
The Role of Spectrosome and Centrosome in 
Asymmetric Stem Cell Division 

 

 

BY 

CHI BANG 
B.S., University of California at San Diego, 2003 

M.S., City College of New York, 2006 
 

 

 
 
 
 
 

THESIS 
 

Submitted as partial fulfillment of the requirements  
for the degree of Doctor of Philosophy in Bioengineering 

 in the Graduate College of the  
University of Illinois at Chicago, 2015 

 

Chicago, Illinois 

 

 

 

Defense Committee: 

 Jun Cheng, Chair and Advisor 
 Michael Cho 
 David Eddington 
 David Featherstone, Biological Sciences 
 Vuk Uskoković 

 



ii 
 

To my family who have provided me with unwavering support and immeasurable love. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



iii 
 

ACKNOWLEDGEMENTS 

 

 I kindly thank you Dr. Jun Cheng for your mentorship, your time, and your genuine care 

as my thesis advisor.  I would also like to thank you my Ph.D. committee members, Drs. Michael 

Cho, David Eddington, David E. Featherstone, and Vuk Uskoković for your time, support, and 

guidance.  I am very grateful for obtaining this opportunity to have worked with you.  

 I sincerely thank you my collaborators and mentors who have given me valuable research 

experiences and mentorships, including: Drs. Liang-Wei Gong and Lihua Yao for working on 

the Lauridan and actin polymerization experiments; Drs. Ying Liu and Hao Shen for working on 

the Circumin experiments; and Dr. Jason X.-J. Yuan for being on my pre-thesis committee and 

giving me valuable research guidance and encouragement. 

 I sincerely thank the Bloomington Drosophila Stock Center for providing me with 

guidance and necessary Drosophila stocks and Drs. A. Spradling, Y. Cai, and J. Raff for fly 

stocks.  I also thank the Developmental Studies Hybridoma Bank and Drs. J. Raff and M. Bienz 

for antibodies.   

 I sincerely thank all the Bioengineering staff Susan Lee, Jay Lin, Jessica Terrones, Yin 

Zhong, and Lukasz Zientara for your kind support.  With you, my days were much brighter and 

my life much fuller.  I give big thanks from me to you. 

 I sincerely thank all past and present members of Dr. Jung Cheng’s laboratory, which 

include: Nikhil Bommakanti, Grace Brown, Shilpa Colachina, Marisa Doria, Emerald E. Fikejs, 

Anthony E. Fielder, Danielle Madsen, Andre D. Paredes, Wei Shen, and Zhinan Wang.  It was a 



iv 
 

pleasure getting to know each of you.  Your support, friendship, intellectual discussions, and 

your care all have provided for an enriching and fun working environment.  I wish you all best of 

luck in all your future endeavors. 

 This research was partially funded by the Chicago Biomedical Consortium with support 

from the Searle Funds at the Chicago Community Trust.  

    

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

TABLE OF CONTENTS 

CHAPTER           PAGE 

I.     INTRODUCTION 
A.     Background and significance................................................................................... 1 
B.     Maintenance of tissue homeostasis .......................................................................... 2 
C.     Stem cell niche systems and asymmetric stem cell division ..................................... 2 
D.     Drosophila testis as a model stem cell system .......................................................... 4 
E.     Centrosome and spindle orientation in asymmetric stem cell division ...................... 5 
F.     Centrosomes in germline stem cells (GSCs) are inherited asymmetrically ................ 6 
G.     Centrosome orientation checkpoint ......................................................................... 7 
H.     Spectrosome in asymmetric stem cell division......................................................... 7 
I.      Acentrosomal stem cells and asymmetric stem cell division  .................................... 8 
J.      Centrosomin (cnn) and asymmetric stem cell division ............................................. 9 
K.    Adenomatous Polyposis Coli Protein 2 (APC2) and asymmetric stem cell division 11 
L.     Mosaic Analysis with a Repressible Cell Marker (MARCM) method .................... 12 
M.    Ultrafast laser microsurgery................................................................................... 13 
N.     Dynamic Interplay of Spectrosome and Centrosome Organelles in Asymmetric    
Stem Cell Divisions ....................................................................................................... 15 
O.     Effects of Centrosomin and Adenomatous Polyposis Coli Protein 2 on Spectrosome 
Recruitment and Asymmetric Stem Cell Divisions ........................................................ 18 

 
II.     METHODS 

A.     Dynamic Interplay of Spectrosome and Centrosome Organelles in Asymmetric 
Stem Cell Divisions ....................................................................................................... 32 

1.     Fly husbandry and strains ........................................................................... 32 
2.     Meiotic recombination................................................................................ 34 
3.     Tissue preparation and time-lapse live-cell imaging ................................... 35 
4.     Quantification of GSCs’ spindle orientation, centrosome misorientation, 
spectrosome orientation, and pro-metaphase to anaphase duration  ..................... 37 
5.     Quantification of GSCs’ Mobile vs Stationary Spectrosome and spectrosome 
movement pattern............................................................................................... 38 
6.     Germline stem cell Dynamics quantification  .............................................. 39 
7.     Tissue preparation and Immunohistochemistry  .......................................... 39 



vi 
 

TABLE OF CONTENTS (continued) 

CHAPTER           PAGE 

8.     Fluorescence microscopy ........................................................................... 41 
9.     Quantification of GSC count  ..................................................................... 41 
10.    Mosaic Analysis with a Repressible Cell Marker Method  ......................... 42 

a.     Final genotype generation  .............................................................. 42 
b.     Heat shock  ..................................................................................... 43 
c.     Immunohistochemistry and fluorescence microscopy  ..................... 43 
d.     Verification  .................................................................................... 46 

11.     Statistical Analysis  .................................................................................. 47 
 
B.     Effects of Centrosomin and Adenomatous Polyposis Coli Protein 2 on Spectrosome 
Recruitment and Asymmetric Stem Cell Divisions 2 ...................................................... 49 

1.     Fly husbandry and strains ........................................................................... 49 
2.     Meiotic recombination................................................................................ 51 
3.     Tissue preparation and time-lapse live-cell imaging ................................... 52 
4.     Quantification of GSCs’ spindle orientation, spectrosome orientation, and 
pro-metaphase to telophase duration .................................................................. 54 
5.     Quantification of GSCs’ Mobile vs Stationary Spectrosome and spectrosome 
movement pattern............................................................................................... 55 
6.     Germline stem cell Dynamics quantification  .............................................. 56 
7.     Tissue preparation and Immunohistochemistry  .......................................... 56 
8.     Fluorescence and phase contrast microscopy  ............................................. 59 
9.     Quantification of spectrosome localization categories, centrosome 
misorientation, and GSC count. .......................................................................... 60 
10.    Ultrafast laser microsurgery  ...................................................................... 61 

a.     Set-up  ............................................................................................ 61 
b.     Ablation program and parameters  .................................................. 61 

11.     Statistical Analysis  .................................................................................. 62 
 
C.     Subcellular organelle tracking, image processing, and dynamics quantification  .... 63 

1.     Transforming 3-D images to trackable 2-D images  .................................... 63 
2.     Development of the tracking software with Labview and submodule 
Labview Vision  ................................................................................................. 63 



vii 
 

TABLE OF CONTENTS (continued) 

CHAPTER           PAGE 

3.     Tracking centrosomes, spectrosomes, and the hub-GSC interface and 
verification of coordinates  ................................................................................. 64 
4.     Quantification of spectrosome velocity  ...................................................... 65 
5.     Quantification of spectrosome distance to hub-GSC interface  .................... 66 
6.     Quantification of apical and basal centrosome velocity  .............................. 66 
7.     Quantification of apical and basal centrosome distance to hub-GSC interface
 .......................................................................................................................... 67 
8.     Quantification of spindle separation velocity  ............................................. 67 
9.     Quantification of spindle angle  .................................................................. 68 
10.   Quantification of spindle angular velocity  ................................................. 69 
11.   Verification of dynamics quantification  ..................................................... 69 

 
III.     RESULTS 

A.     Dynamic Interplay of Spectrosome and Centrosome Organelles in Asymmetric 
Stem Cell Divisions  ...................................................................................................... 74 

1.     Spindle orientation is maintained in most male GSCs without centrosomes 
 .......................................................................................................................... 74 
2.     Spectrosome migration pattern changes in acentrosomal GSC  ................... 75 
3.     Spectrosome material transfers between daughter cells during asymmetric 
GSC divisions  ................................................................................................... 76 
4.     Mutation of hts does not affect centrosome orientation or mitotic spindle 
orientation .......................................................................................................... 77 
5.     Mutation of hts affects centrosome migration velocity and centrosome 
position in GSCs  ............................................................................................... 78 
6.     Centrosome and Spectrosome double knock out using Mosaic Analysis with 
a Repressible Cell Marker (MARCM) Method  .................................................. 79 

 
B.     Effects of Centrosomin (cnn) and Adenomatous Polyposis Coli Protein 2 (APC2) on 
Spectrosome Recruitment and Asymmetric Stem Cell Divisions .................................... 89 

1.     Spindle orientation is maintained in most male GSCs with non-functional 
centrosomes (cnn-mut) and compromised microtubule binding protein APC2 
(APC2-mut)  ...................................................................................................... 89 
 



viii 
 

TABLE OF CONTENTS (continued) 

CHAPTER           PAGE 

2.     Spectrosome migration pattern of cnn-mut GSCs change but APC2-mut 
GSCs’ migration pattern remains similar to the wild type  .................................. 90 
3.     Spectrosome localizations change drastically in cnn-mut GSCs but 
minimally in APC2-mut GSCs, and centrosome misorientation to the spectrosome 
positions also change in both mutant GSCs  ....................................................... 92 
4.     Centrosomin mutant affects spectrosome migration velocity and spectrosome 
position in GSCs  ............................................................................................... 93 
5.     Centrosomin mutant affects centrosome migration velocity and both cnn-mut 
and APC2-mut affect centrosome position in GSCs  ........................................... 94 
6.     Centrosomin mutant affects spindle angle and APC2-mut affects spindle 
angular velocity ................................................................................................. 95 

 
IV.     DISCUSSIONS 

A.     Dynamic Interplay of Spectrosome and Centrosome Organelles in Asymmetric 
Stem Cell Divisions  .................................................................................................... 115 
B.  Effects of Centrosomin and Adenomatous Polyposis Coli Protein 2 on Spectrosome 
Recruitment and Asymmetric Stem Cell Divisions ...................................................... 118 

 
V.     CONCLUSIONS  ........................................................................................................... 126 

A.     Key findings  ...................................................................................................... 126 
B.     Application/Translation  ...................................................................................... 128 
C.     Future directions  ................................................................................................ 132 

1.     Ultra-fast laser microsurgery study  .......................................................... 132 
2.     Aging Study  ............................................................................................ 132 

  
VI.     CITED LITERATURE  ................................................................................................. 135 
 
VII.     APPENDIX  ................................................................................................................ 158 
 
VIII.     VITA  ......................................................................................................................... 162 
 
 
 



ix 
 

LIST OF FIGURES 

FIGURE           PAGE 

 
Figure 1:     Concept of asymmetric stem cell division. .................................................. 23 
 
Figure 2:     Mechanism of asymmetric stem cell division.. ............................................ 24 
 
Figure 3:     Anatomy of Drosophila Stem cell niche system inside of a testis.. .............. 26 
 
Figure 4:     Stem cell fate is determined by centrosome and spindle orientations in male 
Drosophila GSCs.. ......................................................................................................... 28 
 
Figure 5:     Schematics of MARCM method in GSCs.. ................................................. 30 
 
Figure 6:     Tissue preparation and time-lapse live-cell imaging.. .................................. 48 
 
Figure 7:     Schematics of an ultrafast-laser microsurgery system. ................................. 70 
 
Figure 8:     Tracking program interface developed using Labview and Labview Vision..
 ...................................................................................................................................... 71 
 
Figure 9:     Schematics of the angle system used in Matlab. .......................................... 73 
 
