  Finally, an 

aggregation of Dspag4•6xMYC is seen on nuclei of mature sperm in the seminal vesicle. 

 Could aspects of tagged Dspag4 subcellular localization be artifacts that result 

from the epitope tags?  In the case of Dspag4•GFP, artifactual subcellular localization 

seems plausible:  While localization of this tagged protein resembles that of 

Dspag4•6xMYC in the mitotic and meiotic stages of spermatogenesis, it nonetheless is 

more diffuse and punctate than Dspag4•6xMYC.  This may be attributable to the size of 

the GFP tag compared to Dspag4 (240 vs 304 amino acids), and to GFP being a relatively 

hydrophobic moiety that may mislocalize the tagged protein to subcellular structures with 

which it is not normally associated.   
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Could the 6xMYC tag result in artifactual localization of Dspag4•6xMYC?  The 

6xMYC tag itself does not contain obvious features that suggest it could localize 

ectopically to any specific subcellular compartment:  the tag comprises only 78 amino 

acids (66 for the tag, and 12 linker amino acids encoded by vector sequence, see 

Materials and Methods), and it contains no obvious motifs that confer a specific 

subcellular localization (i.e., no TM or signal sequences, etc.).   

What other feature of the tagged Dspag4 proteins might account for any 

artifactual subcellular localization or apparent overexpression of protein compared to 

wild type?  If the tags resulted in reduced tagged protein turnover, this could account for 

artifactual localization of excess intracellular protein.  However, it seems plausible that 

the observed subcellular localization of Dspag4•6xMYC reflects that of the untagged 

protein:  as discussed in Chapter 1, SUN domain proteins localize either within the entire 

nuclear envelope, or specifically to the SPB/MTOC.  As discussed in this chapter, 

Dspag4 is the first SUN domain protein described capable of both nuclear envelope and 

MTOC localization in a developmentally regulated manner.     

 What is the function of Dspag4, and how does a lack of Dspag4 during male 

gametogenesis result in the phenotypes described in Chapter 8?  In the next chapter, I will 

present data that implicate Dspag4 in linking spermatid nuclei to centrioles and 

associated axonemes during spermatid elongation.  In addition, as Dspag4 orthologs in 

other species have been implicated in caspase activation156, homologous chromosome 

pairing92, 157, and spindle pole body duplication22, 25, 26, I will discuss whether Dspag4 is 

involved in related processes in male Drosophila gametogenesis.  
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Chapter 10:  Models for Dspag4 function 

 

INTRODUCTION 

 

 Dspag4•6xMYC localizes to nuclear envelopes during spermatogenesis, and to 

microtubule-based structures such as meiotic spindles and centrioles during 

spermiogenesis as described in the previous chapter.  What functions for Dspag4 may be 

inferred from these subcellular localizations and from the mutant phenotypes? 

 In this chapter, I will discuss additional phenotypic consequences of the loss of 

Dspag4 function that implicate the protein both in maintaining the connection of the 

elongated nucleus and its associated centriole, and in shaping elongated nuclei.  I will 

also discuss experiments I have performed to assess whether Dspag4 has additional 

functions that resemble functions of its putative orthologs in other species.  Finally, I will 

present data that suggest that the involvement of Dspag4 in sperm individualization is 

indirect, and that a prerequisite for the assembly of a functional IC in a cyst is the 

formation of an intact bundle of elongated nuclei.  
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RESULTS AND DISCUSSION 

 

DSPAG4 IS REQUIRED FOR NUCLEAR SHAPING AND FOR MAINTAINING THE ASSOCIATION OF 
THE SPERM NUCLEUS WITH ITS CENTRIOLE 
 
 
1) Dspag4 is required for nuclear shaping, but is dispensible for nuclear, axonemal and 
MD elongation 
 

 The round spermatids that develop in dspag46 testes undergo organellar 

elongations in an apparently normal manner.  While individualization and cytoplasmic 

elimination are obviously abnormal (Figure 8.5), MDs and axonemes nevertheless extend 

throughout elongated cysts.  Cross-sections of the axonemes show an occasional lack of 

the central microtubule pair.  This may reflect a role for Dspag4 in nucleating axonemes.  

For the most part, the remaining axonemes appear normal in cross-section.   

 Nuclear elongation also occurs normally in the dspag46 mutant.  However, 

bundles of contorted and curled nuclei are occasionally observed in the terminal 

epithelium of testes from young (0-1 day-old) males, a phenotype that increases in 

severity with the age of the flies (Table 10.1).   

 How can the aberrant nuclear shape be explained?  As described in the previous 

chapter, parallel arrays of microtubules surround nuclei during nuclear elongation, 

condensation and shaping126 (Figure 9.9 and 9.10), and Dspag4•6xMYC is capable of 

localizing both to the nuclear envelope presumably via its transmembrane domain 

(Chapter 3), and to microtubules via an uncharacterized mechanism (Figures 9.7 - 9.10).  

If Dspag4•6xMYC can simultaneously interact with the nuclear envelope and the  
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Table 10.1:  Nuclear bundles (NBs) in dspag4 mutant testes are morphologically 
abnormal compared to wild type (Figure 10.1).  For each data point, NB counts from four 
separate testes were averaged; error bars are +/- one standard deviation.  In the 7-8 day 
old data set, the nuclei counted as curled were also frequently separated, therefore, the 7-
8 day old value for the separated nuclei is an underestimate. 
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microtubule arrays, such a simultaneous interaction may be important in maintenance of 

a microtubule-nuclear envelope link that contributes to nuclear shaping.     

Nuclear misshaping similar to that found in dspag4 mutants is also observed in 

mutants of prosα6T, a testis-specific isoform of a proteasome subunit, and in males 

mutant for ms(3)72D, a gene of unknown function.141, 158  As it is not immediately 

obvious how mutants in a nuclear envelope/microtubule-interacting protein and a 

proteasome subunit could result in an essentially identical phenotype, contorted nuclei 

may merely be one characteristic of aberrant late-stage spermiogenesis in general.  

However, mutants in prosα6T have defects in IC progression, and it is speculated that 

Prosα6T may be involved in individualization by influencing the dynamics of actin 

assembly at the IC.  If indeed Dspag4 is required for maintaining an association between 

the nuclear membrane and microtubules prior to individualization, and Prosα6T, or 

proteasome activity in general, influences actin dynamics at the IC, it is tempting to 

speculate that contorted nuclei are a consequence of general abnormalities in interactions 

between nuclei and microfilament or microtubule elements of the cytoskeleton.   

Abnormal cytoskeletal dynamics in the dspag4 mutant could explain the contorted 

nuclei phenotype.  However, another possible cause for this phenotype may be abnormal 

nuclear condensation.  From the round spermatid stage onwards, nuclear volume is 

reduced by chromatin condensation and loss of nucleoplasm.126  In the former process, 

DNA-associated histones are gradually replaced by transition proteins, which in turn are 

replaced in later condensation stages by protamines.141   

In the dspag4 mutant, the nuclei undergo apparently normal elongation, and at 
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least some degree of normal condensation.  However, it seems reasonable to hypothesize 

that if the transition from histones to transition proteins to protamines were abnormal, the 

straight, needle-like shape of mature sperm nuclei might be affected.  Do dspag4 testes 

show any obvious abnormalities in the histone-transition protein-protamine transition? 

In an attempt to address this question, I have generated fly stocks in which either 

a transgene encoding the histone marker His2A•GFP, or encoding the protamine marker 

ProtB•GFP, is expressed in the dspag4 null background.  By comparing when the histone 

marker disappears and when the protamine marker appears in wild type and dspag4 

mutant individuals, it should be possible for me to ascertain whether a delay in histone-

transition protein-protamine transition coincides with the appearance of contorted nuclei.  

 

2.  Dspag4 is required to maintain the association of elongating and elongated nuclei 
with the lone spermatid centriole 

 
 

 a) Dspag4 connects elongated and elongating nuclei to the spermatid centriole 

In addition to contorted nuclei, another aberrant nuclear phenotype is readily 

observable in the terminal epithelium of the dspag4 mutant:  individual nuclei separate 

from the nuclear bundles (NBs), which in wild type are composed of 64 nuclei (Figure 

10.1).  These dispersed nuclei are observed both in young (0-1 day-old) and older (7-8 

day-old) males.  Why are the nuclei separating from the NBs?  By generating a fly stock 

of genotype dspag46; unc-GFP/TM6B, I managed to address this question as described 

below. 

In primary spermatocytes and round spermatids, there are no obvious differences  
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Figure 10.1:  Formation of NBs is severely compromised in the dspag4 mutant.  In wild 
type, elongated nuclei form tight and coherent NBs; the smaller NBs seen in this panel 
are not completely in the focal plane.  In dspag4, nuclei separate from their NBs (white 
arrows denote separated elongated nuclei), and the nuclei of some NBs are contorted 
(white arrowhead).   
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in shape or positioning of Unc•GFP-marked centrioles between wild type and dspag46 

(Figure 10.2).  However, in the terminal epithelium of the testis, the centrioles are no 

longer localized to one end of the nuclei in the NB as compared to wild type (Figure 

10.3).  This result strongly suggests that the nuclei and the centrioles separate during or 

after nuclear elongation in the dspag4 mutant.  Taken together with the data shown in 

Figure 10.1, the data in Figure 10.4 indicate that the phenotype of nuclei separating from 

the NB is most likely attributable to dissociation of nuclei and Unc•GFP-marked 

spermatid centrioles.  

The requirement for Dspag4 in attachment of a spermatid nucleus to the axoneme-

nucleating centriole resembles the requirement for Klaroid in positioning a nucleus at the 

apical MTOC in differentiating cells of the developing eye.107  Dspag4 function is thus a 

variation on a common theme for SUN domain proteins:  it is necessary for maintaining 

the association of a nucleus with a microtubule-organizing structure.   

 

b)  Dspag4 is unlikely to function by associating with the KASH domains of Klar 
or MSP-300 
 

Could a KASH/SUN protein interaction be involved in connecting elongated 

sperm nuclei to their centrioles, in a manner similar to how Klaroid and Klarsicht interact 

to connect nuclei in cells of the eye to their MTOCs?  Data generated by Xuanhua Xie, a 

Ph.D. candidate in the Fischer lab, would suggest that if this is the case, the KASH 

proteins involved are unlikely to be Klarsicht or MSP-300.   

Many klarsicht alleles are expected to generate KASH-less forms of the α isoform  
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Figure 10.2:  Centriolar localization in wild type and dspag4 primary spermatocytes and 
round spermatids.  dspag4 null males have centrioles that are wild type in position and 
appearance.  Centriole pairs are marked with Unc•GFP in A. wild type primary 
spermatocytes, B.  dspag4 primary spermatocytes, C.  wild type round spermatids,  D. 
dspag4 round spermatids. 
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Figure 10.3:  Requirement for Dspag4 in association of elongated nuclei and centrioles.  
In the absence of Dspag4, the association of centrioles and elongating nuclei is disrupted.  
In wild type (left panel), Dspag4 at the centriolar body links nuclei to Unc•GFP-marked 
centrioles.  In the dspag4 null mutant (right panel), these centrioles are no longer 
associated with one end of the elongating nuclei, and scatter along the NB. 
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of the protein, among these, the klarCD4 allele.96, 97  klarCD4 is an EMS-induced allele of 

klar that generates a nonsense mutation in codon 2203 of the klar-α ORF, resulting in a 

truncated protein lacking a KASH domain.  klarCD4 homozygotes have the mild rough-

eye phenotype characteristic of most mutant alleles of klar (Figure 5.4B).  Additionally, 

klarCD4 homozygous females have a mild egg-laying defect.159  To address whether 

KASH-less forms of MSP-300 also affect nuclear positioning in the developing eye, and 

result in egg-laying defects in females, Mr. Xie deleted the KASH domain-encoding 

regions from the msp-300 gene by ends-out HR.  Homozygotes for the msp-300ΔKASH 

deletion had no obvious nuclear positioning defects at the stages of eye development 

investigated, nuclear positioning in egg chambers from homozygous females was normal, 

females lacked egg-laying defects, and neither male nor female fertility was affected by 

the deletion.  msp-300ΔKASH; klarCD4 homozygous double mutant females however had a 

more severe egg-laying defect phenotype than klarCD4 homozygous females had on their 

own.159   

The average fertility of msp-300ΔKASH; klarCD4 homozygous double mutant males 

was significantly compromised compared to wild type.  However, it is speculated that 

msp-300ΔKASH; klarCD4 double mutant flies may have impaired muscle function, and 

therefore, that the egg laying defects of double mutant females may be attributable to 

abnormalities in uterine muscle.159  As the sheath of the Drosophila testis is also lined 

with muscle essential for normal function, the reduced male fertility of the double mutant 

could be more indicative of testis sheath muscle defects than of a requirement for either 

Klarsicht or MSP-300 to interact with Dspag4 to maintain the centriolar-nuclear link.  
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Also, if the two KASH domain proteins functioned (semi-)redundantly in maintaining the 

nuclear-centriolar link by interacting with Dspag4, it seems reasonable to expect that the 

msp-300ΔKASH; klarCD4 double mutant males would be completely sterile.  As this is not 

the case, I infer that the SUN domain of Dspag4 is unlikely to interact with the KASH 

domains of Klarsicht or MSP-300 in linking elongated nuclei to centrioles in spermatids. 