Figure 10:   Most spindle orientation at anaphase and stem cell number are maintained in
 GSCs without centrosomes. ................................................................................. 80 

 
Figure 11:   Dynamic migration patterns of spectrosomes are quantified utilizing time-
lapse live-imaging. ........................................................................................................ 82 

 
Figure 12:   Spectrosome material is transferred via ring canal in GSCs. . ...................... 85 
 
Figure 13:   Spectrosome knockout minimally affects centrosome orientation, spindle 
orientation, mitosis duration, and stem cell numbers in male GSCs.. .............................. 86 



x 
 

LIST OF FIGURES (continued) 

FIGURE           PAGE 

Figure 14:   Centrosome velocity and distance to hub-GSC interface change in hts-mut 
GSCs.. ........................................................................................................................... 88 
 
Figure 15:   Most spindle orientation at anaphase is maintained in cnn-mut and APC2-
mut GSCs, but GSC numbers are significantly higher in the mutants than the wild type..
 ...................................................................................................................................... 97 
 
Figure 16:   Dynamic migration patterns of spectrosomes were quantified utilizing time-
lapse live-imaging.. ..................................................................................................... 100 
 
Figure 17:   Spectrosome localization categories and the centrosome misorientations to 
those categories were quantified.. ................................................................................ 104 
 
Figure 18:   Spectrosome velocity and distance to hub-GSC interface for the cnn-mut 
were compared with wild type GSCs.. ......................................................................... 108 
 
Figure 19:   Centrosome velocities and distances to hub-GSC interface for the cnn-mut 
and APC2-mut were compared with wild type GSCs. .................................................. 110 
 
Figure 20:   Spindle angles and spindle angular velocities for the cnn-mut and APC2-mut 
were compared with wild type GSCs.. ......................................................................... 113 
 
Figure 21:   Preliminary result of spectrosome and centrosome ablation in a male 
Drosophila GSC via ultrafast laser microsurgery.......................................................... 134 

 

 

 

 

 



xi 
 

LIST OF ABBREVIATIONS OR NOMENCLATURE 

 
2-D  Two dimensions 

3-D  Three dimensions 

APC  Adenomatosis polyposis coli 

APC2  Adenomatosis polyposis coli 2 

aPKC  Atypical protein kinase C 

BAM  Bag of marble 

BAZ  Bazooka 

BDSC  Bloomington Drosophila Stock Center 

BMP  Bone morphogenetic protein 

CCD  Charge coupled detector 

Cdk  Cycline-dependent kinase 

CHO  Chinese hamster ovary cells 

CNB  Centrobin 

cnn  Centrosomin 

CySC(s) Cyst stem cells 

DIC  Differential Interference Contrast 

DSHB  Developmental Studies Hybridoma Bank 

Dvl  Dishevelled 

EB1  End binding 1 

ECM  Extracellular matrix 

Eg5  Motor protein kinesin-5 

FasIII  Fasciclin III 



xii 
 

LIST OF ABBREVIATIONS OR NOMENCLATURE (continued) 

 

FBS  Fetal Bovine Serum 

FLP  Flippase 

FRT  Flippase recombination target 

GB  Gonialblast 

GFP  Green fluorescent protein 

GSC(s) Germline stem cell(s) 

hr  Hour 

Hs  Heat shock 

Hts  huli-tai shao 

igG  Immunoglobulin 

JAK-STAT Janus kinase-Signal Tranducer and Actiator of Transcription 

Lis1  Lissencephaly gene 

MARCM Mosaic Analysis with a Repressible Cell Marker 

Mch  M-cherry 

min  Minute 

MT  Microtubule 

MTOC  Microtubule organizing center 

NA  Numerical aperture 

NE-dynein Nuclear envelope associated dynein 

PACT  Pericentrin-like protein 

PBS  Phosphate buffer saline 

PBST  Phosphate buffer saline with Triton X-100 



xiii 
 

LIST OF ABBREVIATIONS OR NOMENCLATURE (continued) 

 

PCM  Pericentriolar matrix 

PEF  Polar-ejection force 

Pen-Strep Penicillin Streptomycin 

Plk1  Polo-like kinase 1 

RNAi  Interference ribonucleic acid 

ROI  Region of Interest 

Shadd  Short adducing 

Spd-2  Spindle defective protein 

UAS  Upstream activation sequence 

Upd  Unpaired 

UV  Ultraviolet 

Wnt  Wingless 

α-tub  Alpha tubulin 

γ-tub  Gamma tubulin 

 

 

 

 

 

 



xiv 
 

SUMMARY 

 Stem cells have remarkable characteristics that allow them to maintain their population 

through self-renewal and allow them to replenish lost tissue/cells through both self-renewal and 

differentiation.  These self-renewal and differentiation processes, however, are tightly regulated 

and balanced in the stem cell systems to maintain tissue homeostasis.  It has been shown 

previously that asymmetric stem cell division may be one of the key regulators in balancing the 

self-renewal and differentiation fates (Fuller and Spradling 2007, Yamashita 2010).  The idea of 

asymmetric stem cell division balancing the self-renewal and differentiation is simple.  When the 

stem cells divide asymmetrically, by polar orientation, daughter cells that are displaced from the 

stem cell niche are differentiated, devoid of signals from the niche that instruct the stem cells to 

maintain their identities.   There are two ways the asymmetric stem cell divisions are regulated.  

One way is through the influence by the external environment (extrinsic regulator), such as stem 

cell positioning, proximity to the stem cell niche, and interaction with the stem cell niche.  Other 

way is through the regulation of internal cellular machinery (intrinsic regulator), such as 

localization of fate determinant polarity proteins and spindle orientation, which ultimately 

determine the cleavage plane orientation (Eggert, Mitchison et al. 2006).  Our study focuses on 

the intrinsic regulators and how they regulate the outcome of stem cell fates (self-renewal or 

differentiation) in male Drosophila melanogaster germline stem cells (GSCs).  It has been 

reported that there are many key players that influences the orienting of the mitotic spindle, 

which include centrosomes, spectrosomes, pericentriolar matrix (PCM), astral microtubules, 

Adenomatous Polyposis Coli Protein 2 (APC2), and more (Deng and Lin 1997, Yamashita, Jones 

et al. 2003, Inaba, Yuan et al. 2010).  Spectrosome is an endoplasmic reticulum-like organelle in 

the female GSCs that always localized to the apical cortex of the GSCs and played a critical role  
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SUMMARY (continued) 

in orienting the mitotic spindle (Deng and Lin 1997).  Function of PCM and astral microtubules 

(MT) on the spindle orientation were partly observed through a mutation of centrosomin proteins 

(Cnn-mut) (Yamashita, Jones et al. 2003, Inaba, Yuan et al. 2010).  Centrosomin is a general 

component of the centrosome and spindle poles that may act as a scaffold during early formation 

of the microtubule organizing center (MTOC) (Megraw, Li et al. 1999, Vaizel-Ohayon and 

Schejter 1999).  Adenomatous Polyposis Coli Protein 2, on the other hand, is an adhesion protein 

that is proposed to couple astral microtubules of the mitotic spindle pole to the apical cortex of 

the GSCs (Yamashita, Jones et al. 2003, Inaba, Yuan et al. 2010).  Our investigation focuses are 

twofold: 1) to elucidate how centrosome (via DSas-4 mutation) and spectrosome (via huli-tai 

shao mutation) interact to regulate the asymmetric stem cell division outcome and 2) how 

PCM/astral MT (via cnn mutation) and APC2 (via APC2-mut) participate in the regulation of 

asymmetric stem cell divisions in conjunction with spectrosome and non-functional centrosomes.  

Using conventional immunohistochemistry, live-cell live-imaging, and particle tracking method 

(centrosomes and spectrosomes), dynamical data (velocity, distance, spindle angles, spindle 

angular velocities) and morphological data were used to address the questions raised above. 

 

Dynamic Interplay of Spectrosome and Centrosome Organelles in Asymmetric Stem Cell 

Divisions 

 Interesting observations were made when centrosomes were knocked out using the DSas-

4 mutation in male Drosophila GSCs.  The mitotic poles of the GSCs (DSas-4-mut) formed 

independently of centrosomes and the majority of spindles were still oriented.  Furthermore, the  
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live imaging data showed that, with the centrosome knocked out, majority of the spectrosomes 

switched sides from the basal cortex to the apical cortex (closer to the hub-GSC) and became 

immobilized.  This apical localization and immobilization of spectrosome is the normal 

characteristics in wild type female GSCs, where it was shown that the spectrosome acts as a 

physical anchor between the cortex and the mitotic spindle pole.  In addition, when spindles were 

severely misoriented (greater than 45 degrees), majority of the spectrosomes were also found in 

the apical region (near the hub-GSC interface).  Based on these data, we hypothesized that the 

spectrosome acts as a fail-safe mechanism to orient the spindle when the centrosome is not 

present.  Moreover, we found out that the spindle orientation and asymmetric GSC stem cell 

division is not affected when the spectrosome was knocked out.  Which suggests the 

spectrosome is dispensable when the centrosomes are present.  However, with the spectrosome 

knocked out dynamical changes occurred such as centrosome velocity and distance, which 

suggests that there are dynamical interplay occurring between the spectrosome and centrosome.  

During the experiments, we also found previously undiscovered migration pattern of 

spectrosome and distribution of spectrosome material between two divided daughter cells. 

 

Effects of Centrosomin and Adenomatous Polyposis Coli Protein 2 on Spectrosome 

Recruitment and Asymmetric Stem Cell Divisions 

 The interplay result between the centrosome and spectrosome in the regulation of 

asymmetric stem cell division raised additional mechanistic questions.  We wanted to know what 

components in the cellular machinery would recruit the spectrosome to the apical side.   
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SUMMARY (continued) 

Interestingly, the cnn-mut GSCs but not APC2-mut GSCs recruited the majority of the 

spectrosomes to the apical cortices as they were in the DSas-4-mut GSCs.  Furthermore, similar 

to the DSas-4-mut GSCs, the spectrosomes were also immobilized to the apical cortex region in 

cnn-mut GSCs.  These results suggested that it is not the lack of centrioles or the lack of spindle 

microtubule connections to the apical cell cortex (via APC2) that initiated the spectrosome 

recruitment to the apical side, but rather the missing PCM (or PCM components) and 

compromised mitotic MTs (astral microtubule) would initiate the spectrosome recruitment.  We 

also found out that the spindle orientation of the cnn-mut and APC2-mut GSCs were still oriented. 

This result shows that spectrosome may orient the spindle in absence of PCM/astral MT.  

Furthermore, based on immunohistochemistry data, spectrosomes were found significantly more 

in the apical area when the centrosomes were misoriented and in the basal area when the 

centrosomes were oriented.  This result suggests that spectrosome may also play a role in 

orienting the centrosome, but it is not known what point in time this occurs.   

 There were also several dynamical changes that occurred in the cnn and APC2 mutants.  

Firstly, the mitotic duration increased significantly for both cnn-mut and APC2-mut GSCs, which 

suggests that the misorientation of centrosome may delay the mitosis.  Secondly, the cnn-mut 

GSCs had significantly slower spectrosome velocity and increased centrosome velocity 

compared to the wild type.  This suggests that the spectrosome velocity is slowed due to their 

immobilization to the apical area and centrosome velocity is increased due to the lack of 

attachment to the PCM.  Thirdly, the APC2-mut GSCs exhibited significantly slower centrosome 

velocity and slower spindle angular velocity than the wild type.   
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It is rather difficult to say what may cause the slowing of the centrosome velocity and spindle 

angular velocity.  Our dissertation results can be used as a model to control the fate of other stem 

cell types and spill into potential applications. 
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I. INTRODUCTION 

A. Background and significance 

 Stem cells have garnered much scientific and public focus due to their important 

characteristics such as their ability to self-renew and their potentials to differentiate into various 

cell types (Morrison, Shah et al. 1997, Watt, Hogan et al. 2000, Morrison and Kimble 2006, He, 

Nakada et al. 2009).   Taking advantage of the important stem cell characteristics coupled with 

advancement of stem cell knowledge and molecular techniques, various uses of stem cells have 

been developed for further enhancing knowledge base of basic scientific inquiries to clinical 

stem cell therapies that can replace functions of lost cells/tissues (Nadig 2009, Trounson, Thakar 

et al. 2011).  There are many different types of adult stem cells discovered and developed for 

various purposes, which include bone marrow hematopoietic stem cells, bone marrow stromal 

stem cells, neural stem cells, olfactory stem cells, endothelial stem cells, intestinal stem cells, 

limbal stem cells, skin stem cells, myogenic progenitor cells, adipose derived adult stem cells, 

and multipotent adult progenitor cells (Avasthi, Srivastava et al. 2008, Trounson, Thakar et al. 