 

c.  Is there a ZYG-12 ortholog in D. melanogaster that interacts with Dspag4 to 
attach elongated nuclei to centrioles?   
 

C. elegans has three genes encoding KASH domain proteins:  zyg-12, anc-1 and 

unc-83.39, 42, 45  Therefore, it seems reasonable to postulate that Drosophila may have a 

third KASH protein-encoding gene in the form of a zyg-12 ortholog.  When the C-

terminal ZYG-12 amino acid sequence is used as the query sequence to search for 

possible orthologs in the Drosophila proteome, the highest-scoring match is to Hook 

(Hk), an endocytic protein (Figure 10.4).46  Hk however lacks an obvious KASH domain, 

and male-sterile alleles of hk have not been reported.109  Therefore, if a Drosophila ZYG-

12 ortholog with a KASH domain exists, it has thus far escaped detection by sequence 

homology searches.   

Taken together, the genetic and sequence homology data suggest that Dspag4 is 

unlikely to interact with a KASH protein to link the sperm nucleus to the centriole.  

However, as the KASH domain sequence of ZYG-12 diverges significantly from the 

sequences of the KASH domains of ANC-1, UNC-83, Klar and MSP-300 (Figure 1.1), 

there may be a thus far unannotated gene in the D. melanogaster genome that encodes a 

divergent KASH domain protein.  Therefore, I cannot rule out completely  
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Figure 10.4:  Alignment of the C-terminal domains of D. melanogaster Hook and C. 
elegans ZYG-12.  While the alignment between the C-termini of these two proteins is 
otherwise robust, amino acids 743-777 of ZYG-12, which comprise the KASH domain, 
have no counterpart in Hook, or in any other Drosophila protein.  Therefore, there would 
appear to be no ZYG-12 ortholog in Drosophila for which the KASH domain could 
interact with the SUN domain of Dspag4, in a manner analogous to the ZYG-12/SUN-1 
interaction in C. elegans.     
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that Dspag4 interacts with a thus far undiscovered KASH protein, either after spermatid 

elongation, or during earlier stages of spermatogenesis (see II. 1 below).  Nonetheless, 

given that individualized sperm lack a nuclear envelope126, and that KASH domain 

proteins localize to the outer nuclear envelope in most cases1, 4, 5, Dspag4 interacting with 

a KASH domain protein to link the centriole to the nucleus in mature sperm seems a 

remote possibility.  In Chapter 9, I presented IF data that indicate Dspag4•6xMYC 

associates with microtubule-based structures.  If KASH domain proteins are not involved 

in linking Dspag4 to microtubules, the link may either be mediated by interactions with a 

non-KASH protein, or Dspag4 may interact directly with microtubules. 

 

 
DSPAG4 LACKS MANY OF THE FUNCTIONS OF ITS PUTATIVE ORTHOLOGS AND PARALOGS IN 
C. ELEGANS AND MOUSE 
 
 

1.  Dspag4 is not obviously required for normal mitotic or meiotic chromosome 
segregation in the male germline 
 

 After fertilization in C. elegans, the newly formed zygotic nucleus associates with 

the MTOC.  This association depends both on SUN-1 in the inner nuclear envelope, and 

on ZYG-12 in the outer nuclear envelope.  ZYG-12 is also found at the MTOC; MTOC- 

and outer nuclear envelope-associated ZYG-12 dimerize, thus tethering the MTOC to the 

nucleus.  In the absence of either SUN-1 or ZYG-12, the association of the nucleus with 

the MTOC is disrupted, resulting in aberrant chromosome segregation and ultimately in 

death of the embryos around the 300-cell stage.45, 47  Taken together, these data indicate 
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that a KASH/SUN interaction is crucial for maintenance of the nuclear-MTOC 

connection in the C. elegans zygote, and that this connection is important for normal 

disjunction in embryonic mitosis.      

 Does Dspag4 have a function similar to SUN-1 in early Drosophila 

gametogenesis, for example, in normal disjunction of mitotic or meiotic chromosomes?  I 

did not perform experiments that directly address the issue of chromosome segregation.  

However, given that Drosophila has only three major chromosomes, it seemed 

reasonable to me to expect that if aberrant segregation occurs in germline cells of dspag4 

mutants, such aberrations would be visible in the form of nuclei of differing size.  

Therefore, to assess indirectly whether a dspag4 null results in abnormal disjunction, I 

immunostained wild type and dspag46 testes with α-Lam(Dm0) to outline the nuclear 

envelopes, with TOPRO-3 and 488-phalloidin as counterstains.  Significant differences in 

nuclear size are observed neither among primary spermatocyte nuclei, which arise due to 

mitoses of spermatogonia, nor in round spermatids, which are the meiotic products of the 

primary spermatocytes (Figure 10.5).  Taken together, these results suggest that a lack of 

Dspag4 is unlikely to cause nondisjunctions of mitotic and meiotic chromosomes.  

 

2. Why is Dspag4 at the nuclear envelope in primary and secondary spermatocytes and 
round spermatids? 
 
 

a.  Dspag4 is unlikely to be required for pairing of homologous chromosomes in 
Drosophila male meiosis 

 

 The nuclear envelope localization of Dspag4 in primary and secondary 

spermatocytes and round spermatids reflects a common subcellular  
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Figure 10.5:  dspag4 does not affect pre-elongation gametogenic program.  Mitotic and 
meiotic products in the testis appear essentially identical in wild type and dspag4 null 
mutants. 
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localization for SUN domain proteins in general.1, 3, 4, 38, 45, 47, 86, 88-91, 156, 160, 161  However, 

the most important function of Dspag4 appears to involve linking spermatid nuclei to 

centrioles during a developmental stage when nuclear envelopes are either being 

remodeled (Figure 9.9), or are absent altogether (Figure 9.12).  Why, then, is Dspag4 

found at the nuclear envelope in pre-elongation stages of gametogenesis?  Data from 

experiments in C. elegans and mouse may provide an answer to this question. 

     In C. elegans, SUN-1 is located at the nuclear envelope of germline cells, where it 

is required for tethering telomeres to the nuclear envelope.157  Telomeric tethering is 

essential for pairing of homologous chromosomes prior to formation of synaptonemal 

complexes (SCs) required for meiotic recombination.  In animals with germlines 

homozygous for a sun-1 point mutation, SCs are established both prematurely and 

between non-homologous chromosomes, resulting both in meiotic chromosome 

segregation defects and in nonviable progeny.157   

In the mouse, Sun1 localizes to discrete foci at the nuclear envelope of primary 

spermatocytes and oocytes.  In the diplotene and zygotene stages of meiosis, these foci 

colocalize with telomeres of meiotic chromosomes.  Knocking out sun1 has no obvious 

effects on organismal viability, which may be due in part to its functioning redundantly in 

the soma with other SUN proteins, i.e., with Sun2.  However, both male and female Sun1 

null mice are sterile.92  In analogy to C. elegans, the sterility is attributable to the inability 

of meiotic chromosomes to become anchored to the nuclear envelope by their telomeres, 

resulting in inefficient pairing of homologous chromosomes and abnormal SC formation.   

While homologous chromosomes do indeed pair in primary spermatocytes in the 
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wild type Drosophila male germline162, SCs do not form, and recombination of meiotic 

chromosomes does not occur.  Therefore, it seems unlikely that Dspag4 would be 

essential for homologous chromosome pairing, at least for the purposes of meiotic 

recombination.  Nevertheless, semi-condensed bivalent chromosome pairs do form in 

primary spermatocytes, and they localize adjacent to the nuclear envelope.  Are bivalent 

chromosomes retained there via interactions of Dspag4 and telomeres?      

     To investigate where telomeres are found in spermatogonia and primary 

spermatocytes, I performed immunofluorescence on wild type and dspag4 null testes 

using α-Lam(Dm0) to mark the nuclear lamina in all cells of the testes, and α-HOAP, 

which stains telomeres in somatic and germline cells (Figure 10.6).  HOAP is a telomere 

capping protein that prevents telomere-telomere joining by DNA repair enzymes.163   

The results of these immunostains indicated that in wild type, telomeres were 

occasionally localized at or close to the nuclear envelope.  However, not every α-HOAP-

marked telomere was found at the nuclear envelope.  As similar staining patterns were 

observed in the dspag4 null testes, I conclude that Dspag4 is not essential for localizing 

the bivalent chromosomes to the nuclear envelope in primary spermatocytes. 

 

b.  The nuclear envelope localization of Dspag4 may be nonessential for its 
function 

 

While Dspag4 localization to the nuclear envelopes of primary spermatocytes and 

round spermatid nuclei parallels localization of C. elegans and mouse SUN-1 in the 

germlines of these animals, Dspag4 function in the Drosophila testis appears not to be 

comparable to the functions of SUN-1 during early gamete development.   
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Figure 10.6:  Dspag4 is not obviously involved in tethering telomeres at the nuclear 
envelope.  A.  Wild type spermatogonia and early primary spermatocytes.  B.  dspag4 
spermatogonia and early primary spermatocytes.  C.  Wild type mature primary 
spermatocytes.  D.  dspag4 mature primary spermatocytes.  In all panels, white arrows 
point to HOAP-marked telomeres at the nuclear envelope, and white arrowheads point to 
telomeres in the nucleoplasm.  
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Therefore, the question remains:  Why is Dspag4 at the nuclear envelope, and what 

essential functions, if any, does it have there?   

 Tagged Dspag4 localizes to microtubules when nuclear membranes are absent, 

and is found at the centriole in mature sperm, which have nuclei lacking a nuclear 

envelope.  These findings suggest that the TM domain of Dspag4, which presumably 

confers the observed nuclear envelope localization, may be dispensible for its function. 

However, a simultaneous interaction of Dspag4 with nuclear membranes and 

microtubules may be essential for nuclear shaping (see I.1 above). One way to address 

whether the TM domain of Dspag4 is essential could involve generation of a dspag4 

genomic transgene that contains all elements of the rescuing tagged constructs described 

previously, with the portion of the gene that encodes the TM domain deleted.  If this 

transgene rescued the dspag4 phenotype, this might indicate that the TM domain of 

Dspag4 is indeed vestigial and thus nonessential for its function.  If however this 

transgene failed to rescue, this may be indicative of a necessity for a simultaneous 

interaction of Dspag4 with microtubules and nuclear membranes to effect nuclear 

shaping.   

 

3.  Is Dspag4 an activator of the caspase cascade required for sperm individualization? 
 
 
 a) Caspases are likely activated in elongated cysts in the absence of Dspag4  
 

The hallmark of the onset of individualization is the assembly of the actin-rich 

individualization complex (IC) at the rostral end of 64 elongated nuclei in a cyst.  The IC 
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itself comprises 64 individual actin “cones” that assemble in a manner dependent on 

dynein subunits and dynactin, and move caudally as a coordinated front in a manner 

dependent on male germline-specific myosins and membrane trafficking factors.  An 

ever-increasing amount of cytoplasm visible as a structure called the cytoplasmic bulge 

(CB) is pushed ahead of the caudally advancing IC, behind which spermatids become 

tightly invested in plasma membrane.  Upon conclusion of individualization, the CB buds 

off from the end of the cyst, forming a waste bag (WB).130, 144, 145, 148, 164   

Both proteasome-mediated and caspase-dependent proteolytic activity are 

required for sperm individualization, and must be carefully regulated spatially to avoid 

destruction of the spermatid nuclei as individualization occurs.130, 141, 144, 145, 148, 164  One 

of the effector caspases in individualization is the caspase-3 ortholog DRICE. After the 

IC clears the caudal ends of nuclei, DRICE is globally activated in a wave that extends 

down the entire cyst.  As the IC progresses caudally, active DRICE is observed ahead of 

it and in the CB, but is absent from the individualized portion of the cyst.130  It is 

presumed that both the newly formed sperm plasma membrane and the IC itself comprise 

a barrier through which caspases in the pre-individualized region of the cyst cannot 

penetrate into the individualized region with the sperm nuclei, thus protecting these 

nuclei from proteolytic destruction.   