2011, Hsu, Li et al. 2014).  According to the National Institute of Health (NIH) and 

EuroStemCell, potential uses of stem cells may include cell based therapies, drug testing, study 

of cell/tissue development, and study of diseases.  In the clinical settings, there have been 

significant advances in stem cell based cellular therapies, which include chronic wound repair 

using mesenchymal stem cells, burned or injured skin repair, corneal regeneration, neurological 

repair (multiple sclerosis and amyotrophic lateral sclerosis), immunological disease treatment 

(Chronic Graft Versus Host Disease, rheumatoid arthritis, Crohn’s Disease), genetic blood 

diseases treatment (sickle cell disease) (Chen, Przyborowski et al. 2009, Trounson, Thakar et al. 

2011, Li, Wang et al. 2014, Li, Zhao et al. 2015).  Despite exciting promises that stem cells offer 
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for future applications, there remain significant hurdles that can be overcome only through 

further exhaustive research. 

 

B. Maintenance of tissue homeostasis 

 There have been numerous reports that the stem cells play an integral role in maintaining 

the tissue homeostasis (Blanpain and Fuchs 2009, Biteau, Hochmuth et al. 2011, Simons and 

Clevers 2011).  Such as an event of tissue damage, the stem cells proliferate and differentiate to 

replenish the lost tissue without over proliferating and over differentiating, and thus the balance 

finely regulated (Biteau, Hochmuth et al. 2011, Singh 2012, Herrera, Martin et al. 2013, 

Rabelink and Little 2013, Zebrowski and Engel 2013).  However, there are deleterious instances 

when the stem cells malfunction.  The stem cell can become unresponsive to regulative signals 

and over differentiate, not proliferate, and not self-renew, which may lead to tissue 

degeneration/aging (Van Zant and Liang 2003, Kirkwood 2005, Brunet and Rando 2007, Liu and 

Rando 2011, Sacco and Puri 2015).  On the contrary, excessive self-renewal of stem cells may 

lead to over proliferation (PARDAL, MOLOFSKY et al. 2005, Clarke and Fuller 2006) and 

tumor/cancer (Groden, Thliveris et al. 1991, Radtke and Clevers 2005).  Further elucidation of 

regulative mechanisms in stem cells that balance tissue homeostasis would shed a light on 

tumor/cancer research.  

 

C. Stem cell niche systems and asymmetric stem cell division 

 Many different stem cells reside in their respective specialized environment called the 

niche or microenvironment, and are affected by various dynamic signals, which can be cell-cell 

contact signals, cell-extracellular matrix (ECM) signals, or soluble factor signals (Watt, Hogan et 
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al. 2000, Morrison and Spradling 2008, Spradling, Nystul et al. 2008, Marthiens, Kazanis et al. 

2010).   

 One intriguing question about the stem cell niche system is how the stem cells can still 

maintain their population while meeting demands to repopulate damaged tissue.  In the stem cell 

niche systems, the cell-cell and cell-ECM contacts are very important to the stem cell regulation 

(Rattis, Voermans et al. 2004, Yamashita 2010, Chen, Chen et al. 2013, Ottone, Krusche et al. 

2014).  The physical adhesion of the cell-cell or cell-helps stem cells to remain within the niche 

(where they also receive signals) (Tanentzapf, Devenport et al. 2007, Marthiens, Kazanis et al. 

2010) as well as provide polarity cues for the stem cells to divide symmetrically or 

asymmetrically (Yamashita, Fuller et al. 2005, Neumüller and Knoblich 2009, Raymond, 

Deugnier et al. 2009).  Most often, the fate decisions are determined by the polarization of stem 

cells.  In asymmetric stem cell divisions, daughter cells that are displaced from the stem cell 

niche by polarity orientations most often commit to differentiation, devoid of signals from the 

niche to maintain their identity as stem cells (Yamashita 2010, Yamashita, Yuan et al. 2010) (See 

Fig. 1).  It has previously been shown that many mammal stem cell niche systems divide 

asymmetrically, which include skin stem cells, muscle satellite cells, and intestinal stem cells 

(Lechler and Fuchs 2005, Kuang, Kuroda et al. 2007, Quyn, Appleton et al. 2010, Yamashita 

2010). 

 The outcome of asymmetric stem cell division is influenced by combination of extrinsic 

and intrinsic regulation (Xie, Kawase et al. 2005, Fuller and Spradling 2007, Yamashita, Yuan et 

al. 2010).  The extrinsic regulator in the stem cell system is the stereotypical placement of stem 

cells to the niche.  This arrangement creates two distinctively different microenvironments, either 

inside (attached and close to the hub cells and signals) or outside (displaced and away from the 
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hub cells and signals) of the stem cell niche.  When two daughter cells form through a stem cell 

division, they are given an option to whether to stay inside or outside of the stem cell niche.  

Ultimately, this extrinsic regulation creates different fates for the daughter cells depending on 

which side the daughter cells are placed.  On a different note, intrinsic regulators control the stem 

cell fate through positioning polarity proteins inside the stem cells. Typical examples of 

Drosophila polarity proteins include bazooka (Baz), adenomatosis polyposis coli 2 (APC2), 

atypical protein kinase C (aPKC), among others (Cox, Seyfried et al. 2001, Inaba, Venkei et al. 

2015) (see Fig. 2).  The polarity proteins in turn localize to specific regions of the stem cells 

(hence polarity proteins) and facilitate binding of other fate determinant proteins, centrosomes 

and spindle microtubules, and ultimately influences whether the stem cell would divide 

asymmetrically or symmetrically (Yamashita, Jones et al. 2003, Inaba, Yuan et al. 2010, Inaba, 

Venkei et al. 2015).   

  

D. Drosophila melanogaster testis as a model stem cell system 

 The stem cells inside of Drosophila melanogaster testis are one of the best characterized 

in terms of signaling pathways and have well defined and easily identifiable anatomy (Brinster 

2002, Lin 2002, Fuller and Spradling 2007, de Cuevas and Matunis 2011).  The stem cell niche 

system is located at the tip of the Drosophila testis, and is composed of three main cell types, 

which include germline stem cells (GSCs), cyst stem cells (CySCs), and hub cells (see Fig. 3A 

for anatomy of the Drosophila testis stem cell system).  Figure 3B shows fluorescent features 

around a GSC stem cell and sub-cellular details inside a GSC.  The germline stem cells 

physically anchor and surround the aggregated group of hub cells. While remain attached, the 

GSCs receive signaling factor Unpaired (Upd) excreted by the hub cells.  The hub cells’ release 
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of Upd then activates the well-studied Janus kinase-Signal Transducer and Activator of 

Transcription (JAK-STAT) signaling pathway in the GSCs, which in turn, inhibits GSC 

differentiation via inhibition of differentiation factor bag of marble’s (BAM) activity (Kiger, 

Jones et al. 2001, Tulina and Matunis 2001, Sheng, Posenau et al. 2009, Bausek 2013).  Further 

studies showed that bone morphogenetic protein (BMP) works in conjunction with JAK-STAT 

signaling pathway to inhibit the BAM activity (Shivdasani and Ingham 2003, López-Onieva, 

Fernández-Miñán et al. 2008, Bausek 2013).  In addition, two somatic CySCs, while acting as 

support cells to the GSCs, encapsulate one GSC and also anchor to the hub cells via processes.  

Male GSC also divides asymmetrically, and when it does, it produces a GSC that is committed 

for self-renewal and a gonialblast (GB) that is committed for differentiation (Yamashita, Jones et 

al. 2003, Spradling, Fuller et al. 2011).  The gonialblast then goes through 4 stages of transit-

amplification divisions to produce spermatogonia and two stages of meiosis, to produce sperm 

cells (Hennig 1996, Riparbelli and Callaini 2011, Fabian and Brill 2012, Demarco, Eikenes et al. 

2014). 

 

E. Centrosome and spindle orientation in asymmetric stem cell division 

 In the GSCs, the centrosomes are mostly found to be asymmetrically localized (one 

centrosome is localized to the hub-GSC interface and the other localize to the basal cortex) 

(Yamashita, Jones et al. 2003, Yamashita, Mahowald et al. 2007).  The asymmetrically behaving 

centrosomes are critical in the asymmetric stem cell division outcome since the centrosomes 

serve as the platform for the microtubule organizing center (MTOC), guides the formation of the 

mitotic spindles, and determines the spindle orientation (Kellogg, Moritz et al. 1994).  Finally, 
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the spindle orientation determines the asymmetric stem cell division outcome, since it determines 

the cleavage plane orientation (Eggert, Mitchison et al. 2006) (see Fig. 4). 

 

F. Centrosomes in germline stem cells (GSCs) are inherited asymmetrically  

 Immortal Strand Hypothesis was first conceived by John Cairns that suggests that the 

original DNA copy is always retained in the original adult stem cells to limit mutations to the 

original DNA.  Similar to this idea, some questioned whether similar “immortal” centrosomes 

may exist in stem cell systems that may allow cells to maintain their stem cell identities.  There 

is no conclusive evidence that the “immortal” centrosomes maintain stem cell identities, but 

interestingly, there have been reports that “immortal” centrosomes are retained in some stem cell 

systems.    

 In the GSCs, Yamashita et al. carried out pulse-chase experiments with PACT-GFP to 

see where the centrosomes segregate to after mitosis (Yamashita, Mahowald et al. 2007).  Since 

the pericentrin-like protein (PACT) protein localizes to the centrosome a pulse of PACT-GFP 

causes the centrosomes to fluoresce due to the PACT incorporation into the centrosome.  The 

pulse is stopped and the centrioles are replicated.  This causes the GSC to have one older 

fluorescent centrosome and a younger non-fluorescent centrosome.  Later the GSC divisions are 

quantified to see which centrosome migrated to where.  Results show that in the GSCs, old 

centrosomes (“mother centrosome”) are retained in the daughter cell that is attached to the hub-

GSC interface and younger centrosome (“daughter centrosome”) are retained in the gonialblast 

(Yamashita, Jones et al. 2003, Yamashita, Mahowald et al. 2007).  A similar study was done on 

neuroblasts using photo-convertible marker tagged to the PACT protein and daughter 

centrosome specific protein centrobin (CNB) tagged with YFP.  The results show the opposite is 
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true for the neuroblasts as the “daughter centrosome” was retained by the neuroblast and the 

“mother centrosome was retained by the ganglion mother cell (GMC) (Januschke, Llamazares et 

al. 2011).  These results show that the centrosomes are inherited asymmetrically. 

 

G. Centrosome orientation checkpoint 

 Similar concept to the check points of the cell cycles such as the G1, G2, and metaphase 

check points, another check point called the centrosome orientation check point has been 

proposed by Cheng et al., 2008.  The proposed idea is that there exists a novel check point 

system that ensures that the centrosomes are properly oriented prior to mitosis.  Based on the 

live-imaging observation, GSCs with misoriented centrosomes did not divide for extended period 

of time until the centrosome were properly oriented (Cheng, Turkel et al. 2008).  Based on a 

previous publication, Par1 is reported to be involved in the centrosome orientation checkpoint 

(Yuan, Chiang et al. 2012). 