A key means by which caspase activity is regulated, in the Drosophila testis and 

in other contexts, is by upstream apical caspases cleaving downstream effectors 

synthesized as inactive pro-caspases into their active forms.  Is the individualization 

defect observed in dspag4 testes attributable to a failure in apical caspase activation?   

Experiments in C.elegans hint that SUN-1 may recruit the apical caspase 
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CED-4 to germline nuclei to effect their destruction.156  Before the doomed nuclei are 

eliminated, a transient plasma membrane is formed that cellularizes these nuclei, which 

protects adjacent nuclei in the syncytium from the caspase-mediated destruction in a 

process superficially resembling sperm individualization.165  The Drosophila CED-4 

ortholog Dark, a protein of 150 kD, is an upstream caspase required for sperm 

individualization.130  Might Dspag4 recruit Dark to the centriolar body region – i.e., to the 

boundary region between the nuclei and axonemes – and activate Dark there, resulting in 

the observed activation of DRICE? 

If Dspag4 and Dark interact with each other in a manner resembling the CED-4 

and SUN-1 interaction, this implies that Dspag4 would be required for caspase activation.  

To assess whether caspases are activated in dspag4 testes, I immunostained wild-type and 

dspag4 null testes with an α-CM1 antibody, which is reported to stain active DRICE, an 

effector caspase downstream of Dark.144  The α-CM1 polyclonal antibody was raised to 

antigens corresponding to residues adjacent to the Asp175 cleavage site in human 

caspase-3.  By BLAST, these residues are 53% identical and 69% similar to the 

corresponding residues in active DRICE (data not shown), and therefore, it seems 

reasonable to assume that α-CM1 could also specifically stain active DRICE.  To 

visualize ICs, I used AlexaFluor 633-phalloidin as a counterstain.   

In wild type elongated cysts, I observed that α-CM1 stains elongated cysts 

undergoing individualization (Figure 10.7A).  Both CBs and WBs are easily observed, 

and in the former, 633-phalloidin reveals the presence of normally organized ICs (Figure 

10.7C).  In dspag4 elongated cysts, α-CM1 staining is observed in elongated cysts, 

however, CBs are small and lack organized ICs (Figure 10.7D), and WBs are absent 
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(Figure 10.7B).   

As the α-CM1 antibody results in immunofluorescence both in wild type and 

Drice mutant testes, whether this antibody is truly specific to active DRICE is 

equivocal.149 Therefore, I cannot state that caspases are activated in the dspag4 mutant 

with absolute certainty.  However, irrespective of antigenic specificity, the α-CM1 

antibody does reveal the presence or absence of CBs and WBs.  In addition, the α-CM1 

antibody result is in good agreement with a similar result obtained by staining live testes 

with acridine orange (AO), a stain that is taken up into acidic and caspase-enriched 

intracellular compartments166:  in wild type testes, AO mostly stains CBs and WBs within 

elongated cysts (Figure 10.7A’); cysts in dspag4 testes however stain along their entire 

length with AO (Figure 10.7B’).  Taken together, the α-CM1 and AO results suggest that 

caspase activation may be occurring even in the absence of Dspag4.  However, functional 

ICs do not assemble in dspag4 mutant testes, and active caspases appear not to be cleared 

from dspag4 cysts by the IC.  In order to address unambiguously the issue of caspase 

activation in elongated cysts, an antibody specifically directed against active DRICE 

would be useful.     

 

b) The failure in individualization observed in dspag4 mutants most likely results 
from the inability to form a wild type IC 
 
 

Given that Dspag4 is dispensable for activating caspases, how is the grossly 

defective dspag4 individualization phenotype explained (Figure 8.5)?  Examining IC 

assembly at the nuclei in the terminal epithelium by phalloidin staining provides a  
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Figure 10.7:  Caspases are activated in the dspag4 null mutant.  A, A’.  Wild type testes.  
White arrows: CBs.  White arrowhead:  cluster of WBs.  B, B’:  dspag4 null testes.  CBs 
and WBs resembling those seen in wild type are not observed; in B’, entire cysts appear 
to assume the characteristics of apoptotic corpses.  C.  Closeup of a wild type CB.  Actin 
cones (in red) are in register with each other, and the bulge itself is prominent.  D.  
Closeup of a dspag4 null CB.  The actin cones are abnormal in appearance and number, 
and the cyst does not bulge in the cone region.  In A, B, C and D, actin is in red, and α-
CM1 is in green.  In A’ and B’, CBs (or elongated cysts in dspag4) take up acridine 
orange and are false-colored green. 
 



 

 

203 

 
possible answer:  In the terminal epithelium of a wild type testis, the actin cones of ICs 

remain in register, and nuclei in the NB are parallel to each other (Figure 10.8A).  By 

contrast, in dspag4 testes, the ICs assemble, but frequently fail to progress, and are also 

highly disorganized, with individual cones out of register with respect to each other, and 

with other defects as described (figure legend of Figure 10.8).  In addition, ICs are almost 

never observed towards the caudal ends of cysts in the dspag4 null (Figure 10.7B, and 

data not shown).  Taken together with the data discussed in 3) above, these findings 

suggest that assembly of an organized IC capable of progressing depends on spermatid 

nuclei remaining attached to their centrioles, and on the nuclei in the NBs remaining in 

register at the rostral end of the elongated cyst.  The majority of NBs do not remain intact 

in the dspag4 mutant, with nuclei that either disperse, contort, or disperse and contort.  

Therefore, the aberrant individualization phenotype observed in dspag4 testes is most 

likely a consequence of nuclei failing to remain in NBs at the rostral ends of elongated 

cysts, which in turn results from loss of nuclear-centriolar attachment.   

 

CONCLUSION 

  

While Dspag4 localizes to the nuclear envelope of primary spermatocytes and 

round spermatids, the functional significance of this localization is not apparent from the 

experimental data discussed in this chapter.  However, other data described in this and in 

the previous chapter are consistent with the key role for Dspag4 in gametogenesis being 

maintenance of the attachment of nuclei to centrioles during spermiogenesis.   
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Figure 10.8:  Assembly and progression of the IC are affected in the dspag4 null.  A.  
Wild type IC.  Nuclei and actin cones in the NB are parallel, and the IC has progressed 
normally towards the caudal end of the NB (arrow).  B.  Representative dspag4 null IC.  
While an IC does form, the actin cones that comprise it are highly disorganized, and 
unlike in wild type ICs, actin remains at the rostral end of the nuclei (arrowhead).  In 
addition, the nuclei in the NB are no longer parallel.  Some nuclei are separated from the 
NB in other focal planes (not shown). 
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Specifically, I hypothesize that Dspag4 achieves linkage of the centriole to the nucleus by 

interacting both with (a) centriolar protein(s) and with chromatin-associated proteins.  As 

in mature sperm, the nuclear lamina is absent, Dspag4 cannot be interacting with 

Lam(Dm0) at this stage.  Given that chromatin of mature sperm is highly condensed 

through its association with protamines, Dspag4 could be interacting with (a) 

protamine(s) at the nucleus.   Maintaining the nuclear/centriolar association appears to be 

critical for keeping elongated nuclei in NBs, which in turn is a prerequisite for 

assembling a functional IC.  The individualization defects therefore appear to be a 

secondary consequence of ablating Dspag4 function.   

As the axoneme is the basis of flagellar motion of the sperm tail93, and the sperm 

centriole templates the formation of the first zygotic centrosome in the acentriolar oocyte, 

Dspag4 would appear to be essential not only to ensure delivery of the male pronucleus, 

but also of the first centriole, to the fertilized zygote.  Therefore, keeping the nucleus 

tightly linked to the centriole-templated axoneme in the flagellum is anticipated to be 

critical for successful entry of the sperm into the egg, and for the assembly of the 

centrosome/MTOC in the first nuclear divisions of the zygote. 
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Table 10.2:  Fraction of individualization complexes (ICs) associated with NBs in the 
terminal epithelium of wild type and dspag4 null testes.  For each data point, the NB/IC 
fraction was averaged for four testes; error bars are +/- one standard deviation.  Taken 
together with the data in Figure 10.8, these data suggest that ICs assemble in the dspag4 
null, but are disorganized, and tend not to progress caudally along the cyst. 
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Chapter 11:  Overall Conclusions and Future Directions 

 

OVERALL CONCLUSIONS 

 

The data presented in this dissertation suggest that Klaroid behaves essentially 

like many previously characterized SUN domain proteins.   Specifically, in all tissues 

examined, Klaroid localizes to the nuclear envelope.  In differentiating cells of the eye, it 

is required for nuclear positioning, and it works in this process by interacting with a 

KASH domain protein (Klarsicht).  As Klar is necessary for linking nuclei to MTOCs in 

cells of the eye, and Klaroid tethers Klar at the nuclear envelope, Koi is part of a protein 

complex required for the MTOC-nuclear link.107  

The dspag4 locus encodes a SUN domain protein required exclusively in male 

gametogenesis.  In the absence of Dspag4, early and intermediate steps in gametogenesis 

occur normally.  However, when elongated spermatid nuclei form in later steps, these 

nuclei detach from their centrioles.  This results in a failure to generate a coherent nuclear 

bundle at the rostral end of an elongated cyst, which in turn results in abnormal IC 

assembly and progression, no individualized sperm, and complete male sterility.   

The findings for Dspag4 presented in this dissertation build on existing data for 

mammalian Spag4.  Spag4 is a SUN domain protein expressed only in males that 

localizes to microtubules of the manchette and axoneme in developing spermatids.94  

However, the function of Spag4 is unknown.  If Dspag4 and Spag4 are functional 

orthologs, then it seems reasonable to predict that mutations in Spag4 would 
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result in sterility in male mammals, possibly due to mechanisms similar to those causing 

sterility in male flies. 

 Klaroid and Dspag4 are required for a related process:  the attachment of a 

nucleus to a microtubule-organizing structure.  In the eye, a somatic tissue, Klaroid 

interacts with Klarsicht to move a nucleus to an apical MTOC and retain it there.  On the 

other hand, in haploid male gametes in germline tissue, Dspag4 is required to keep an 

elongated spermatid nucleus associated with its centriole, the organelle that nucleates 

formation of the axoneme.  Figure 11.1 shows models that summarize the Klaroid and 

Dspag4 functions characterized in this dissertation.  

 

FUTURE DIRECTIONS  

 

I.  KLAROID 

 
 
1. Studying the significance of Klaroid’s interaction with Neuralized  
 

Predating the work described in this dissertation, a large-scale yeast two-hybrid 

(Y2H) screen was performed by Curagen, Inc., in which Klaroid was observed to interact 

with Neuralized (Neur) with a high confidence score (0.904; on a scale of 0 to 1).167  The 

same interaction occurred in an independent Y2H screen carried out by the Schweisguth 

laboratory at the Pasteur Institute.168, 169  Neur is an E3 ubiquitin ligase that has a role in 

the Notch signaling pathway by regulating levels of its plasma membrane ligand, 

Delta.169  Neur monoubiquitinates Delta, a modification associated with involvement in  
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Figure 11.1:  Comparison of models for Klaroid and Dspag4 function.  A.  Model for 
Klaroid function, as discussed in Chapter 6.  Klaroid, likely through its direct interaction 
with Klarsicht, is indirectly involved in apical nuclear migration towards, and linking the 
nucleus to, the MTOC in differentiating cells of the eye.  B.  Model for Dspag4 function.  
Dspag4 could interact either a. directly or b. indirectly with the centriole and nucleus via 
linker proteins, one of which may have a cryptic KASH domain.  Note that the elongated 
nucleus has no nuclear envelope after sperm individualization, and that mature sperm 
largely lack endomembranes; the only membrane remaining after individualization is the 
plasma membrane (not shown).  While Dspag4 has a TM domain, whether Dspag4 is 
found in the plasma membrane in the region of the centriole is unknown. 
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epsin-mediated endocytosis.   

While the role of Neur in regulating Delta levels at the plasma membrane has 

been characterized, a recent experimental observation indicates that Neur isoforms can 

also localize to the nuclear envelope in S2 cells, where Klaroid is also found.124  The 

functional significance of Neur at the nuclear envelope is not known.  However, if the 

Klaroid-Neur interaction is direct, the colocalization data suggest two possibilities for the 

significance of this association: 

1) Klaroid may regulate levels of Neur available to ubiquitinate Delta by 

sequestering it at the nuclear envelope. 