 

H. Spectrosome in asymmetric stem cell division 

 Spectrosome is a spherical cytoskeletal organelle originally described in female GSCs 

(Lin, Yue et al. 1994, Lin and Spradling 1995) in Drosophila melanogaster, but also found in 

male GSCs as well as in certain mammalian lymphocytes (Dubielecka, Stebelska et al. 2003).  

Spectrosome is believed to be derived from the endoplasmic reticulum but its origin is not 

known.  Its composition includes hts (adducin homolog), ankyrin, cadherin, and spectrin.  It also 

has binding affinities to cytoskeletal molecules, microtubule, spectrin, and actin (de Cuevas, 

Lilly et al. 1997, Matsuoka *, Li et al. 2000, Snapp, Iida et al. 2004, Pariser, Perez-Pinera et al. 

2005, Petrella, Smith-Leiker et al. 2007, Lighthouse, Buszczak et al. 2008).  Additionally, the 
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spectrosome is reported to carry various molecules for transport (Lighthouse, Buszczak et al. 

2008, Yuan, Chiang et al. 2012). In female GSCs, the previous data shows that spectrosome 

plays an integral role in orienting the spindle through interactions with the apical spindle pole 

(Lin and Spradling 1995, Deng and Lin 1997).  In female GSCs, it’s been observed through the 

years that the spectrosome is located apically near the cap cells (de Cuevas, Lilly et al. 1997, 

Deng and Lin 1997).  According to one study, when the spectrosome was knocked out with huli-

tai shao (hts1) mutation, the spindle orientation of female GSCs became completely randomized 

(Deng and Lin 1997).  A similar spectrosome knockout study was done using the hts01103 

mutation in male GSCs.  Intriguingly, unlike the female GSCs, the male GSCs had relatively no 

change to the centrosome and spindle pole misorientation (Yuan, Chiang et al. 2012). 

 When the gonialblast divides and goes through the transit amplification process, the 

divided cells do not finish cytokinesis and are all inter-connected by intercellular bridges 

(Spradling, Fuller et al. 2011).  Fusome structures (spectrosome derivative) are co-localized to 

the region where the intercellular bridges form.  The Drosophila fusome is composed of 

polarized microtubules, cytoplasmic endomembranes, and membrane skeletal proteins (de 

Cuevas, Lilly et al. 1997, McKearin 1997).  In the female GSCs, it was shown that the fusome 

structures anchor one pole of each mitotic spindle and orient the plane of cell division (Lin and 

Spradling 1995).  Similarly, the fusome also played a role in orienting the spindle in later stage 

of spermatocytes (Stevens, Raposo et al. 2007).   

  

I. Acentrosomal stem cells and asymmetric stem cell division 

 Centrosomes have been understood as most important organizer of cells.  A centrosome 

is composed of a pair of centrioles and pericentriolar matrix (PCM), which organizes 
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microtubules through the MTOC.  Contrary to the belief that centrosome are essential to cellular 

mitosis, there have been reports that some animal cells with their centrosomes removed via 

surgical procedures or laser ablation can still form bipolar spindles and go through mitosis 

(Khodjakov, Cole et al. 2000, Hinchcliffe, Miller et al. 2001, Basto, Lau et al. 2006).   

 A study was done on male GSCs to ascertain how the GSCs’ asymmetric stem cell 

divisions are affected without centrosomes.  Using the DSas-4S2214 mutation, centrosome 

structures including centrioles were effectively knocked out and the spindle orientation measured.  

Surprisingly, even without centrosomes, majority of the male GSCs’ spindles were still highly 

oriented and went through asymmetric stem cell division (Riparbelli and Callaini 2011).  

Similarly, in female GSCs with same DSas-4 mutation, majority of the GSCs still went through 

asymmetric stem cell division (Stevens, Raposo et al. 2007).  One of the most intriguing parts of 

the centrosome knockout through DSas-4 mutation is that spectrosome switched side from 

usually detected basal side to the hub-GSC interface side (apical side) (Yuan, Chiang et al. 2012). 

 Furthermore, effects of centrosome knockout (via DSas-4 mutation) were also observed 

in neuroblasts.  In the neuroblasts with DSas-4 mutation, the spindles were somewhat largely 

misoriented, but did not orient randomly.  Additionally, the neuroblasts had unreliable 

asymmetric stem cell division with the DSas-4 mutation (Basto, Lau et al. 2006).   

 

J. Centrosomin (cnn) and asymmetric stem cell division 

 Cnn is a 150kDa centrosomal protein and is an integral component of the centrosome and 

a general component of the spindle poles, which is believed to act as a scaffold during the early 

formation of the MTOC (Megraw, Li et al. 1999, Vaizel-Ohayon and Schejter 1999, Megraw, 

Kilaru et al. 2002, Fu and Glover 2012).  There have been several reports that cnn mutation 
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caused disrupted MTOC and disappearance of the CP-190, γ-tubulin proteins, and late stage 

astral microtubules, thus making the centrosome functionally impaired (Megraw, Li et al. 1999, 

Vaizel-Ohayon and Schejter 1999, Megraw, Kao et al. 2001).  The cnn-mut GSCs have been 

reported to have slight centrosome and spindle misorientations, thus slightly affecting the 

outcome of the asymmetric stem cell division (Yamashita, Jones et al. 2003, Inaba, Yuan et al. 

2010).  Similarly, acentrosomal GSCs via DSas-4 mutation have shown similar slight 

misorientation of the centrosome and spindle, which promptly raised a possibility for the 

existence of fail-safe mechanisms to orient the spindle when the centrosome function is 

compromised (Yuan, Chiang et al. 2012, Bang and Cheng 2015).   

 Another study has revealed that in wild type GSCs, 92% of mother centrosomes with 

older and richer PCM materials were inherited by the GSCs and the 85% of daughter 

centrosomes with younger PCM materials were inherited by the gonialblast (Yamashita, 

Mahowald et al. 2007).  But with cnn mutation, the mother centrosomes were equally inherited 

by both the GSC (44%) and the gonialblast (42%) (Yamashita, Mahowald et al. 2007).  This 

study further confirmed the existence of distinguishable PCM structure and function in the 

mother centrosome compared to the daughter centrosome. 

 Centrosomin mutant experiments have been conducted on embryo and neuroblasts as 

well.  Inside of a Drosophila embryo, centriole movements were traced for both wild type and 

cnn mutant to reveal that cnn-mut centrioles moved erratically. Furthermore, additional 

experiments revealed that centrioles localize to regions significantly far away from the mitotic 

spindle poles.  Additional experiments on neuroblasts reveal that centrioles co-localize away 

from the center of the PCM proteins (e.g. Grip75, Aurora, D-TACC) when compared to the wild 
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type (Lucas and Raff 2007).  These results suggest that centrioles require centrosomin to make 

proper connections to the PCM and have stable function.   

 

K. Adenomatous Polyposis Coli Protein 2 (APC2) and asymmetric stem cell division 

 Other proposed mechanism step for regulating the stem cell asymmetric division outcome 

is through the cortically localized adhesion proteins in the cell-cell junction.  It has been shown 

that APC2, β-catenin, and DE-cadherin normally localize at the cellular junctions (Hamada and 

Bienz 2002, Yamashita, Jones et al. 2003, Bienz and Clevers 2010, Inaba, Yuan et al. 2010).  In 

the case of GSCs, these junctional proteins are localized between the hub-GSC interface and 

mainly at the GSC’s apical cortex.  Based on previous results, it is believed that the DE-cadherin 

cytoplasmic tail could provide for localized binding site for the APC2 and the Armadillo (β-

catenin homologue in Drosophila) (Hamada and Bienz 2002, Yamashita, Jones et al. 2003, Inaba, 

Yuan et al. 2010).  In addition, β-catenin network was severely compromised when the APC2 

was knocked out (APC2-mut), which suggests that β-catenin interact dependently of the APC2 

(Bienz and Clevers 2010).  The APC2, containing the microtubule binding sites, and then act as a 

liaison to coordinate astral microtubule binding to the junctional proteins localized at the apical 

cortex of the GSCs (Yamashita, Jones et al. 2003, Inaba, Yuan et al. 2010).  Previous studies 

have shown that APC2-mut causes centrosome misorientation but not spindle misorientation 

(Yamashita, Jones et al. 2003, Inaba, Yuan et al. 2010).  In addition to the microtubule binding, it 

was also shown that the APC2 and Armadillo work together to tether the mitotic spindles to the 

cortical actin the Drosophila embryos (McCartney, McEwen et al. 2001). 

 Adenomatous Polyposis Coli Protein is widely known for the role in the (wg)/Wnt signal 

transduction pathway (McCartney, Dierick et al. 1999, Ahmed, Nouri et al. 2002, Akong, 
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Grevengoed et al. 2002).   Normally, the APC is part of the Armadillo (homolog of β-catenin in 

drosophila)/ β-catenin destruction complex.  With normal presence and function of APC in the 

complex, the β-catenin is targeted and destroyed via proteolysis, so the β-catenin is no longer 

accumulated in the cell (also in the junctional space) (Kunttas-Tatli, Zhou et al. 2012, Roberts, 

Pronobis et al. 2012).  However, with wingless signal, the Armadillo/β-catenin destruction 

complex is inactivated and the β-catenin begins to accumulate in the junction and into the 

nucleus to promote other gene activations and transcriptions (Gumbiner 1998).   

 Adenomatous Polyposis Coli Protein was also shown to mediate cell migration and 

influence cytoskeletal dynamics in the cultured cells via interactions with end binding 1 (EB1), 

microtubules, and α-catenin (Munemitsu, Souza et al. 1994, Smith, Levy et al. 1994, Su, Burrell 

et al. 1995, Berrueta, Kraeft et al. 1998, Morrison, Wardleworth et al. 1998).   

 

L. Mosaic Analysis with a Repressible Cell Marker (MARCM) method 

 The Mosaic Analysis with a Repressible Cell Marker (MARCM) method is a powerful 

technique used in Drosophila to induce controllable mutation on small population of wild type 

cells (these mutant cells are called clones) when given a specific cue (e.g. heat shock).  Using the 

standard MARCM method, the clones fluoresce, so they are easily identifiable.  One clear 

advantage for using the MARCM method to introduce mutations is that lethal mutation can be 

introduced without killing the organism.  The Mosaic Analysis with a Repressible Cell Marker 

(MARCM) method utilizes the flippase (FLP) and flippase recombination target (FRT) cassette 

system and mitotic recombination to generate mutation in wild type cells.  The flippase acts as a 

recombinase and recombines mutant genes with GAL80 genes right at the FRT sites.  After that 

FLP mediated recombination, cell goes through mitosis and segregates the mutants into one cell 
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and GAL80 into the other cell.  Moreover, GAL4 is a promoter for the upstream activation 

sequence (UAS) and activates a gene that comes after the UAS sequence.  In this case, it is 

preferred that the UAS activated gene has a GFP or RFP tag for the clones to fluoresce.  

Additionally, GAL80 acts as a suppressor for the GAL4.  Technically, with presence of GAL80, 

UAS cannot be activated and show no fluorescence.  Since the mutant clones after mitosis are 

free of GAL80, they are fluoresced by the activation of UAS by GAL4 (see Fig. 5 for diagram).  

The non-mutant cells, containing GAL80, do not fluoresce (Lee and Luo 1999, Lee and Luo 

2001, Wu and Luo 2007).   