2) Klaroid recruits Neur to the nuclear envelope to ubiquitinate nuclear 

membrane, nucleoplasmic, or chromatin-associated proteins.  As klaroid mutants are 

otherwise phenotypically normal, with wild type viability and near-wild type fertility, 

recruitment of Neur by Klaroid would appear to be non-essential, suggesting Neur 

functions redundantly with other E3 ligases at the nuclear envelope.  

 

2.  Y2H suggests the existence of many Klaroid-interacting proteins (KIPs) 
 

 

In addition to Neur, the Curagen study revealed the existence of many other KIPs 

that had a high confidence score (≥0.5).167  These KIPs can be broadly categorized as 

nuclear and non-nuclear proteins and are listed here with their confidence scores. 

 

 



 

 

211 

a) Nuclear proteins 

 

i) deco (0.701):  This gene is the Drosophila ortholog of mammalian 

establishment of cohesion 1, encoding an N-acetyltransferase that functions in mitotic 

sister chromatid cohesion.170 

ii) Es2 (0.56):  This gene encodes sepiapterin reductase, an enzyme in the 

biochemical pathway in which tetrahydrobiopterin (BH4) is synthesized.  In mammals, 

BH4 is an essential cofactor for various physiological processes, including monoamine 

neurotransmitter biosynthesis, NO generation, and erythroid cell proliferation, and is 

required for melanogenesis in humans.  As its expression in Drosophila is ubiquitous 

throughout development, it is considered to be a housekeeping gene.171, 172 

iii) Ing3 (0.832):  Ing3 encodes a protein that associates with the histone 

deacetylase Tip60, which is activated in the double-stranded DNA break repair 

pathway.173 

iv) Rep4 (0.825):  Rep4 is a caspase-activated DNase that fragments nuclear DNA 

during apoptosis.174 

 

b) Non-nuclear proteins 

 

i) dx (0.95):  deltex encodes a cytosolic protein that interacts directly with Notch, 

and that regulates the Notch and Wnt signaling pathways.175 

ii) Atg12 (0.835):  The atg12 gene product has been shown to be important in 

autophagic cell death in the salivary gland.176 
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iii) CG14641 (0.639):  This uncharacterized gene is assumed to encode an mRNA 

splicing factor by orthology to genes in other species.109 

iv) Tektin A (0.749):  The tektins are microtubule-binding proteins.  Tektin A 

levels have been shown to decrease when the histone deacetylase HDAC4 is 

overexpressed.177   

 

What does Klaroid do with the proteins with which it putatively associates?  Can 

Klaroid sequester them at the nuclear envelope?  Alternatively, is there a fraction of 

Klaroid protein that escapes nuclear envelope localization and associates with proteins 

that are not obviously at the nuclear membrane?  Other than eye malformation, might the 

klaroid mutant phenotype include more subtle subcellular abnormalities for which I have 

not assayed?  

Given the reported association of Klaroid with Ing3, Rep4 and Eco, all of which 

interact with DNA, it would be interesting to test, for example, whether koi null 

individuals show increased sensitivity to DNA damage compared to wild type flies.  

Also, if mutant alleles of the genes encoding the putative interactors exist, it would be 

straightforward to test whether visible phenotypes result from crossing these alleles into a 

koi null background.  

 

 

DSPAG4 

   

 Dspag4 is essential for keeping the elongated spermatid nucleus associated 
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with its centriole.  With what other proteins does Dspag4 interact to effect connection of 

the nucleus to the centriole?  The following are ideas for experiments to address this 

question. 

 

1.  Y2H screens 

   

 Use of Y2H screens to find Klaroid interactors revealed the existence of several 

KIPs as described on the previous pages.167  Y2H screens with the rat Dspag4 ortholog 

Spag4 as the bait molecule identified an interaction with the outer dense fiber protein 

Odf1.94  In addition, use of the split ubiquitin membrane-bound Y2H (MbY2H) assay 

proved useful both for demonstrating the direct interaction of the C. elegans UNC-83 

SUN- and UNC-84 KASH domains, and for characterization of subdomains with distinct 

functions within those domains.6  Given the previous successful use of Y2H approaches 

in finding SUN protein interactors, it seems reasonable to me to think such approaches 

would be useful to find proteins that interact directly with Dspag4.  A Drosophila testis 

cDNA library exists, and would be the logical choice for identifying the prey interactor 

proteins in Y2H screens.178  Any interactor proteins identified in this manner could be 

tested for “realness” by attempting immunoprecipitation (IP) Western blots using protein 

extracts from testes.  In addition, if IP using testes lysates can be perfected so as to 

minimize the coprecipitation of background proteins, interactors by Y2H might also be 

independently verified by size-separating IP testes extracts by PAGE, excising individual 

bands after Coomassie staining, and performing protein mass spectrometry on the excised 

bands.179 
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 What are likely Dspag4 interactors that Y2H screens could recover?  By sequence 

alignment, at least one Drosophila Odf1 ortholog, Mst98Ca, exists (Figure 11.2); this 

ortholog is encoded by an Mst (male-specific transcript) gene180 and is a candidate 

Dspag4 interactor.  If the association of Dspag4 with microtubules is direct, I also 

anticipate that various tubulin subunits could prove to be interactors.  In addition, if 

MbY2H were attempted, membrane-bound Dspag4 interactors could be recovered, which 

in turn might reveal the functional significance of Dspag4 localizing to the nuclear 

envelope of primary spermatocytes and round spermatids.  While a novel KASH domain 

Dspag4-interacting protein would be an intriguing find, I do not anticipate such an 

interactor would be found based on issues discussed in Chapter 10. 

 

2.  Genetic screens 

 

To identify gene products that function with Dspag4 to keep centrioles associated 

with spermatid nuclei, genetic screens could prove useful.  What genetic background 

would be appropriate for such a screen?  As the dspag4 null phenotype at the organismal 

level is non-enhanceable male sterility, a suitable genetic background for a modifier 

screen might be a hypomorphic dspag4 allele resulting in reduced fertility.   

How might a hypomorphic dspag4 allele be generated?  Several temperature-

sensitive alleles of Mps3, the S. cerevisiae gene encoding a SUN domain protein, have 

been characterized, and one allele, Y502H, results in a change to a tyrosine that is 

conserved in Dspag4 (Figure 11.3).22  To assess whether this amino acid change results in 

a dspag4ts allele, it would be straightforward to generate a transgene  
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Figure 11.2:  BLAST alignment of rat ODF1 with D. melanogaster Mst98Ca.  While the 
alignment score of the two proteins is low, both Odf1 (query) and Mst98Ca (subject) are 
proline-rich proteins that are expressed exclusively in males, suggesting they are 
orthologs.  Spag4 and Odf1 interact biochemically; Mst98Ca, the likely Odf1 ortholog, 
may therefore interact similarly with Dspag4.……………………………………………
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Figure 11.3:  Generation of a temperature-sensitive allele of dspag4.  The tyrosine 
residue highlighted in pink is conserved in the S. cerevisiae MPS3, S. pombe SAD1, and 
D. melanogaster Dspag4 SUN domains.  In S. cerevisiae, mutating the tyrosine to a 
histidine results in a ts allele of Mps3.  A ts (or hypomorphic) allele of dspag4 might be 
generated by engineering the equivalent mutation in the dspag4 ORF. 
 



 

 

217 

 
encoding this allele in a manner described in Materials and Methods for the tagged 

dspag4 transgenes, and to generate fly stocks bearing a single transgenic copy of the 

putative dspag4ts allele in the dspag4 null background.  If dspag4; dspag4ts male flies are 

hypomorphic at the restrictive (or at any) temperature, such stocks may be suitable for a 

suppressor/enhancer screen.  Alternatively, hypomorphic point mutants of dspag4 could 

be generated using EMS, and could be uncovered by crossing the resulting alleles in trans 

to the dspag4 allele generated by ends-out HR.  Upon obtaining dspag4 hypomorphs, I 

could use such alleles to generate a genetic background in which mutations in interacting 

genes resulted in sterility.  The cross scheme for a mutagenesis screen to find dspag4 

hypomorphs is depicted in Figure 11.4. 

One method to screen for enhancers of dspag4hypo could involve use of the 

Chromosome 3 deficiency kit available from the Bloomington Drosophila Stock Center 

in a straightforward F1 screen (Figure 11.5).  If deficiencies that dominantly enhanced the 

dspag4hypo background were found, candidate genes within the deficiency region 

accounting for the enhancement should be relatively straightforward to pinpoint (i.e., by 

obtaining available mutant alleles of genes within the deficiency, and directly testing 

these for enhancement).  While the main advantage of a 3rd chromosome deficiency 

screen is its relative speed, a significant drawback to this approach is the inability to 

screen any chromosome but the 3rd:  screening the 2nd chromosome would involve the 

cumbersome generation of dspag4hypo, Df recombinant chromosomes, and X chromosome 

deficiencies likely result in male lethality.   

An alternative approach to find dspag4hypo enhancers could involve a standard  
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Figure 11.4: EMS mutagenesis screen to generate hypomorphic dspag4 alleles.  
Candidate hypomorphic mutations would be mapped to verify their location on the 
second chromosome.  Second chromosome mutants would be sequenced in the dspag4 
region to determine the nature of the mutation.  If several hypomorphs are recovered, the 
allele or allelic combination that results in the most consistent hypomorphic phenotype 
could be used in the modifier screens depicted in Figures 11.5 and 11.6.   
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Figure 11.5:  Deficiency screen to find enhancers of dspag4hypo.  While the chief 
advantages of this screen are its relative ease and speed, its major disadvantage is that 
only 3rd chromosome enhancers can be found: finding 2nd chromosome enhancing 
deficiencies would require the impractical generation of dspag4hypo, Df recombinant 
chromosomes, and X chromosome deficiencies are likely to be hemizygous male lethal. 
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EMS mutagenesis screen of the two major autosomes (Figure 11.6).  As this approach has 

the potential to generate mutations in most autosomal genes, more enhancers should be 

found than in the deficiency screen approach.  However, the screen for point mutant 

alleles of genes is an F3 screen, and would thus be more labor-intensive than a deficiency 

screen.   

Theoretically, genetic screens have the potential to uncover genes encoding 

proteins that interact directly with Dspag4, or that exert their effects indirectly by 

affecting expression levels of dspag4.  An example of the latter would be mutants of a 

gene encoding the factor involved in splicing the dspag4 primary RNA transcript.  

However, a significant disadvantage to screening for Dspag4 interactors genetically 

might be the identification of genes for processes in which Dspag4 is not directly 

involved.  For example, if Dspag4 is required to generate a nuclear bundle (NB) with 

nuclei in register in order to form a functional individualization complex (IC), it seems 

possible to me that mutations in genes involved in forming functional ICs, a process not 

obviously related to forming an intact NB, might nevertheless perturb the dspag4hypo 

background when mutated.   Dynein light chain 1 (dlc1) and dynamin/shibire (shi) are 

involved in IC formation.148  If the amount of either gene product were reduced in the 

dspag4hypo background, this might reduce or eliminate fertility in the resulting male flies.  

However, the process in which dlc1 and shi are involved – IC assembly – is not 

obviously directly dependent on spermatid nuclei remaining anchored to their centrioles.  

Therefore, to ensure “realness” of any enhancer, it would be essential to ensure it had 

dspag4-like phenotypes on its own, specifically, male sterility due to loss of the nuclear- 
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Figure 11.6:  EMS screen to find enhancers of dspag4hypo.  This screen could use either a 
single dspag4 hypomorph, or a combination of hypomorphic alleles, as the sensitized 
background (see Figure 11.4).  F2 males would also be used to generate stocks.  To 
ensure that the EMS enhancers putatively on the 3rd chromosome are not in fact 
simultaneous combinations of EMS mutations on the 2nd and 3rd chromosomes that 
together result in haploinsufficient male sterility, the parent stock could be backcrossed 
first to the parental female genotype, and then the unmutagenized double-balanced 
dspag4hypo genotype stock, and the enhancement observed in the F2 males verified with 
dspag4hypo chromosomes known to be unmutagenized. 
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centriolar connection.  Furthermore, biochemical validation of the genetic interaction, for 

example, by Y2H or IP, would also be critical.   

 

3.  Clinical and other applications 

 

 Beyond adding to general knowledge about the cell biology of spermiogenesis, 

how might characterizing Dspag4 interactors be important?  