 

M. Ultrafast laser microsurgery 

 Ultrafast laser microsurgery offers relatively a novel and powerful way to study functions 

of subcellular structures.  Similar to the genetic knockout concept, the ultrafast laser 

microsurgery is designed to induce “structural knockouts” to desired targets.  In the absence of 

those structures, the function of the subcellular structures can be studied just as one can study a 

function of a protein after a genetic knockout.  The ultrafast laser uses highly focused laser beam 

at femtosecond pulses to deliver critical energy levels to damage the material at the nanometer 

resolution (Joglekar, Liu et al. 2004).  Because its damage focus is so small, the laser beam spot 

size for ablating cellular structures is around 100nm, and the energy peak attenuates quickly after 

critical threshold, damage to the cells and other structures nearby are quite minimal.  In addition, 

the infrared range frequency allows for thicker penetration depth for easier ablation 

manipulations.  There are several advantages of using ultrafast laser microsurgery over 

conventional genetic knockouts methods.  Firstly, the laser structural knockout can be done 

autonomously, only affecting structures in the targeted cells or structures.  Genetic knockouts, on 
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the other hand, cannot be implemented autonomously as it affects the whole organism, which can 

create complications in cause and effect studies.  Secondly, the laser structural knockout can be 

implemented in any stage or anytime in the animal/cell/structural development, which can be 

difficult to implement in genetic knockouts.  Thirdly, the laser structural knockout can delete 

whole structures such as organelle or complicated structural assembly, which may be quite 

challenging or impossible to achieve with genetic knockout methods.  There are also 

disadvantages of using ultrafast laser microsurgery compared to using genetic knockout methods.  

Firstly, ultrafast laser microsurgery is done serially, so it may take considerable effort and time 

to ablate so many things all at once, such as ablating all the focal adhesions in groups of cells.  

Genetic knockout, on the other hand, affects every cell.  Secondly, laser structural knockout can 

delete an area of localized proteins or structures, but it cannot delete cytosolic free-form proteins, 

which may simply replenish and reform into the deleted structures.   

 The applications of ultrafast laser microsurgery on subcellular structures include ablating 

sections of a chromosome’s arm in newt lung cells (Ke, Cheng et al. 2009).  This ablation 

decreased the polar-ejection force (PEF) and increased the oscillatory movements of mitotic 

chromosomes known as the “directional instability” (Ke, Cheng et al. 2009).  Using live-imaging 

observations, the authors found a direct link between the PEF and the direction of the 

chromosomal movements (Ke, Cheng et al. 2009). 

 In other case studies, ultrafast laser microsurgery was used to ablate centrosomes on 

different cell types, and the ablations produced mixed results (Khodjakov, Cole et al. 2000, 

Khodjakov, Rieder et al. 2002).  Firstly, Khodjakov in 2000 ablated centrosomes in CVG-2 clone 

line (monkey kidney, fibroblastic) as the cells are entering mitosis.  Interestingly, even after the 

destruction of the centrosomes, the cells reformed functional spindle poles and successfully went 
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through mitosis.  This group showed successful ablation of centrosome and that the cells still 

under go mitosis, independent of the centrosomes.  The same group in 2002 laser ablated 

centrosomes in Chinese hamster ovary (CHO) cells during the S-phase and observed something 

remarkably different than their first result.  The centrioles simply reformed De novo after the 

ablation of centrosomes and developed into functional centrosomes 24 hours later.  However, the 

ablated cells never returned to their normal state and formed up to 14 separate centrioles per cell 

(mostly positioned near the nucleus area) (Khodjakov, Rieder et al. 2002).  The second 

experiment (2002) shows that the laser ablation of centrosomes had negative impact on the CHO 

cells, contrary to the first experiment. 

 So far, there is no report of laser ablation on spectrosomes. 

 

N. Dynamic Interplay of Spectrosome and Centrosome Organelles in Asymmetric Stem 

 Cell Divisions 

 

(Parts of this chapter were previously published as Bang, C. and J. Cheng (2015). "Dynamic 

Interplay of Spectrosome and Centrosome Organelles in Asymmetric Stem Cell Divisions." 

PLoS ONE 10(4): e0123294.)  

 

Many stem cells achieve tissue homeostasis through asymmetric stem cell division, 

effectively balancing the self-renewal ability and differentiation potential (Morrison and Kimble 

2006).  In these systems, imbalance of the stem cell fates could either lead to uncontrolled 

tumorigenesis due to excessive self-renewal (Clarke and Fuller 2006) or tissue 

degeneration/aging due to excessive differentiation or reduced self-renewal ability (Brunet and 
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Rando 2007, He, Nakada et al. 2009).  Some of these stem cells achieve this balance by residing 

inside a specialized micro-environment (thereafter referred as stem cell niche) that provides cues 

and signals necessary to the stem cells for maintaining their stem cell identity (Morrison and 

Spradling 2008).  Cells leaving the niche, deprived of the cues and signals, would lose the stem 

cell identity and begin differentiating.   

Drosophila male germline stem cells (GSCs) are among the best models to study stem 

cells inside the niche because of well-characterized signaling mechanisms as well as easily-

recognized niche structure. Localized at the tip of the testis, the hub cells, residing at the center 

of the niche, are surrounded by GSCs and cyst stem cells (CySCs).  Hub cells secrete unpaired 

(Upd) factor, which initiates Janus kinase–signal transducers and activators of transcription 

(JAK-STAT) pathway in GSCs (Kiger, Jones et al. 2001, Tulina and Matunis 2001, Fuller and 

Spradling 2007).  GSCs undergo asymmetric stem cell divisions through stereotypically oriented 

mitotic spindle relative to hub cells, resulting in one attached and another detached daughter cell 

to the hub cells (Yamashita, Jones et al. 2003).  The daughter cell attached to hub cells remains 

as stem cell, while the other daughter cell displaced from the hub commits to differentiation.  

Furthermore, the stereotypical mitotic spindle orientation is ensured by the centrosome 

orientation (Yamashita, Jones et al. 2003, Yamashita, Mahowald et al. 2007). Additionally, it 

was recently found that centrosome orientation plays an important role in the cell cycle 

progression. A mechanism, known as the centrosome orientation checkpoint, monitors the proper 

centrosome orientation (Cheng, Turkel et al. 2008).  If centrosome(s) is not properly oriented, the 

GSC mitosis is delayed until a correction is made. Centrosomin (cnn) and Drosophila E-cadherin 

are reported to be involved in this centrosome orientation checkpoint (Inaba, Yuan et al. 2010). 
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Spectrosome, a spherical cytoskeletal organelle, was initially described in female GSCs 

in Drosophila melanogaster (Lin and Spradling 1995), and similar spectrosomal structure was 

found in certain mammalian lymphocytes (Dubielecka, Stebelska et al. 2003). Spectrosome is 

believed to be endoplasmic reticulum-derived although its origin is unknown. It contains proteins 

such as huli-tai shao (hts), ankyrin, cadherin, and spectrin that have binding affinity to 

microtubules and actin (de Cuevas, Lilly et al. 1997, Snapp, Iida et al. 2004, Pariser, Herradon et 

al. 2005, Petrella, Smith-Leiker et al. 2007, Lighthouse, Buszczak et al. 2008). In female GSCs, 

several reports show that the spectrosome plays an important role in orienting mitotic spindles 

through interaction with spindle poles (Lin and Spradling 1995, Deng and Lin 1997).  Thus when 

the spectrosome was knocked out by huli-tai shao (hts1) mutation, the spindle orientation was 

severely compromised and randomly oriented (Deng and Lin 1997). In addition, fusome, a 

derivative of the spectrosome, was also shown to orient the spindle of later stage spermatocytes 

(Lin and Spradling 1995, Stevens, Raposo et al. 2007). 

In this study, we show that both centrosome and spectrosome are complementarily 

involved in the spindle orientation of the male GSCs.  Our investigation stemmed from a result 

that the majority of the spindle was still oriented despite of the centrosome being knocked out 

(Riparbelli and Callaini 2011).  Another clue was provided when majority of the interphase 

spectrosomes switched locations from basal to apical cortices in DSas-4-mut GSCs (Yuan, 

Chiang et al. 2012), where the spectrosomes were seen previously anchoring the spindle pole to 

orient the spindle in the wild type female GSCs.  Contrary to the female GSCs, however, when 

the spectrosome was compromised through an hts-mut, male GSCs with intact centrosomes had 

minimally altered the centrosome and spindle orientation (Yuan, Chiang et al. 2012).  We 
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propose that in male GSCs, spectrosome is recruited as a fail-safe mechanism to the apical cortex 

to facilitate proper spindle orientation when centrosome’s function is compromised. 

  

O. Effects of Centrosomin and Adenomatous Polyposis Coli Protein 2 on Spectrosome 

 Recruitment and Asymmetric Stem Cell Divisions 

Many adult stem cell types maintain tissue homeostasis through asymmetric stem cell 

division, which effectively balances self-renewal and differentiation processes (Morrison and 

Kimble 2006).   In the tissue, imbalance of the stem cell fates can result in tumorigenesis due to 

uncontrollable self-renewal (Clarke and Fuller 2006) or tissue deterioration due to excessive 

differentiation or diminished self-renewal potential (Brunet and Rando 2007, He, Nakada et al. 

2009).  Much of the self-renewal and differential processes of the stem cells are affected by the 

cues and signals received from the specialized neighboring environment called the 

microenvironments or the stem cell niche.   The stem cells that reside in the microenvironment 

receive proper signals to maintain their identity (Morrison and Spradling 2008), and the cells that 

leave the microenvironment, either through migration or asymmetric stem cell division, lose the 

stem cell identity, bereft of cues and signals. 

 Among many different stem cell types that maintain tissue homeostasis through 

asymmetric stem cell divisions, such as skin stem cells, satellite cells, neuronal stem cells, and 

intestinal stem cells (Yamashita 2010), Drosophila male germline stem cell (GSC) is one of the 

best model to study the asymmetric stem cell behavior because it is well-characterized and 

dwells inside of easily identifiable stem cell niche architecture.  The GSC stem cell niche, which 

is located at the tip of the testis, is composed of cyst stem cells (CySCs) and GSCs that surround 

terminally differentiated somatic hub cells.  The hub cells, which play critical roles in 



19 
 

maintaining the GSCs and CySCs, secrete unpaired (Upd) signaling molecules, which initiates 

Janus kinase-signal transducers and activators of transcription (JAK-STAT) signaling pathway in 

GSCs (Kiger, Jones et al. 2001, Tulina and Matunis 2001, Fuller and Spradling 2007).  When the 

GSCs undergo asymmetric stem cell divisions, stereotypically oriented mitotic spindle define the 

direction of the division axis respective to the hub and cause one daughter cell to be displaced 

from the hub while the other is retained (Yamashita, Jones et al. 2003).  Then the displaced 

daughter cell, devoid of signals from the hub cells, commits to differentiate.  In addition, 

centrosome orientation plays a critical role in asymmetric stem cell division because the spindle 

formation and orientation is directed by the positioning of the centrosomes prior to mitosis.  

Furthermore, proper centrosome orientation is critical in the progression of mitosis.  Known as 

the centrosome orientation check point, the cell cycle is delayed until proper centrosome 

orientation is achieved (Cheng, Turkel et al. 2008, Inaba, Yuan et al. 2010, Yuan, Chiang et al. 

2012).  There have been reports that centrosomin (cnn) and Drosophila E-cadherin are important 

for the centrosome orientation checkpoint (Inaba, Yuan et al. 2010). 

 Spectrosome is a spherical cytoskeletal organelles originally described in female GSCs 

(Lin, Yue et al. 1994, Lin and Spradling 1995) in Drosophila melanogaster, but also found in 

male GSCs as well as in certain mammalian lymphocytes (Dubielecka, Stebelska et al. 2003).  

Spectrosome is believed to be derived from the endoplasmic reticulum but its origin is not 

known.  It has compositions including hts (adducin homolog), ankyrin, cadherin, and spectrin. It 

also have binding affinities to cytoskeletal molecules microtubule and actin (de Cuevas, Lilly et 

al. 1997, Snapp, Iida et al. 2004, Pariser, Perez-Pinera et al. 2005, Petrella, Smith-Leiker et al. 