A possible application for information about Dspag4 and its interactors could be 

screens to find compounds that disrupt these interactions.  Such compounds could be 

developed into chemical methods for male contraception.  In previous studies, Spag4 had 

been considered a target for designing a human male contraceptive.181  While this target 

was ultimately deemed unsuitable on the grounds that the gene is expressed outside of the 

testis, the assay for expression only involved quantitation of Spag4 mRNA levels by RT-

PCR.  However, Spag4 protein expression levels were not assessed.  If assays for the 

presence of Spag4 protein in tissue demonstrated Spag4 expression limited to the testis, 

male-specific SUN proteins would indeed be suitable targets in a contraceptive 

compound screen.   

Furthermore, if compounds were found that specifically disrupt the interaction(s) 

of Dspag4 with its interacting protein(s), resulting in sterility only of D. melanogaster 

males, derivative compounds might be developed into insect species-specific pesticides  

that function by reducing or eliminating male fertility exclusively in the targeted species.   
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Materials and Methods 

 

CHAPTERS 1 AND 2 

  

 Basic local alignment search tool (BLAST) alignments of the KASH, SUN- and 

SUN-like domain amino acid sequences were performed using MacVector version 

9.0/10.0 (MacVector, Cary, NC).  

 

CHAPTER 3 

 

EXPRESSION ANALYSIS OF CG18584 AND CG6589 

 

 Unless otherwise specified, SuperScript II reverse transcription reagents and 

Platinum PCR Supermix (Invitrogen, Carlsbad, CA)  were used in RT and PCR, 

respectively, and all gene-specific primers were supplied by Integrated DNA 

Technologies (Coralville, IA).  Automated fluorimetric sequencing was performed by the 

ICMB Core Facility of UT Austin. 

For RNA analysis of eye discs, 500 pairs of discs from crawling 3rd instar w1118 

larvae were dissected with forceps and placed into the RNA preservation solution 

RNAlater (Ambion, Inc., Austin, TX).  For RNA analysis of non-eye disc tissue, eye 

discs were dissected from ten w1118 crawling 3rd instar larvae and discarded, and the 

remaining larval tissues were placed into RNAlater.  Total RNA was isolated using 
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TriReagent (Molecular Research Center, Cincinnati, OH); the pellet of crude RNA was 

resuspended in nuclease-free water and then treated with Turbo DNase (Ambion).  After 

phenol/chloroform extraction and re-precipitation of RNA, the total RNA pellet was 

resuspended in nuclease-free water, the concentration of the RNA was measured, and the 

solubilized RNA was aliquotted and frozen at -80ºC.  

 After determining that CG6589 expression was male-specific, total RNA from ten 

each male and female larvae, pupae and adults was isolated and treated with DNase as 

described above for eye discs and larvae.  To determine sex of male larvae and pupae, 

FM7c-Kr•GFP/Y males were crossed to w1118 virgins, and progeny male larvae and pupae 

were recovered from the cross by selecting non-GFP larvae.   

 RT was performed using an oligo (dT) primer followed by PCR, and the 

following sets of oligonucleotide primers: for analysis of eye disc expression of 

CG18584, forward:  5'-AAAGCGTTGAAGGGCCATAT-3', and reverse:   

5'-TATAGGTGGGATGGCCATGGT-3', and for CG6589, forward:  

5'-CAACAGGAATAATTTGGG-3', and reverse: 5'-AAGTTTTTGGGCGCACTCTT-3'.  

For sex-specific expression analysis in larvae, pupae and adults, the following primer set 

was used:  forward:  5’-GCCGGTGAATATGATTCGAACT-3’, and reverse:  5’-

CACAGTCTTCCATATACTTCAACGC-3’.   

 

DETERMINATION OF CG6589 CDNA ENDS BY RACE   

 

 To determine the 5’ and 3’ ends of CG6589 mRNA, male pupal total RNA was 

chosen as template for RT-PCR based on high expression levels of the gene 
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observed at this developmental stage.  Total RNA was isolated and prepared for 5’ RLM-

RACE and 3’ RACE using the FirstChoice RLM-RACE kit (Ambion).  The 5’ end of the 

gene was amplified using the RNA adapter-specific forward outer and inner primers, and 

the following gene specific reverse primer, in sequential hemi-nested PCR:  5’-

TTGGCCGCGTTATCGTAACT-3’.  To amplify the 3’ end of the gene, anchored oligo-

(dT) adapter primers supplied in the FirstChoice kit were used in the reverse 

transcription, and in the PCR, the gene-specific primer 5’-

ATCCGCCGGTGAATATGATT-3’ and the kit-supplied 3’ adapter-specific outer primer 

were used as forward and reverse primers, respectively.  5’ and 3’ RACE products were 

sequenced after subcloning into the pGEM-T-Easy vector (Promega, Madison, WI). 

 After determining the sequences of the 5’ and 3’ RACE products, a complete 

CG6589 cDNA with 5’ and 3’ UTRs and a novel ORF was generated by mixing the 5’ 

and 3’ RACE products, and using the mixed products as template in a PCR with the inner 

5’ and 3’ adapter-specific primers as PCR primers.  The final PCR product was 

subcloned into pGEM-T-Easy and then sequenced.  The sequence thus determined was 

submitted to NCBI and catalogued as EF537040. 

 

SEQUENCE ALIGNMENTS 

     

 Basic local alignment search tool (BLAST) alignments of the SUN- and SUN-like 

domain amino acid sequences were performed using MacVector version 9.0 (MacVector, 

Inc.; Cary, NC), as described for Chapter 2.  Unless otherwise indicated, the default 

settings were used in the alignments. 
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TRANSMEMBRANE DOMAIN PREDICTIONS 

 

 The transmembrane domain of Dspag4 was predicted using the online resource 

TM-HMM (transmembrane predictor by hidden Markov model), available at 

http://www.cbs.dtu.dk/services/TMHMM/. 

 

CHAPTER 4 

 

 Unless otherwise indicated, all PCR primers were synthesized by IDT, PCRs were 

carried out using Herculase (Stratagene, La Jolla, CA), and all sequencing reactions were 

performed by the ICMB Core Facilities at UT Austin. 

 

CLONING OF THE CG18584 DISRUPTION CONSTRUCT  

 

 ~4 kb arms of homology flanking the CG18584 coding region were amplified by 

PCR with the following primer sets:  for the 5’ homologous sequence, forward primer:  

5'-GCGGCCGCTGACGGTGGAGGCTATTTT-3', and reverse primer:  

5'-GCATGCGTGGCTCCAGCATTTGAAAA-3'; and for the 3’ homologous sequence, 

forward primer: 5'-AGATCTCGCTTTCAACAATGCGAACT-3', and reverse primer: 

5'-AGATCTAACGTCCTTCTGCCAAAAGT-3'. The NotI and BglII recognition 

sequences underlined in the primers were used for sequential cloning of the PCR 

products into the NotI site upstream and the BamHI site downstream of the w+ marker 
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in pW35.  BAC07J20, containing Drosophila genomic sequence from isogenized flies of 

the strain y[1]; cn bw sp (Open Biosystems, Huntsville, AL) was used as the PCR 

template.   

 

GENERATING CANDIDATE CG18584 DELETION STOCKS  

 

 The pW35-CG18584HRKO construct was introduced into the germline of flies of 

the genotype w1118;; MKRS/TM6B by P element transformation, and insertions were 

mapped to chromosomes using standard methods.  After mapping insertions, which 

occurred mostly into chromosome 2, balanced stocks were generated.   

To induce targeted HR events, y w; pW35-CG18584HRKO/CyO virgin female flies 

were collected and aged for 1-2 days at 25˚C, and then crossed to (y) w;; [hs-FLP],[hs-I-

SceI]/TM3, Sb males.  This mating was carried out with ~500 flies of each genotype in 

embryo collection cages (Genesee Scientific, San Diego, CA).  F1 embryos were 

collected every 24 hours and were subjected to the following treatments:  First, the 

embryos were rinsed in PBS, dechorionated in 50% bleach solution, and rinsed again in 

Embryo Wash Buffer.  Then, embryos were resuspended in Embryo Resuspension Buffer 

at approximately 0.5 g/ml.  80-90 microliter aliquots of resuspended embryos were 

pipetted into unyeasted food vials, where they were permitted to develop into first-instar 

larvae at 25˚C.  The following day, the vials containing first instar F1 progeny were heat-

shocked at 38˚C for one hour in a water bath, and the heat-shocks were repeated twice in 

24-hour intervals.  Upon conclusion of the heat-shocks, the larvae were permitted to 

develop at 25˚C until adulthood.  
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w+/ w--mosaic virgin (y) w; pW35-CG18584HRKO/+; [hs-FLP],[hs-I-SceI]/+ F1 

females were collected, and 3-4 females per vial were crossed to an equal number of w; 

hs-FLP males constituitively expressing FLP recombinase.  The F2 progeny were 

permitted to develop at 25˚C, and adults were screened for males with solid w+ eyes 

indicative of likely targeted donor insertion events. 100 independent F2 candidate 

knockout males were obtained, and their w+ insertions were mapped.  Stocks were kept 

for which w+ mapped to the second chromosome.  Males from 50 randomly selected 

candidate stocks with w+ insertions on the second chromosome were used to generate 

balanced stocks.  

 

VERIFYING TARGETING OF CG18584 BY SOUTHERN BLOT 

 

 CG18584 targeting was verified by Southern blotting in the candidate knockout 

stocks.  The anticipated sequence of the targeted disruption was determined in algorithmo 

and virtually inserted into the CG18584 region of BACR07J20.  This new sequence was 

then subjected to virtual digestion with individual restriction enzymes using Restriction 

Mapper version 3 (www.restrictionmapper.org).  The most useful fragment size 

difference – 1.8 kb in wild type vs. 7.1 kb in the knockout chromosome – was predicted 

for digestion with PstI.  

 Genomic DNA for Southern blotting was isolated essentially as described from 

ten flies from stocks that produced homozygotes.  w1118, y w and Oregon-R genotypes 

served as wild-type controls.  The genomic DNA samples were digested with PstI, run on 

1% agarose gels, and blotted to BrightStar- Plus nylon membranes (Ambion).  
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Digested DNA was cross-linked to the membranes using a UV Stratalinker (Stratagene).  

A 470 bp digoxigenin-labeled PCR probe was generated using the PCR DIG Probe 

Synthesis Kit (Roche Applied Science, Indianapolis, IN) with the following primer set: 

forward: 5'-TCCAACAATTAGGGCCGTTA-3', and reverse: 

5'-ATAGTGGCAGCGGCAACAGT-3'.  BACR07J20 was used as the template in the 

probe PCR.  ULTRAhyb (Ambion) was used for DIG-labeled probe hybridization.  The 

probe targets on the blots were visualized using the Dig Wash and Block Buffer Set 

(Roche).  Five CG18584HRKO stocks – CG18584HRKO58, CG18584HRKO79, CG18584HRKO80, 

CG18584HRKO84, and CG18584HRKO86 – were kept for which the PstI fragment size 

matched the size anticipated.  Prior to using these five stocks for phenotype analysis, they 

were each backcrossed to a w1118 stock bearing an isogenized second chromosome 

derived from Oregon-R for four generations, and then rebalanced. 

 

CHAPTER 5 

 

ANALYSIS OF ADULT EYES 

 

Scanning electron microscopy was performed by the ICMB Core Facility at UT 

Austin as described.  Fixing, embedding, and sectioning of adult eyes was as described.  

Light microscope images of sections were acquired with a Zeiss Axioplan microscope 

and AxioCam, and processed using Adobe Photoshop. 
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IMMUNOSTAINING OF LARVAL EYE DISCS 

 

Eye discs from wandering 3rd instar larvae were dissected and fixed in PEMS as 

described, then incubated with antibodies diluted in PBTA (PBS with 0.1% TritonX-100, 

0.02% azide), and mounted in VectaShield (Vector Laboratories). Primary antibodies 

were used as follows: rat α-Elav at 9:1, mouse α-ElaV at 1:9, and mouse α-Cut at 1:100 

(all from the Developmental Studies Hybridoma Bank, The University of Iowa, Iowa 

City, IA).  The following fluorescent secondary antibodies (Invitrogen-Molecular Probes) 

were used at a dilution of 1:300 in PBTA: 488-goat-α-mouse, 647 goat α-mouse, 488 

goat α-rat, and 647 goat α-rat.  Cross-absorbed secondary antibodies were used in 

experiments in which rat and mouse antibodies were present simultaneously. 