2007, Lighthouse, Buszczak et al. 2008).  Additionally, the spectrosome is reported to carry 

various molecules for transport (Lighthouse, Buszczak et al. 2008, Yuan, Chiang et al. 2012). In 
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female GSCs, the previous data shows that the spectrosome plays an integral role in orienting the 

spindle through interactions with the apical spindle pole (Lin and Spradling 1995, Deng and Lin 

1997).  According to one study, when the spectrosome was knocked out with huli-tai shao (hts1) 

mutation, the spindle orientation of female GSCs became completely randomized (Deng and Lin 

1997).  Furthermore, fusome (spectrosome derivative) also played a role in orienting the spindle 

in later stage of spermatocyte mitosis (Stevens, Raposo et al. 2007).  Additionally, it was 

recently discovered that in male GSCs with centrosome knocked out through DSas-4 (DSas-

4S2214) mutation, the spectrosome switched location from the basal to the apical cortex, to an 

intermediary position stereotypically seen in female GSCs.  It was postulated that, with 

additional dynamic evidences, the spectrosome play a complementary role in orienting the 

spindle when the centrosome is compromised (Yuan, Chiang et al. 2012, Bang and Cheng 2015).    

 Mechanistically, there are several steps how the asymmetric stem cell division can be 

regulated have been proposed.  One such mechanism step is through the interaction of intact 

PCM/astral microtubules that includes cnn, CP190, CP60, and γ-tubulin (Megraw, Li et al. 1999).  

Electron microscope studies show that centrosome is primarily made up of a pair of centrioles 

that are surrounded by shapeless, electron-dense PCM (Rattner and Phillips 1973). The 

pericentriolar matrix containing microtubules would search out and bind to the adhesion proteins 

localized to the apical cortex and orient the spindle.  There have been several reports that cnn 

mutation caused disrupted MTOC and disappearance of the CP-190, γ-tubulin proteins, and late 

stage astral microtubules, thus making the centrosome functionally impaired (Megraw, Li et al. 

1999, Vaizel-Ohayon and Schejter 1999, Megraw, Kao et al. 2001).  Centrosomin is a 150kDa 

centrosomal protein and is an integral component of the centrosome and a general component of 

the spindle poles, which is believed to act as a scaffold during the early formation of the MTOC 
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(Megraw, Li et al. 1999, Vaizel-Ohayon and Schejter 1999).  The centrosomin mutant GSCs 

have been reported to have slight centrosome and spindle misorientations, thus slightly affecting 

the outcome of the asymmetric stem cell division (Yamashita, Jones et al. 2003, Inaba, Yuan et 

al. 2010).  Similarly, acentrosomal GSCs via DSas-4S2214 mutation have shown similar slight 

misorientation of the centrosome and spindle, which promptly raised a possibility for the 

existence of fail-safe mechanisms to orient the spindle when the centrosome function is 

compromised (Yuan, Chiang et al. 2012, Bang and Cheng 2015).  Other proposed mechanism 

step for regulating the stem cell asymmetric division outcome is through the cortically localized 

adhesion proteins in the cell-cell junction.  It has been shown that APC2, β-catenin, and DE-

cadherin normally localize at the cellular junctions (Hamada and Bienz 2002, Yamashita, Jones 

et al. 2003, Bienz and Clevers 2010, Inaba, Yuan et al. 2010).  In the case of GSCs, these 

junctional proteins are localized between the hub-GSC interface and mainly at the GSC’s apical 

cortex.  Based on previous results it is believed that the DE-cadherin cytoplasmic tail could 

provide for localized binding site for the APC2 and the Armadillo (β-catenin homologue in 

Drosophila) (Hamada and Bienz 2002, Yamashita, Jones et al. 2003, Inaba, Yuan et al. 2010).  

In addition, β-catenin network was severely compromised when the APC2 was knocked out 

(APC2-mut), which suggests that β-catenin interact dependently of the APC2 (Bienz and Clevers 

2010).  The Adenomatous Polyposis Coli Protein 2, containing the microtubule binding sites, 

then act as a liaison to coordinate astral microtubule binding to the junctional proteins localized 

at the apical cortex of the GSCs.  Previous studies have shown that APC2-mut causes centrosome 

misorientation but not spindle misorientation (Yamashita, Jones et al. 2003, Inaba, Yuan et al. 

2010). 
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 In this current study, we show that both PCM (cnn) and cortical adhesion proteins (APC2) 

are involved in the centrosome and spindle orientation regulation in the male GSCs.  Our 

investigation stemmed from a result that acentrosomal GSCs have spectrosome switch 

localization from the basal to apical regions, which is proposed to act as a back-up mechanism to 

correct the spindle misorientation when the centrosome is compromised.  Our interest in this 

study is to 1) ascertain whether the PCM or the cortical adhesion proteins is responsible for the 

spectrosome recruitment to the apical cortex and 2) investigate how the compromised PCM (cnn-

mut) and cortical adhesion proteins (APC2-mut) affect the dynamics associated with asymmetric 

GSC divisions. 
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Figure 1: Concept of asymmetric stem cell division. When the stem cells divide, 
due to their polarity orientation to the stem cell niche, one daughter is self-renewed 
and the other daughter cell that is differentiated. 
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Figure 2: Mechanism of asymmetric stem cell division. (A) Extrinsic regulation occurs when 
external environment influences the outcome of the stem cell fate.  The stem cell proximity, stem 
cell placement inside the niche, and stem cell placement configuration influences the outcome of 
the stem cells. (B) Intrinsic regulation occurs when internal machinery inside the stem cell 
influences the outcome of the stem cell outcome.  When the stem cell divides, fate determinant 
polarity proteins guide the orientation of the dividing daughter cells, which can be asymmetric or 
symmetric. 
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Figure 3: Anatomy of Drosophila Stem cell niche system inside of a testis.  (A) Anatomical 
features of stem cell niche system inside Drosophila testis are shown. (B) Fluorescent image of 
the stem cell niche is shown.  White dotted line: hub cells. Yellow dotted line: a germline stem 
cell.  
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Figure 4:  Stem cell fate is determined by centrosome and spindle orientations in  
male Drosophila GSCs. Example of asymmetric stem cell division and the fate of two daughter 
cells.  Oriented centrosomes orient the mitotic spindle perpendicular to the hub-GSC interface.  
The stem cell divides asymmetrically and gives rise to one GSC and one gonialblast.  The 
gonialblast that express BAM are differentiated.  
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Figure 5: Schematics of MARCM method in GSCs.  Using the FLP-FRT cassette system and 
mitotic recombination, DSas-4 mutations are introduced into a group of wild type GSCs via 
controllable cues (e.g. heat shock).  The final product of the MARCM system is the creation of 
fluorescing GSCs that contain the DSas-4 mutations (mutant clone 
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II. METHODS 

 

A.  Dynamic Interplay of Spectrosome and Centrosome Organelles in Asymmetric 

 Stem  Cell Divisions 

 

(Parts of this chapter were previously published as Bang, C. and J. Cheng (2015). "Dynamic 

Interplay of Spectrosome and Centrosome Organelles in Asymmetric Stem Cell Divisions." 

PLoS ONE 10(4): e0123294.) 

 

 1. Fly husbandry and strains 

 All fly stocks were raised on standard Bloomington medium and inside of an 

environmental chamber (25°C; standard 24 hour dark-light cycle (12:12); controlled humidity).  

Fly stocks used were: Ubi-Short Adducin-GFP (Shadd-GFP; obtained from Dr. Spradling’s 

Laboratory); Ubi-α-tubulin-GFP (Ubi-α-tub-GFP); Ubi-Sas6-mcherry (Sas6-mch); 

Df(2R)BSC26 (Df(2R)); hts01103; DSas-4S2214; FRT82B, DSas-4S2214(Stevens, Raposo et al. 

2007); UAS-mCD8-GFP, hs-FLP; GAL4.nos.NGT40 (nos-GAL4), hts01103; FRT82B, 

GAL80LL3 (FRT82B,TubP-GAL80). Stocks were obtained from the Bloomington Drosophila 

Stock Center at Indiana University unless otherwise noted.  Following genotypes were generated 

and used for our live-imaging and fixed experiments: 

 

−∝ − −
;

ℎ −
ℎ − ; 

DSas − 4
DSas − 4  
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−∝ − −
;

ℎ −
ℎ − ; 

DSas − 4
+  

 

   

−∝ − −
;
ℎ

(2 ) ; 
6 − ℎ
6 − ℎ 

−∝ − −
;
ℎ

+ ; 
6 − ℎ
6 − ℎ 

 

The homozygote mutant genes  will be hence forth be referred DSas-4-mut and the 

heterozygote deleterious and mutant genes 
( )

 will hence forth be referred as hts-mut. The 

geneotypes with + are the respective control to those mutants.  The DSas-4-mut genotype were 

too weak to eclose on their own, so their eclosions were manually assisted on day 10 to 11 after 

mating with a pair of size 5 forceps (Stevens, Raposo et al. 2007).  Normal sized third-instar (L3) 

larvae were selected (non-mutants had TM6B balancers, which were much shorter) and placed 

on top of damped cloths inside of 10cm petri dishes on day 5 to 6 and allowed the larvae to 

transform into pupas the following day.  After the eclosion, the flies were selected against the 

TM6B balancer phenotypes (shorter length and missing humerus bristles) to ensure the selection 

of DSas-4-mut flies.  For the hts-mut flies, newly eclosed adult flies with any balancer 

phenotypes (curly wings and TM6B) were discarded to select for the mutants.  The mutant of hts 

fly generations were verified through the short adducin antibody stain; the spectrosome and 

fusome structures were not detected in hts-mut flies as was previously reported (de Cuevas, Lilly 

et al. 1997, de Cuevas and Spradling 1998). 
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 2. Meiotic recombination 

  Using meiotic recombination, different genes (mutants, transgenes, and tagged) 

from each parent were recombined via chromosomal crossover during meiosis so that both genes 

can exist in offspring’s chromosome.  Using a simple crossing technique (Greenspan 2004), the 

following genes were successfully recombined: nos-GAL4, hts01103.  The recombined genes were 

validated by crossing with a Df(2R) gene and stained with short adducing antibody to show the 

absence of spectrosome and fusome structures.  The existence of nos-GAL4 was confirmed by 

crossing with a fly containing the UAS-mCD8-GFP, which specifically fluoresced on GSCs’ 

membranes.   Nos is a marker specific to germ cells; mCD8-GFP localizes to the membrane; and 

GAL4 activates the upstream activation sequence (UAS).  The necessary number (N) of progeny 

lines required to probablistically obtain the recombined genes was calculated using the Mather’s 

formula and how much map units the genes were apart:   

=
log(1 − )
log(1 − ) ∗ 2 

,where p is the confidence interval (e.g. 95% assurance of outcome) and the f is the probability 

for the meiotic recombination (also referred to as a map unit number) of the two genes to occur.  

The two is multiplied by two for conservative purposes. 

=
log (1 − 0.95)
log (1 − 0.33) ∗ 2 

= 15 

All of the 15 lines generated were tested for the existence of the nos-GAL4 and the hts01103 genes 

as stated above.  This recombined gene was made to be used for the MARCM experiment (see 

section A, subsection 10 for more information). 
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 3. Tissue preparation and time-lapse live-cell imaging 

  The following protocol is an adaptation to the methods previously used (Cheng 

and Hunt 2009).  Prior to the dissection, all the dissecting equipment were sterilized using 70% 

ethanol or sterilized under UV for at least one hour.  Newly eclosed DSas-4-mut and hts-mut 

adult flies (0-1 day old) flies were selected from the stock and placed on a carbon dioxide pad 

(10 lbs/in2) to administer anesthesia (see Fig. 6A).    Under 5x magnification on a Leica 

stereomicroscope, Drosophila testes were isolated while submerged under 0.5ml of sterile 

Schneider’s Complete Drosophila medium (Schneider’s Drosophila medium, 10% fetal bovine 

serum (FBS), 1% penicillin streptomycin (Pen-Strep)) with two size 5 dissection tweezers 

(Dumont) inside a sterile 10 well glass plate (see Fig. 6B).  The isolated testes were then 

transferred into the adjacent well of the glass plate containing 0.5 ml of Schneider’s Complete 

Drosophila medium to be cut.  Using a size 10 scalpel blade, the tips of the testes were cut from 

the remainder of the testes and were selected for live-imaging.  Removing much of the testes 

muscles minimized movement for live-imaging.  On average per imaging session, about 10-15 

testes tips were cut. 