568-phalloidin, used 1:10 in PBTA, was also supplied by Molecular Probes, and was 

used after the rinses following secondary antibody incubation. All images were acquired 

on a Leica SP2 AOBS confocal microscope and processed with Adobe PhotoShop 

software. 

 

CLONING RO-KLAR TRANSGENE 

 

 An 8.8 kb Asc I fragment containing the klar cDNA (klarα) was ligated into the 

AscI site of pRo.  Cloning of klarα and construction of pRo are described elsewhere.97, 111 
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CHAPTER 6 

 

 Unless otherwise specified, all primers used in PCR were synthesized by IDT, 

PCR was performed with Platinum Pfx DNA polymerase (Invitrogen), and automated 

fluorimetric sequencing was performed by the ICMB Core Facility of UT Austin. 

 

GENERATING UAS TRANSGENES 

 

UAST-6Xmyc•koi 

A 2 kb fragment of koi genomic DNA was amplified by PCR using genomic 

DNA template prepared as described, and pairs of nested primers, the inner set of which 

generates AscI sites at each end of the amplification product. The outer primer pair is 

5'-GGAGCACTGTTGCCGCTG-3'/5'-TTATGTGGCCGGCGGCTT-3', and the inner 

primer pair is 5'-GGCGCGCCGAAGTGCCCACCGTC-3'/ 

5'-GGCGCGCCTATGTGGGCCGG-3'. The amplified product was A-tailed with Taq 

polymerase (Invitrogen), subcloned, and its DNA sequence determined. The fragment 

was excised using AscI and ligated into the AscI site of pUAST-6Xmyc, a vector for 

expression of 5'-myc-tagged proteins from cDNAs, which was generated as described.107 

 

UAST-gfp•koi 

The koi genomic sequence was amplified by PCR using pUAST-6xmyc•koi as the 

template, and the following primers, which generated AscI and KpnI sites (underlined) at 

the ends of the products: 
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5'-GGCGCGCCGAAGTGCCCACCGTC-3'/ 

5'-GGTACCTTATGTGGCCGCCGGCGGCTT-3'. The amplification product was 

subcloned and its DNA sequence determined.  The insert was excised with AscI and 

KpnI and ligated into those sites in pUASt-gfp, a vector for expression of 5'-GFP-tagged 

cDNAs, which was constructed as described.107 

 

UASt-gfp•dube3a 

The dube3a cDNA was amplified as separate 5' (1.7 kb) and 3' (1.4 kb) fragments 

by PCR using as a template an RT reaction in which total RNA from adult w1118 flies was 

reverse-transcribed with SuperScript II (Invitrogen).  The following primer pairs were 

used: 5'-GGATCCCAAACAAAGAAAGGGGCGGC-3'/ 

5'-TGACGGCGTGAGGATAAAGG-3' for the 5' fragment, and 

5'-CGGAAACCACTGATACCACTTGAG-3'/ 

5'-GGATCCTGGTGGTATCAGTTCCAGATGACAG-3' for the 3' fragment (BamHI 

sites underlined). The subcloned fragments were verified by sequencing, excised as 

NotI-DraIII and DraIII-Bam HI fragments, and ligated into pBSAscI restricted with NotI 

and BamHI to generate pBSAscI-dube3a-cDNA.  A 5' 1.9 kb fragment was 

PCR-amplified from pBSAscI-dube3a-cDNA using the primers 

5'-CAGATCTCAGGATCCATGAACGGTGGCGGGGGT-3' and 

5'-GCGGCCGCCGTTGATGAGCTGGTCCCTT-3' (NotI site underlined in reverse 

primer), subcloned, and verified by DNA sequencing.  From pBSAscI-dube3a-cDNA, a 

1.2 kb dube3a cDNA BamHI-AscI fragment (5' end) and a 1.8 kb dube3a cDNA 

AscI-BamHI fragment (3' end) were purified and ligated into the BamHI site 
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of p8036, resulting in pUASg-gfp•dube3a.  To obtain pUASt-gfp•dube3a, the GFP-tagged 

insert was excised as a KpnI-XbaI fragment and ligated into pUASt restricted with KpnI 

and XbaI. 

 

GENERATING RAT α-KOI AND GUINEA PIG α-KLAR ANTISERA 

 

α-Klar antiserum 

The 5’ third of klar, encoding amino acids 1–774, was amplified by PCR using 

LD36052 (Drosophila Genomics Resource Center, University of Indiana, Bloomington, 

IN) as template and the primers 5'-CATATGATGGAAATGCAACAGGAA-3'/ 

5'-GCGGCCGCTCACCAAACGGTGAAGTTGCA-3' (NdeI and NotI restriction sites 

underlined).  The amplified product was subcloned, its DNA sequence determined, and 

an NdeI/NotI klar fragment was excised and ligated in-frame with the 6XHis tag into 

pET28a (EMD Biosciences-Novagen, Darmstadt, Germany) cut with NdeI and NotI.  

After transformation into BL21RIL Codon Plus cells (Stratagene), expression of the 

6XHis•Klar fusion protein was induced and the protein purified using His•Bind Resin 

(EMD Biosciences-Novagen) according to manufacturer’s instructions. Polyclonal 

antibody against the purified antigen was raised in guinea pigs by Pocono Rabbit Farm & 

Laboratory (Canadensis, PA). 

 

α-Koi antiserum 

The first exon of the koi coding sequence (amino acids 1-459) was PCR-amplified 

using pUAS-GFP•koi as template and the primers 
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5'-CATATGGAAGTGCCCACCGTC-3' and 5'-GCGGCCGCGACTTGCCTAGAAA-3' 

(NdeI and NotI restriction sites underlined). Subcloning, sequencing, and ligation of the 

resulting fragment into pET28a, and expression and purification of 6XHis-tagged protein, 

were carried out as described for the Klar antigen above.  Polyclonal antibody against the 

Koi antigen was raised in rats by Pocono Rabbit Farm & Laboratory. 

 

IMMUNOSTAINING 

 

Eye imaginal discs  

Third larval instar eye discs were dissected and fixed in PEMS as described.107  

Prior to use, α-Klar and α-Koi sera were diluted 1:10 in PBTA and preabsorbed with 

1/10 vol. of fixed w1118 0–24 hour embryos at 4˚C overnight.  The preabsorbed aliquots 

were then diluted 1:20 (α-Klar) or 1:10 (α-Koi) in PBTA. Eye discs were blocked in 

PBTA + 1% BSA for two hours at 25˚C, and α-Klar and α-Koi were diluted in blocking 

buffer.  Mouse α-myc (Cell Signaling Technology, Danvers, MA) was used at 1:1000 in 

PBTA.  

The following fluorescent secondary antibodies (Invitrogen-Molecular Probes) 

were used at a dilution of 1:300 in PBTA + 1% BSA:  488-goat-α-mouse, 647 goat α-

mouse, 488 goat α-rat, 647 goat α-rat, 568 goat α-mouse, and 647 goat α-guinea pig. 

Cross-absorbed secondary antibodies were used in experiments in which rat and mouse 

antibodies were present simultaneously.  TOPRO-3 (pan-nuclear stain), diluted 1:1000 in 

PBTA or in PBTA + 1% BSA, and 568-phalloidin to stain filamentous actin were used 

1:10 in PBTA and were supplied by Invitrogen-Molecular Probes.  TOPRO-3 
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was used concurrently with the secondary antibodies, and phalloidin was used after the 

rinses following secondary antibody incubation.  All images were acquired on a Leica 

SP2 AOBS confocal microscope and processed with Adobe PhotoShop software. 

 

Ovaries and salivary glands  

Ovaries were dissected, fixed, blocked and immunostained as described.107  Adult 

females were collected 2–3 days post-eclosion and aged in yeasted vials for an additional 

2–3 days.  Antibody dilutions, TOPRO-3, and 568-phalloidin were used as described 

above for eye discs.   

Salivary glands from wandering w1118 larvae were collected and dissected in 1X 

PBS for five minutes.  Glands were fixed in 1X PBS + 3.7% formaldehyde with 1% 

methanol for 20 minutes, washed four times for 15 minutes in PBTA, then blocked for 

two hours in PBTA + 1% BSA.  Primary antisera were diluted in blocking solution and 

incubations carried out at 4˚C overnight.  After four 15-minute washes in PBTA, the 

glands were transferred to secondary antibodies.  After six 15-minute washes in PBTA, 

the glands were transferred to 568-phalloidin in PBTA and incubated 15 minutes, washed 

three times for 15 minutes in PBTA, then mounted in Vectashield.  Antibodies, 

TOPRO-3 and 568-phalloidin were used as described above for eye discs. 

 

CHAPTER 7 

 

As described in the subheading for the CG18584 disruption construct, all PCR 

primers were synthesized by IDT, PCRs were carried out using Herculase, and all 
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sequencing reactions were performed by the ICMB Core Facilities at UT Austin, unless 

otherwise indicated. 

 

CLONING OF THE CG6589 DISRUPTION CONSTRUCT  

 

~3 and 5 kb arms of homology flanking the CG6589 coding region up- and 

downstream, respectively, were amplified by PCR with the following primer sets:  for the 

5’ homologous arm, forward primer:  

5'-CCTAGGTTGAGAGCAGCACAAATGAGA-3', and reverse primer:  

5'-GGATCCCCGCCTATTGATCCACAATATTT-3'; and for the 3’ homologous arm, 

forward primer: 5'-CCTAGGCATATTGTACTGTTGACTCCGTCA-3', and reverse 

primer: 5'-GGATCCTTCTAAACTCGTTACTTTGGATGG-3' (AvrII sites underlined). 

Both PCR products were subcloned into pGEM-T-Easy (Promega).  The 5’ 3 kb arm was 

excised from pGEM-T-Easy using the NotI sites in the multicloning sites flanking the 

insert, and was cloned into the NotI site of pW35.  When the 5 kb 3’ arm proved 

refractory to excision from pGEM-T-Easy with AvrII, the sequences of the ends of the 

insert were determined.  The 5’-most cytosine of the forward primer was absent in the 

sequenced product, which abolished the AvrII site.  Therefore, the 3’ 5 kb arm was 

excised from pGEM-T-Easy with AvrII, which at the 3’ site was still intact, and with 

BamHI, which cut immediately upstream of the truncated and non-functional 5’ AvrII 

site in the vector used for subcloning.  The 3’ 5 kb arm was then cloned directionally into 

the BamHI and AvrII sites of pW35, downstream of the w+ marker gene.  BAC02J20, 

containing Drosophila genomic sequence from isogenized flies of the strain y[1]; 



 

 

237 

cn bw sp (Open Biosystems), was used as the PCR template.  

 

GENERATING CANDIDATE CG6589 DELETION STOCKS  

 

 The pW35-CG6589HRKO construct was introduced into the germline of flies of the 

genotype y w by P element transformation (Genetic Services, Cambridge, MA), and 

insertions were mapped to chromosomes using standard methods.  After mapping 

insertions, which, like for the CG18584 construct, occurred mostly into chromosome 2, 

balanced stocks were generated.  Two insertions mapped to the X chromosome, and one 

of the resultant stocks was used in the crosses described below.   

To induce targeted HR events, y w, pW35-CG18584HRKO/FM7c virgin female flies 

were collected and aged for 1-2 days at 25˚C, and then crossed to (y) w;; [hs-FLP],[hs-I-

SceI]/TM3, Sb males.  This mating was carried out with ~500 flies of each genotype in 

embryo collection cages (Genesee Scientific, San Diego, CA).  Embryo collections and 

treatment, aliquotting into food vials, and heat shocks were carried out as described for 

inducing targeted HR events of CG18584.  

w+-mosaic virgin (y) w, pW35-CG18584HRKO/+;; [hs-FLP],[hs-I-SceI]/+ F1 

females were collected, and 3-4 females per vial were crossed to an equal number of w; 

hs-FLP males (~200 vials total) constituitively expressing FLP recombinase.  The F2 

progeny were permitted to develop at 25˚C, and adults were screened for males with solid 

w+ eyes indicative of likely targeted donor insertion events. 100 independent F2 

candidate knockout males were obtained, and their w+ insertions were mapped.  Stocks 

were kept for which w+ mapped to the second chromosome.  Males from 50 
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randomly selected candidate stocks with w+ insertions on the second chromosome were 

used to generate balanced stocks.  

 

VERIFYING TARGETING OF CG6589 BY SOUTHERN BLOT 

 

 CG6589 targeting was verified by Southern blotting in the candidate knockout 

stocks.  The anticipated sequence of the targeted disruption was determined in algorithmo 

and virtually inserted into the CG6589 region of BACR02J20.  This new sequence was 

then subjected to virtual digestion with individual restriction enzymes using Restriction 

Mapper version 3.  The most useful fragment size difference – 4.9 kb in wild type vs. 2.1 

kb in the knockout chromosome – was predicted for digestion with PstI.  

 Genomic DNA for Southern blotting was isolated as described from ten flies from 

stocks that produced homozygotes.119  w1118, y w and Oregon-R genotypes served as wild-

type controls.  The genomic DNA samples were digested with PstI, run on 1% agarose 

gels, and blotted to BrightStar-Plus nylon membranes (Ambion).  Digested DNA was 

cross-linked to the membranes using a UV Stratalinker (Stratagene).  A 227 bp 

digoxigenin-labeled PCR probe was generated using the PCR DIG Probe Synthesis Kit 

(Roche Applied Science) with the following primer set: forward: 

5'-TTCTAAACTCGTTACTTTGGATGG-3', and reverse: 

5'-CTTTTCCGTGTACTTTATTATGGAC-3'.  BACR02J20 served as template for the 

probe PCR.  ULTRAhyb (Ambion) was used for DIG-labeled probe hybridization.  The 

probe targets on the blots were visualized using the Dig Wash and Block Buffer Set 

(Roche).  Five CG6589HRKO stocks – CG18584HRKO1, CG6589HRKO6, 
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CG6589HRKO11, CG6589HRKO12, and CG6589HRK15 – were kept for which the PstI fragment 

size matched the size anticipated.  Prior to using these five stocks for phenotype analysis, 

they were each backcrossed to a w1118 stock bearing an isogenized second chromosome 

derived from Oregon-R for four generations, and then rebalanced. 

 

CHAPTER 8 

 

FERTILITY ASSAYS 

 

 The quantitative fertility assays were carried out as described in the main text of 

Chapter 8.  Average combined numbers of larvae and pupae per vial were determined and 

the graph in Table 8.1 was generated using using Micrsoft Excel:Mac version 12.1.0.   

 

CLONING DSPAG4 GENOMIC RESCUE AND MOCK-RESCUE TRANSGENES  

 

10 kb genomic fragment transgene 

 

 Virtual digestion of BACR02J20 (Open Biosystems) was carried out using 

RestrictionMapper v. 3.0 (www.restrictionmapper.org); in algorithmo BamHI/XbaI 

digestion predicted a 9,932 bp fragment that contained the CG6589 coding region. 

BACR02J20 in E. coli was grown overnight in a 10 ml culture.  The BAC was 

isolated using a standard alkaline lysis protocol as used for plasmids, and ethanol 

precipitated.  The crude DNA pellet was resuspended in TE, then extracted four times 
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with phenol/chloroform/IAA 25:24:1, and four times with chloroform.  BAC thus 

purified was ethanol precipitated, and the pellet was rinsed several times with 75% 

ethanol, dried, and resuspended in TE.  An aliquot was digested with BamHI and XbaI, 

and the digestion products were separated on a large 1% agarose gel with EtBr in the gel 

and running buffer.  A fragment 10 kb in size was excised from the gel, was gel-purified 

using the QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany) per manufacturer’s 

instructions, and then directly cloned into pCaSpEr-4 at its BamHI and XbaI sites.  The 

resulting transgene is called pC4-dspag4BX. 

 

5 kb genomic fragment transgene        

 

 The restriction sites of pC4-dspag4BX described above were analyzed with 

RestrictionMapper, and the fragment was found to contain a 5 kb subfragment with the 

entire CG6589 coding region flanked by PstI sites.  PstI was then used to excise this 5 kb 

fragment from the 10 kb fragment in pCaSpEr-4, and the 5 kb PstI fragment was isolated 

from a gel slice using the QIAquick Gel Extraction Kit.  This PstI fragment was directly 

cloned into pCaSpEr-4 at its PstI site, giving rise to pC4-dspag4(PstI). 

 

Mock-rescue genomic fragment transgene  

 

 The 5 kb PstI fragment described above was excised from pCaSpEr-4 using PstI, 

and then subcloned into pBlueScript(KS)- (pBS, Stratagene) at its PstI site, generating 

pBS-dspag4(PstI).  The resulting plasmid was used as template in the QuikChange 
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II Site Directed Mutagenesis Kit (Stratagene) to generate a new plasmid, pBS-

dspag4(PstI)SUNstop, per manufacturer’s instructions.  The following complementary 

primers (IDT),  5’-GCCCAATCGACTCCGAAATGACCCGAATCCGTGGCGCTGG-

3’ and 5’-CCAGCGCCACGGATTCGGGTCATTTCGGAGTCGATTGGGC-3’, 

resulted in generation of a plasmid containing dspag4 with its coding region interrupted 

by the TGA stop codon 5’ to the SUN domain-encoding region.  The altered plasmid was 

sequenced carefully in the 5 kb PstI region to ensure that the only mutation that arose in 

the mutagenesis PCR was the introduced TGA.  Then the altered PstI fragment was 

excised from the pBS backbone and cloned into pCaSpEr-4 at its PstI site, generating 

pC4- dspag4(PstI)SUNstop.   

 

 The three transgenes were introduced into the germline of y w flies by P element 

transformation using standard techniques. Double-balanced stocks were generated from 

insertions mapping to the 3rd chromosome with w; Sco/CyO, MKRS/TM6B, and the 

double-balanced stocks were crossed to w; dspag46/CyO; MKRS/TM6B to generate w; 

dspag46/CyO; [P]/TM6B stocks.  Males from the finished stocks that lost CyO were used 

in the fertility tests described in Chapter 8.  Alternatively, transheterozygous dspag4 

males were generated by crossing females with final stock genotypes to Df(2L)Prl males, 

and selecting non-CyO, non-TM6B male progeny for fertility tests.  

 

ANALYSIS OF ADULT TESTES BY PHASE MICROSCOPY 

 

 Using forceps, testes were dissected from males in a puddle of PBS, then 



 

 

242 

transferred into a droplet of PBS on Polysine slides (Erie Scientific, Erie, PA), 

coverslipped with silanized coverslips (Roche), and promptly analyzed. Images were 

acquired with a Zeiss Axioplan microscope and AxioCam (Zeiss MicroImaging GmbH, 

Jena, Germany), and processed using Adobe Photoshop. 

 

ANALYSIS OF ADULT TESTES BY TEM  

 

 Newly eclosed males were either aged for three days at 25°C, or were directly 

used for testes dissections as described above.  Testes were fixed in small Petri dishes on 

ice for two hours in PBS with 2% EM grade glutaraldehyde (Electron Microscopy 

Sciences (EMS), Hatfield, PA), rinsed on ice in PBS for 15 minutes, then post-fixed at 

room temperature for two hours in 2% EM grade osmium tetroxide (EMS) and 0.8% 

potassium ferricyanide in 1X sym-collidine buffer.182, 183  After rinsing the testes three 

times in PBS for 15 minutes, the tissue was transferred to an Eppendorf tube with 1 ml of 

50% ethanol.  The testes were then dehydrated in an ascending ethanol series:  2 x 10 

minutes each in 1 ml 50%, 70%, 80%, 90% and 100% ethanol.  The tissues were then 

transferred into 1 ml 100% acetone for two 10-minute dehydrations.  25%, 50%, and 75% 

dilutions of Epon-812 resin (EMS) in acetone were prepared, and testes were transferred 

into successively higher concentrations of resin every 12 hours.  After overnight 

incubation in neat resin at room temperature, testes were cut with a fine-point scalpel into 

apical, center and terminal pieces under a dissecting microscope, the pieces were 

embedded in overflowing resin in microtome molds, then baked for 24-48 hours at 60°C. 

 Blocks of embedded tissue were trimmed, faced with a glass knife, then 
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sectioned into ~50 nm thick sections, which were transferred to tungsten microgrids, 

stained with uranyl acetate and lead citrate, rinsed, and then subjected to TEM using a 

Philips EM208 transmission electron microscope (Eindhoven, The Netherlands).   

 

CHAPTER 9 

 

CLONING TAGGED DSPAG4 TRANSGENES 

 

 Unless otherwise indicated, primers in PCR were supplied by IDT, Platinum PCR 

Supermix was used for PCR, and automated fluorimetric sequencing was performed by 

the ICMB Core Facility of UT Austin. 

 

pC4-g(dspag4)GFPPstI 

 

 The GFP ORF was amplified from the pUAST-GFP vector using the following 

primers:  5’-GGCGCGCCATGAGTAAAGGAGGAGAAC-3’ (forward) and 5’-

CCTCTAGAGGTACCCTCGA-3’ (reverse).  An AscI recognition sequence in the 

forward primer is underlined.  The reverse primer anneals immediately downstream of 

the AscI site used for in-frame cloning of cDNAs into pUAST-GFP.  The PCR product 

was gel-purified (QIAquickGel Extraction Kit, Qiagen), subcloned into pGEM-T-Easy 

(Promega), and its sequence was determined. 

 As GFP fusions to SUN domain proteins are functional when the GFP is fused to 
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the C-terminus, an AscI site was generated immediately upstream of the dspag4 stop 

codon to permit in-frame cloning of epitope tags flanked by AscI restriction sites.  An 

AscI site 5’ to the stop codon of the dspag4 coding sequence was introduced using the 

QuikChange II PCR Mutagenesis Kit (Stratagene), pBS-dspag4(PstI) as template, and the 

following complementary primer pair:  5’-

CAGCGTTGAAGTATATGGAAGACTGGGGCGCGCCTGAATTGCTTAAT-3’ and 

5’-ATTAAGCAATTCAGGCGCGCCCCAGTCTTCCATATACTTCAACGCTG-3’.  

The underlined sequence is an AscI site with an extra nucleotide that ensures AscI-

flanked epitope ORFs can be cloned in-frame into the AscI site introduced into the 

dspag4 coding sequence.  After generating the AscI-altered pBS-dspag4PstI plasmid, the 

entire altered 5 kb PstI fragment was carefully sequenced to verify that the AscI site had 

been inserted, and to ensure no PCR errors had occurred.  The altered plasmid was then 

digested with AscI.  The GFP epitope tag flanked with AscI sites was then digested from 

pGEM-T-Easy, and then ligated into the AscI-cut vector to generate pBS-

dspag4•GFPPstI.  Clones with the GFP ORF in the correct orientation were determined by 

sequencing across the Dspag4-GFP boundary using the primer 5’-

CAGGACCATCATCGTGGA-3’.  The dspag4 gene region with the GFP ORF was 

excised from pBS-dspag4•GFPPstI with PstI and ligated into pCaSpEr-4 at its PstI site to 

generate pC4-dspag4•GFPPstI. 

 

pC4-g(dspag4)6xMYCPstI 

 

 The 6xMYC ORF was amplified from the pUAST-6xMYC vector using the 
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following primers:  5’-GGCGCGCCAACGTTAACAGATCCCATCG-3’ (forward) and 

5’-CCTCTAGAGGTACCCTCGA-3’ (reverse).  An AscI recognition sequence in the 

forward primer is underlined.  The reverse primer anneals immediately downstream of 

the AscI site used for in-frame cloning of cDNAs into pUAST-6XMYC.  The PCR product 

was gel-purified (QIAquickGel Extraction Kit), subcloned into pGEM-T-Easy 

(Promega), and its sequence was determined.  As the forward primer anneals upstream of 

the first MYC repeat, the extra amino acids GRADIFNGRA are added between the C-

terminus of Dspag4 and the first amino acid of the 6xMYC repeat. 

 The 6xMYC ORF was ligated into the AscI-altered pBS-dspag4PstI plasmid, and 

the dspag4 gene region with the 6xMYC ORF was excised from pBS-dspag4•6xMYCPstI 

with PstI and ligated into pCaSpEr-4 at its PstI site to generate pC4-dspag4•6xMYCPstI, 

as described for pC4-dspag4•GFPPstI above. 

 

The two transgenes were introduced into the germline of y w flies by P element 

transformation using standard techniques. Double-balanced stocks were generated from 

insertions mapping to the 3rd chromosome with w; Sco/CyO, MKRS/TM6B, and the 

double-balanced stocks were crossed to w; dspag46/CyO; MKRS/TM6B to generate w; 

dspag46/CyO; g(dspag4)•tagPstI/TM6B finished stocks.  Males from the final stocks that 

lost CyO were used in fertility tests described in Chapter 9.  Alternatively, 

transheterozygous dspag4 males were generated by crossing females with final stock 

genotypes to Df(2L)Prl males, and selecting non-CyO, non-TM6B male progeny for 

fertility tests. 
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ANALYSIS OF ADULT TESTES BY TEM  

 

 Testes were analyzed by TEM as described in Materials and Methods for Chapter 

8. 