 The cut testes tips were then transferred into a sterile glass bottom petri dish (MatTek, 

35mm glass with 20mm microwell) using a 10µl pipette (sterile).  The excess Schneider’s 

Complete Drosophila medium from the glass bottom petri dish was removed with a tweezer’s tip 

using capillary force.  The testes were then evenly arranged on the glass bottom petri dish’s 

surface and covered with a 5/8 inch regenerated cellulose membrane (Spectrum Lab), which was 

used to immobilize the testes tips.  The regenerated cellulose membranes were cut with a 5/8 

inch hole puncher when dry, and then soaked in sterile Schneider’s Complete Drosophila 
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medium overnight at 4 degrees Celsius prior to application.  After covering the testes tips with 

the cellulose membrane, several drops of Schneider’s Complete Drosophila medium were added 

on top of the membrane to prevent testes dehydration during imaging.  Additional medium were 

added around the edges of the glass bottom petri dish away from the microwell.  The glass 

bottom petri dish is then lidded and wrapped along the side with a piece of parafilm to prevent 

spillage and further dehydration (see Fig. 6C).   

 The testes containing glass bottom petri dish was then loaded onto the Zeiss Axio 

Observer.Z1 (see Fig. 6D) and visualized with Plan-Apochromat 63x oil emersion objective with 

numerical aperture (NA) of 1.4.  All the live-imaging sequence frames were recorded using the 

Hamamatsu charge coupled detector (CCD) camera at 512 by 512 resolution and the Zeiss 

Axiovision software for up to 8 hours with 1 to 2 minute time intervals.  To capture the 

movement patterns of spectrosomes, centrosomes, and the mitotic spindles with optimal 

photobleaching effects, three z-scans were made with 3µm sections per time frame.  Consistent 

fluorescence exposure times were used throughout the experiments.  Following fluorescence 

markers were used for the live-imaging: Ubi-α-tub-GFP (mitotic spindle visualization); Shadd-

GFP (spectrosome organelle visualization); Sas6-mch (centrosome organelle visualization).   

 For the longer live-imaging (longer than 8hrs) sessions that span up to 24 hours to 

visualize the spectrosome dynamics throughout the whole GSC cell cycle, the Schneider’s 

Complete Drosophila medium was replenished every 7-8 hours to maintain cellular activity.  

Results show that all cellular activities halt if the medium is not replenished past those time 

intervals.  Similar to the shorter time-lapse imaging sessions, three z-scans were made with 3µm 

sections per time frame, but the time sequence interval increased to 8 minutes. 
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 4. Quantification of GSCs’ spindle orientation, centrosome misorientation, 

  pro-metaphase to anaphase duration, and spectrosome orientation 

  Spindle orientation (spindle angle) was measured manually during Anaphase 

using the built in angle measurement add-on in Zeiss Axiovision software.  The angle measured 

is the acute angle between the spindle axis and a line that passes through the hub-GSC interface 

and the center of the spindle length.  Then the spindle angle measurements were divided into 0-

30, 30-60, and 60-90 degree groups and their respective frequencies (%) reported.  

 Centrosome misorientation was quantified from all the sequence frames (across 3 z-

stacks) taken from live-imaging of the GSCs that eventually divided.  The criterion for correctly 

oriented centrosome was to have at least one centrosome localize to the quarter circle region that 

is connected to the hub-GSC interface.  When one centrosome appeared misoriented but the 

other centrosome could not be found, the frame was not quantified to prevent false positives.  

Centrosomes were counted as misoriented when both centrosomes were outside the quarter circle 

region that is connected to the hub-GSC interface.   

 Pro-mephase to anaphase duration was recorded in minutes by subtracting the two times 

in which anaphase and pro-metaphase occur.  Due to the Ubi-α-tub-GFP, the spindle formation 

and separation of the GSCs were clearly observed and stages of mitosis were easily 

distinguishable.  Visually, we were able to observe the nuclear envelope break down by looking 

at the dark nuclear area being filled by non-specific cytosolic fluorescence.  This can be observed 

in both red and green channels as trace amounts of cytosolic free form of Shadd-GFP and Sas6-

mch fill the darker void.  Specifically, we referred this point in time as the pro-metaphase stage 

of the mitosis.  Anaphase time was recorded by observing the beginning of the spindle separation 

towards the mitotic spindle poles.   
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  Spectrosome orientation was quantified as either apical or basal, and was decided to be 

apical or basal during the last 30 minutes prior to mitosis (before the nuclear envelope 

breakdown or before pro-metaphase).  Most of the spectrosomes in the last 30 minutes of the 

interphase stayed either in the apical or the basal area (with movement generally possible in the 

basal area), except a few instances, which will be elaborated further in the next section.  The 

spectrosome was quantified to be apical if the spectrosome resided in the apical part of the 

GSC’s hemisphere and basal if the spectrosome resided in the basal part of the GSC’s 

hemisphere. 

 

 5. Quantification of GSCs’ Mobile vs Stationary Spectrosome and   

  spectrosome movement pattern 

  Spectrosomes were quantified as either mobile or stationary during interphase.  

Generally, in wild type GSCs, it has been previously observed that spectrosome can migrate 

around the cell during interphase.  We have quantified the spectrosome to be stationary, 

regardless of whether it is located apically or basally, if the spectrosome remained in the same 

area (usually around the basal or apical cortex regions) with very subtle to no movement for 

longer than 30 minutes prior to mitosis (before the nuclear break down or pro-metaphase).  On 

the other hand, spectrosome was quantified as mobile if the spectrosome moved significantly 

more than its diameter (particularly outside the cortex region is most obvious) within 30 minutes 

prior to mitosis. 

 On several occasions, we have observed spectrosome migrating from apical cortex region 

of the GSCs to the basal cortex suddenly within the 30 minutes prior to mitosis.  We have 



39 
 

presented this spectrosome movement in the ApicalBasal category and reported its occurrence 

frequency (%). 

 

  

 

 6. GSC Dynamics quantification  

  Please see Chapter II: Methods, section C: Subcellular organelle tracking, image 

processing, and dynamics quantification for more information. 

 

 7.  Tissue preparation and Immunohistochemistry  

  Newly eclosed DSas-4-mut and hts-mut adult flies (0-1 day old) flies were 

selected from the stock and placed on a carbon dioxide pad (10 lbs/in2) to administer anesthesia.    

Under 5x magnification on a Leica stereomicroscope, Drosophila testes were isolated while 

submerged under 0.5ml of 1x phosphate buffer saline (PBS) with two size 5 dissection tweezers 

(Dumont) inside a sterile 10 well glass plate.  The isolated testes were then transferred into a 1.5 

ml centrifuge tube containing 4% paraformaldehyde in PBS and fixated away from light for 30 

minutes at room temperature (25 degrees Celsius), rocking on a nutator.  The paraformaldehyde 

was then removed and the samples were rinsed two times and washed for 30 minutes with PBST 

(1x PBS+0.1% Triton X-100), rocking on a nutator at room temperature.   

 The following primary antibodies were used: Goat-anti-Vasa polyclonal igG 

(immunoglobulin) [1:80; dc-13; Santa Cruz Biotechnology] was used to identify germ cells 

(including GSC); mouse anti-γ-tub monoclonal igG (1:80; GTU-88; Sigma) was used to identify 

centrosomes; mouse anti-Fasciclin III igG [1:80; obtained from the Developmental Studies 
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Hybridoma Bank (DSHB)] was used to identify hub cells and hub-GSC interface; mouse anti-

Adducin-like monoclonal (1:100; obtained from DSHB); rabbit-anti-α-tub polyclonal (1:100; 

ab18251; Abcam).  In addition, the following secondary antibodies were used to capture the 

primary antibodies: Alex Fluor ® [350 or 488 or 568] donkey anti-[goat or rabbit or mouse] igG 

(1:100).  The primary antibodies were diluted into an antibody buffer (3% Bovine serum 

albumin+ 0.1% Trion-X 100 in PBS) at proper concentrations and inserted into the centrifuge 

tubes containing the testes with the supernatant already removed.  Then the testes were allowed 

to incubate overnight (between 16-24hrs) at 4 degree Celsius, rocking and away from light.  The 

following day, the testes were rinsed two times with PBST and washed additionally with PBST 

three times (each wash: 10minutes on nutator at room temperature).  The secondary antibodies 

were then diluted into an antibody buffer (3% Bovine serum albumin+ 0.1% Trion-X 100 in PBS) 

at proper concentrations and inserted into the centrifuge tubes containing the testes with the 

supernatant already removed. Again, the testes were allowed to incubate overnight (between 16-

24hrs) at 4 degree Celsius, rocking and away from light.  Finally, on the third day, the testes 

were rinsed two times and washed three times for 10 minutes with PBST on a nutator at room 

temperature.   

 The supernatants were then removed after the final wash and a single drop of 

Vectashield® Mounting Media was added into the centrifuge tube containing the testes.  Under 

the Leica stereo microscope at 5x magnification, the testes and the Vectashield® Mounting 

Media were transferred on top of a glass slide using a 200µl pipette.  The testes were then gently 

arranged on the glass slide and size 1 glass coverslip (0.15mm thickness) was applied on top of 

the testes.  A care was used to prevent introducing bubbles on the testes.  Furthermore, excess 

mounting medium between the glass slide and the glass cover slip was removed by placing a 
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paper towel on top of the glass cover slip and gently applying uniform pressure onto the glass 

cover slip.  After the most of the excess moisture has been removed, nail polish was used to seal 

off the testes sample to prevent tissue dehydration from the environment.  The prepared tissue 

samples were then stored at 4 degrees Celsius in the dark for future use.   

 

 8. Fluorescence microscopy 

  The glass slide containing the stained testes was then loaded onto the Zeiss Axio 

Observer.Z1 and visualized with Plan-Apochromat 63x oil emersion objective with numerical 

aperture (NA) of 1.4 or Plan-Neofluar 40x air objective with NA of 0.75.  Fluorescence images 

were recorded using the Hamamatsu CCD camera at 512 by 512 resolution and the Zeiss 

Axiovision software.  All the fixed samples were imaged using the Apotome add-on module by 

Zeiss, which has confocal capability and is designed to create optical sections of the fluorescent 

samples.  Depending on the size of the subcellular structures, the optical section thickness was 

varied from 0.24µm to 1µm sections.  By default, minimum optical section thickness of 0.24 µm 

was used for imaging centrosomes and spectrosomes.  For other quantification such as counting 

GSCs (about 10um in diameter), up to 1µm optical section size was used.  For each testis, all the 

spaces between two testes walls were imaged, which sometime was as thick as 25µm in height.  

For all the fixed fluorescence magnitude insensitive experiments, auto exposure (built-in) option 

in Axiovision was used set the initial exposure time for all the red, green, and blue channels.  For 

taking multi-channel and multi-optical section images, optical section scans were completed for 

each channel instead of taking all the channel images (changing reflectors at each height) per 

each optical section for faster imaging acquisition time. 
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 9. Quantification of GSC count 

  Germline stem cells were counted using the Vasa and FasIII staining.  Since Vasa 

proteins localize to the cytoplasm of all the germ cells and FasIII proteins localize to the junction 

spaces of the hub cells, we only counted germ cells that are immediately adjacent to the FasIII 

staining (above, below, or next to the FasIII).  Germline stem cells were not counted when 

slightest space between the hub cells and the GSCs were detected.   