 

IMMUNOSTAINING 

 

Testes pairs from 0-1 day old males were dissected in a puddle of PBS.  Intact 

testes pairs were fixed on ice for 60-70 minutes with 4% paraformaldehyde in PBS + 

0.3% TritonX-100 + 0.5% sodium deoxycholate (PBSTNaDOC) in a small Petri dish.  

After the fix, testes pairs were rinsed for 15 minutes in PBSTNaDOC, then transferred 

into Testis Block (PBST + 3% BSA) in wells of a Terasaki plate and blocked for 1 hour 

at room temperature.141, 184  After blocking, testes pairs were transferred into primary 

antibody diluted in Testis Block and incubated at 4°C overnight.  The following day, 

testes pairs were rinsed three time for 15 minutes in PBS + 0.3% TX-100, then 

transferred into secondary antibodies diluted with Testis Block.  When phalloidin was 

used to stain F-actin and TOPRO-3 to stain DNA, these compounds were mixed into the 

Testis Block used to dilute the secondary antibodies at a concentration of 15 µl phalloidin 

and 1 µl TOPRO-3/ml Testis Block.  Testes pairs were then incubated at 25°C for two 

hours, after which they were rinsed three times for 15 minutes in PBS + 0.3% TX-100.  

After the rinses, testes pairs were incubated in VectaShield for 15 minutes.  Testes pairs 

were transferred into a droplet of VectaShield on a slide and were carefully dissected 

apart and unfurled using a tungsten hook.  Eight to ten testes were unfurled on a 
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slide under a dissecting microscope, then coverslipped, sealed with nail polish, and stored 

at 4°C until images were acquired on a Leica SP2 AOBS confocal microscope (Leica 

Microsystems, Wetzlar, Germany).  Images were processed with Adobe PhotoShop 

software. 

Antibody dilutions were as follows:  Primary antibodies:  mouse α-MYC 1:2000, 

rabbit α-MYC 1:200 (Cell Signaling Technology), mouse α-Lam(Dm0) 1:50 

(Developmental Studies Hybridoma Bank), and mouse α-γTub 1:1000 (GTU-88; Sigma-

Aldrich, St. Louis, MO).  Secondary antibodies:  AlexaFluor 488 α-rabbit and 568 α-

mouse, both at 1:500 (Invitrogen-Molecular Probes).  

 

IN SITU HYBRIDIZATION 

 

 Testes were dissected in Testis Buffer (TB; 10 mM Tris-HCl (pH 6.8), 183 mM 

KCl, 47 mM NaCl, 1 mM EDTA and 1% PEG 6000) and fixed in 4% 

paraformaldehyde/HEPES buffer (0.1 M HEPES pH 6.9, 2mM MgSO4, 1 mM EGTA) 

for one hour.  After three 5-minute washes in PBSTw (PBS + 0.1% Tween 20), testes 

were incubated in 30 µg/ml proteinase K for 5 minutes at room temperature.  The 

proteinase K reaction was quenched with 2 mg/ml glycine for 2 minutes, then the testes 

were rinsed twice for five minutes in PBST and re-fixed in paraformaldehyde/HEPES 

buffer for another 20 minutes.  Three ten-minute washes in PBST followed the fixation 

step; then the testes were washed for ten minutes in PBST and Hybridization Buffer (HB; 

50% formamide, 5 X SSC, 100 µg/ml sheared salmon sperm DNA, 50 µg/ml heparin and 

0.1% Tween 20) mixed 1:1.  After the ten- minute rinse, the testes were pre-
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hybridized in HB for one hour at 65°C. 

 Oligonucleotide PCR probes with the following sequences were generated by the 

Protein and Nucleic Acid Facility of Stanford University School of Medicine:  5’-

TAATACGACTCACTATAGGGAGAGCCCACAACAGCAGGAATAATT-3’ 

(forward) and 5’-

ATTTAGGTGACACTATAGAAGAGCACAGTCTTCCATATACTTCAACGC-3’ 

(reverse).  T7 and SP6 RNA polymerase promoter sequences are underlined in the 

forward and reverse primers, respectively.  The primers were used to amplify by PCR an 

820 bp fragment of the dspag4 ORF from a pGEM-T-Easy plasmid containing the 

dspag4 cDNA (see Methods and Materials for Chapter 3).  The PCR product was directly 

used as transcription template in the DIG RNA Labeleing Kit (Roche) used per 

manufacturer’s instructions to generate sense and antisense RNA probes, which were 

heat-denatured, then added to testes in HB.  Hybridization was carried out at 65°C 

overnight. 

 The testes were then rinsed six times for 30 minutes in HB at 65°C, then rinsed in 

an a descending HB series with PBST as the diluent, with 15 minutes for each rinse.  

Two 15-minute rinses in neat PBST were carried out, then the testes were incubated in α-

DIG antibody conjugated to alkaline phosphatase (Roche) for 2 hours at room 

temperature.  Four 20-minute PBST washes followed, then the testes were washed three 

times for five minutes in freshly prepared NMTT (100 mM NaCl, 50 mM MgCl2, 100 

mM Tris pH 9.5, 0.1% Tween 20). 

 The color reaction was carried out by adding testes to a solution of 992 µl of 

NMTT, 4.5 µl of NBT and 3.5 µl of X- Phosphate (Roche).  Color was developed 
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until the testes were slightly overstained, then the reaction was stopped by washing the 

testes 3 x 5 minutes in PBST.  Testes were then transferred to a 6-well Pyrex plate and 

were dehydrated in an ethanol series (1:1 EtOH/PBST followed by two neat ethanol 

washes, each for 10 minutes).  Then the testes were washed with an ethanol/methyl 

salicylate solution for 10 minutes before incubating the testes in Gary’s Magic Mountant 

(GMM, 1.6 g/ml Canada Balsam in methyl salicylate) overnight.  The testes were then 

mounted on slides, coverslipped, and permitted to flatten for 24 hours before 

examination.  Images were acquired with a standard analog camera hooked up to a Zeiss 

Axioplan microscope and were developed into slides at Visual Art Services at Stanford 

University School of Medicine. 

 In situ hybridization protocol above was provided by Dr. Xin Chen and Benjamin 

Bolival. 

 

CHAPTER 10 

 

QUANTITATIVE ANALYSIS OF SPERMATID NUCLEAR ABNORMALITIES AND IC PROGRESSION 
 

 To quantitate the number of normal and abnormal NBs, a series of 2 µm confocal 

sections were taken through the terminal epithelium of wild type and dspag46 testes that 

had been fixed and then stained with TOPRO-3 and AlexaFluor 488-phalloidin. Fix 

conditions and the staining protocol were as described in Chapter 9.  In the first confocal 

section in which NBs appeared, these were counted, and in subsequent sections, only 

NBs newly seen in that section were added to the count.  New NBs were added to the 
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total count until the confocal section at the plane of the testis sheath was reached.   

To quantitate the number of NBs that associated with phalloidin-stained ICs, 

similar counts were taken in essentially the same manner as for quantitating the normal 

and abnormal NBs.   

For each data point, data from four testes were averaged.  The bar graphs in 

Tables 10.1 and 10.2 were generated using Micrsoft Excel:Mac v. 12.1.0.  

 

IMMUNOSTAINING  

 

 Immunostaining was carried out as described in Materials and Methods for 

Chapter 9.  In addition to the antibodies used to generate the Chapter 9 data, the 

following antibodies were also used:  rabbit α-HOAP, diluted 1:1000 (a gift from W. 

Theurkauf), and rabbit α-CM1, diluted 1:100 (Cell Signaling Technology).  AlexaFluor-

488 α-rabbit secondary antibody was used for both α-HOAP and α-CM1 primary 

antibodies, diluted 1:1000 for the former and 1:500 for the latter.  All antibody dilutions 

were in Testis Block (described in Chapter 9 Materials and Methods). 

 

ACRIDINE ORANGE (AO) STAINING OF LIVE TESTES 

 

 Testes were dissected from 0-1 day-old males in TB + 1 mM PMSF, then 

incubated in a drop of 0.6 mg/ml solution of AO in TB on a glass microscope slide for 5 

minutes.  AO in TB was prepared just prior to use from a 1 mM AO stock solution in 

ethanol.  The testes were briefly rinsed in a droplet of TB on the same microscope 



 

 

251 

slide, then transferred into a 20 µl drop of TB on a fresh slide, coverslipped, and analyzed 

immediately on a Zeiss Axioplan microscope.166  Images were processed using Adobe 

Photoshop software.
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List of Drosophila Stocks 

 

Fischer Laboratory Stocks 

 

w1118 

y w 

Oregon-R 

w; Sco/ CyO; MKRS/TM6B 

w; Sco/ CyO, gfp; MKRS/TM6B 

w; Sco/ CyO 

w; Sco/ CyO, gfp 

w;; MKRS/ TM6B 

FM7c, gfp (FBst0005193) 

klarmCD4 (FBal0039645) 

klarmBP (FBal0039623) 

w;; Df(3L)emcE12/TM6B (FBid 0002577) 

w; Df(2R)Exel6050/CyO, gfp (FBid 0007532) 

w; Lam4643 FRT40A/CyO,gfp (FBal0008068, FBti0002071) 

w; ey-flp, GMR-hid cl FRT40A/ CyO,gfp (from S. Stowers) 

w; UASp-6Xmyc•klarα/ TM6B (FBtp0019395; ref. 6) 

w;; elav-Gal4 (FBid 0008760) 

w;; elav-gal4, UAST-6Xmyc•klarα/ TM6B 

y w; Sp/CyO; ey-Gal4  

y w; UAST-Lam•gfp (FBid 0007378) 

y w; hs-FLP, hs-I-SceI/ TM6, Ubx (FBid 0006935) 

(y) w; hs-FLP, hs-I-SceI/ TM3, Sb 

w; hs-FLP (FBid 0006938) 

w;; hs-FLP, hs-I-SceI/TM3, Sb 
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Stocks generated for/used in this dissertation 

 

w1118; C2ORiso 

(y) w; pW35-CG18584HKKO 

w; koi58/CyO, gfp 

w; koi79/CyO, gfp 

w; koi80/CyO, gfp 

w; koi84/CyO, gfp 

w; koi86/CyO, gfp 

w; koi80/CyO, gfp; klarmCD4/TM6B 

w; ro-klarα/CyO, gfp 

w; ro-klarα/CyO, gfp; klarmCD4/TM6B 

pUAST-gfp•koi (lines on X, 2 and 3) 

pUAST-gfp•klarKASH (lines on X, 2 and 3) 

pUAST-gfp•dube3A (lines on X, 2 and 3) 

y w, pW35-CG6589HRKO/FM7c, gfp 

w; dspag41/CyO 

w; dspag46/CyO 

w; dspag411/CyO 

w; dspag412/CyO 

w; dspag415/CyO 

(w); Df(2L)Prl/CyO, gfp (FBst0007532) 

pC4-g(dspag)PstI (lines on X, 2 and 3) 

(y) w;; pC4-g(dspag)SUNstopPstI 

pC4-g(dspag)6xMYCPstI (lines on 2 and 3) 

pC4-g(dspag)GFPPstI (lines on X and 3) 

w; dspag46/CyO; pC4-g(dspag)PstI/TM6B 

w; dspag46/CyO; pC4-g(dspag)6xmycPstI/TM6B 

w; dspag46/CyO; pC4-g(dspag)gfpPstI/TM6B 

w; dspag46/CyO; pC4-g(dspag)SUNstopPstI/TM6B 
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w;; unc•gfp/TM6B (from M. Kernan) 

w; dspag46/CyO; unc•gfp/TM6B 

w, ubi>αTub•gfp (from M. Fuller) 

w;; His2A•gfp/TM6B (from J. Belote) 

w; dspag46/CyO; His2A•gfp/TM6B 

w;; Prot2B•gfp/TM6B (from J. Belote) 

w; dspag46/CyO; Prot2B•gfp/TM6B 

w; msp300ΔKASH 

w; msp300ΔKASH; klarmCD4/TM6B 

w, Asl•yfp (from Y. Yamashita) 

cnnHK/CyO; mcherry•sas6/MKRS (from Y. Yamashita) 

(w); dspag46/CyO; mcherry•sas6/TM6B 
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