 

 10. Mosaic Analysis with a Repressible Cell Marker Method 

 

  a.  Final genotype generation 

   This method utilizes mitotic recombination to instantly induce desired 

mutation in a wild type fly via a controllable cue such as heat shock.  Because previous attempt 

to conventionally generate a double knockout of centrosome (DSas-4-mut) and spectrosome (hts-

mut) has failed due to lethality of both knockouts, MARCM method was a promising alternate 

genetic manipulation technique.  Our approach was designed to induce a DSas-4-mut on a fly 

that has conventional hts-mut background, thus effectively creating a double mutant.  The 

rational for choosing the hts-mut as the conventional background was due to the fact that DSas-

4-mut is a much sicker fly that can only live couple of days after eclosion.  On the other hand, the 

hts-mut flies are much more robust, surviving for weeks.  To generate the final genotype for the 

MARCM experiment, we used combination of meiotic recombination mating and conventional 

mating methods.  It took us longer than a year to produce the desired genotype and validate its 

functionality.  The stocks we used to generate the final genotype were: Df(2R)BSC26 (Df(2R)); 

hts01103; FRT82B, DSas-4S2214(Stevens, Raposo et al. 2007); UAS-mCD8-GFP, hs-FLP; 
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GAL4.nos.NGT40 (nos-GAL4), hts01103; FRT82B, GAL80LL3 (FRT82B,TubP-GAL80). Stocks 

were obtained from the Bloomington Drosophila Stock Center at Indiana University unless 

otherwise noted.   

 

The final genotype generated is shown below: 

 

UAS − mCD8 − GFP, hs − FLP
;
nos − GAL4, hts

(2 ) ; 
82 , − 80

FRT82B, DSas − 4  

 

  b. Heat shock 

   After mating the parental fly to generate the desired final genotype, the 

parental flies were discarded and the food vials containing the L3 larvae and pupa were 

submerged under water inside a water bath at 37 degree Celsius (heat shock treatment) for two 

hours for three consecutive days.  The flies were then collected as soon as they eclosed on day 10 

to 11.  The eclosed flies were further selected against balancer phenotypes (e.g. Curly O wings 

and TM6B) to obtain the desired genotype. 

 

  c. Immunohistochemistry and microscopy 

   MARCM adult flies (up to 3 days old) flies were selected from the stock 

and placed on a carbon dioxide pad (10 lbs/in2) to administer anesthesia.    Under 5x 

magnification on a Leica stereomicroscope, Drosophila testes were isolated while submerged 

under 0.5ml of 1x phosphate buffer saline (PBS) with two size 5 dissection tweezers (Dumont) 

inside a sterile 10 well glass plate.  The isolated testes were then transferred into a 1.5 ml 

centrifuge tube containing 4% paraformaldehyde in PBS and fixated away from light for 30 
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minutes at room temperature (25 degrees Celsius), rocking on a nutator.  The paraformaldehyde 

was then removed and the samples were rinsed two times and washed for 30 minutes with PBST 

(1x PBS+0.1% Triton X-100), rocking on a nutator at room temperature.  Because the number of 

desired genotype flies were very scarce, the newly eclosed flies were immediately fixed and 

stored at 4 degrees Celsius in PBS away from light (wrapped in aluminum foil) for a few days 

but not exceeding one week for the collective immunostaining. 

 The following primary antibodies were used: Goat-anti-Vasa polyclonal igG 

(immunoglobulin) [1:100; dc-13; Santa Cruz Biotechnology] was used to identify germ cells 

(including GSC); mouse anti-γ-tub monoclonal igG (1:70; GTU-88; Sigma) was used to identify 

centrosomes; mouse anti-Fasciclin III igG [1:70; obtained from the Developmental Studies 

Hybridoma Bank (DSHB)] was used to identify hub cells and hub-GSC interface; rabbit-anti-α-

tub polyclonal (1:100; ab18251; Abcam).  In addition, the following secondary antibodies were 

used to capture the primary antibodies: Alex Fluor ® 350 donkey anti-mouse igG (1:70), Alex 

Fluor ® 568 donkey anti-goat igG (1:100), and Alex Fluor ® 568 donkey anti-rabbit igG (1:300).  

The primary antibodies were diluted into a stringent antibody buffer (3% Bovine serum 

albumin+ 1% Trion-X 100 in PBS) at proper concentrations and inserted into the centrifuge 

tubes containing the testes with the supernatant already removed.  Then the testes were allowed 

to incubate overnight (between 16-24hrs) at 4 degree Celsius, rocking and away from light.  The 

following day, the testes were rinsed two times with PBST and washed additionally with PBST 

three times (each wash: 10minutes on nutator at room temperature).  The secondary antibodies 

were then diluted into a stringent antibody buffer (3% Bovine serum albumin+ 1% Trion-X 100 

in PBS) at proper concentrations and inserted into the centrifuge tubes containing the testes with 

the supernatant already removed. Again, the testes were allowed to incubate overnight (between 
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16-24hrs) at 4 degree Celsius, rocking and away from light.  Finally, on the third day, the testes 

were rinsed two times and washed three times for 10 minutes with PBST on a nutator at room 

temperature.   

 The supernatants were then removed after the final wash and a single drop of 

Vectashield® Mounting Media was added into the centrifuge tube containing the testes.  Under 

the Leica stereo microscope at 5x magnification, the testes and the Vectashield® Mounting 

Media were transferred on top of a glass slide using a 200µl pipette.  The testes were then gently 

arranged on the glass slide and size 1 glass coverslip (0.15mm thickness) was applied on top of 

the testes.  A care was used to prevent introducing bubbles on the testes.  Furthermore, excess 

mounting medium between the glass slide and the glass cover slip was removed by placing a 

paper towel on top of the glass cover slip and gently applying uniform pressure onto the glass 

cover slip.  After the most of the excess moisture has been removed, nail polish was used to seal 

off the testes sample to prevent tissue dehydration from the environment.  The prepared tissue 

samples were then stored at 4 degrees Celsius in the dark for future use.   

 The glass slide containing the stained testes was then loaded onto the Zeiss Axio 

Observer.Z1 and visualized with Plan-Apochromat 63x oil emersion objective with numerical 

aperture (NA) of 1.4.  Fluorescence images were recorded using the Hamamatsu CCD camera at 

512 by 512 resolution and the Zeiss Axiovision software.  All the fixed samples were imaged 

using the Apotome add-on module by Zeiss.  Minimum optical section thickness of 0.24 µm was 

used as to include all the centrosomes and all the spaces between two walls of the testes were 

imaged.  The UAS-mCD8-GFP signal compared to other GFP or mcherry signal was extremely 

faint, so particularly longer exposure time was required.  Best exposure time was around 1-1.5 
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seconds per image frame from the X-Cite® 120 lamp set at medium brightness.  Higher 

brightness setting decreased the sample exposure time, but it created photobleaching problems. 

 

   

  d. Verification 

  We have ascertained whether we correctly created the desired genotype 

and the genes function as intended.  Firstly, we tested the ,
( )

 or hts-mut background 

condition by staining with adducin-like antibody to look for spectrosome and fusome structures.  

It was verified that that the fusome and spectrosomes were successfully knocked out.  Secondly, 

we tested if the nos-GAL4 is present and can effectively activate the UAS-mCD8-GFP 

(membrane protein-GFP).  By observing green florescence only in the germ cells (also GSCs’) 

and their membranes (after heat shock), it was verified that both UAS-mCD8-GFP and nos-

GAL4 were present and working properly.  Thirdly, we checked for the presence of tubP-GAL80 

and its function.  GAL80 gene is supposed to suppress the function of GAL4.  In the genotype 

setup, without heat shock (i.e. without activating the hs-FLP), both GAL80 and GAL4 were 

expected to co-exist in the GSCs, so technically the GSCs were expected not to show any 

fluorescence because UAS-mCD8-GFP gene cannot be activated due to the suppression of 

GAL4.  Based on our testing, without heat shock, no fluorescence was detected, which verifies 

the existence and intended function of GAL80.  Next, we checked to see whether the hs-FLP and 

the FRT cassette system was working properly.  In our MARCM set-up, the heat shock was 

expected to cause FLP to recombine the FRT region and cause mitotic recombination.  In turn, 

the mitotic recombination was expected to generate GSCs with homozygote mutant genes 

without GAL80 genes (GSC clones) and other GSCs with homozygote GAL80 genes without 
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mutant genes.  Technically, the GSC clones should fluoresce and have reduced centrosome 

number while the other GSCs should not fluoresce and have normal centrosome number.  This 

was verified by two observations: 1) after applying heat shock, fluorescing GSC clones were 

observed; 2) centrosome stains (γ-tubulin stain) showed significantly reduced centrosomes in the 

fluorescing GSC clones compared to non-fluorescing GSCs.  These results showed that the FLP- 

FRT cassette system was working properly.  Finally, all the verification showed that our 

MARCM method was successful in generating double knockout (centrosome and spectrosome) 

GSC clones. 

 

 11.  Statistical Analysis 

  Student’s t-test was used to calculate the p-values to determine significant 

differences between groups.  The histograms were generated by selecting a fixed number of bins 

that covers the range of 0 to maximum values in groups.  Bin sizes used for the centrosome 

velocity and centrosme distance were 0.15µm/min and 0.84µm, respectively. Wilcoxon rank sum 

test (also called Mann–Whitney U test) was used to calculate the p-values to determine 

significant differences in groups that did not follow normal distributions. Standard deviations 

were used for the error bars on the bar charts. 
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Figure 6: Tissue preparation and time-lapse live-cell imaging. (A) Drosophila 
was anesthetized using carbon dioxide on a fly pad. (B) Drosophila 
testes were then collected using surgical tweezers under a stereomicroscope. 
(C) Glass bottom petri dish has been loaded with cut testes, cellulose membrane 
to immobilize the testes, and Drosophila medium for nutrition, and is ready 
for imaging. (D) The glass bottom petri dish loaded onto the high magnification 
Zeiss microscope. 
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B. Effects of Centrosomin and Adenomatous Polyposis Coli Protein 2 on Spectrosome 

 Recruitment and Asymmetric Stem Cell Divisions 

 

(Parts of this chapter were previously published as Bang, C. and J. Cheng (2015). "Dynamic 

Interplay of Spectrosome and Centrosome Organelles in Asymmetric Stem Cell Divisions." 

PLoS ONE 10(4): e0123294.) 

 

 1. Fly husbandry and strains 

 All fly stocks were raised on standard Bloomington medium and inside of an 

environmental chamber (25°C; standard 24 hour dark-light cycle (12:12); controlled humidity).  

Fly stocks used were: Ubi-Short Adducin-GFP (Shadd-GFP; obtained from Dr. Spradling’s 

Laboratory); Ubi-Sas6-mcherry (Sas6-mch) both on second and third chromosomes; APC2N175K; 

APC2S; cnnHK21; cnnmfs7. Stocks were obtained from the Bloomington Drosophila Stock Center 

at Indiana University unless otherwise noted.  Following genotypes were generated and used for 

our live-imaging and fixed experiments: 

 

;
ℎ − ,

; 
Sas6 − mch
Sas6 − mch 

 

;
ℎ − ,

+ ; 
Sas6 − mch
Sas6 − mch 

 

;
ℎ − , 6 − ℎ
ℎ − , 6 − ℎ ; 

2
2  
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;
ℎ − , 6 − ℎ
ℎ − , 6 − ℎ ; 

2
+  

 

;
ℎ −
ℎ − ; 

Sas6 − mch
Sas6 − mch 

The heterozygote mutant genes  will be hence forth be referred cnn-mut and the 

heterozygote mutant genes  will hence forth be referred as APC2-mut.  Both cnn-mut 

and APC2-mut flies did not require any manual assistance during the eclosion process.  The 

geneotypes with + are the respective control to those mutants.  Finally the last genotype is a wild 

type control that was used as live-imaging controls.  The Ubi-α-tub-GFP was taken out so the 

spectrosomes can be observed clearly without Ubi-α-tub-GFP obscuring views in the green 

channel.  Importantly, in both cnn-mut and APC2-mut genotypes generated, there were orange 

and red eyed flies, and only the orange eye flies were selected for our studies.  Main reason for 

this was because the red eye flies contained hazy testes walls that made live-imaging not very 

clear.  Interestingly, however, the haziness disappeared after fixating with paraformaldehyde and 

permeabilizing with PBST. 

 The existences of Shadd-GFP and Sas6-mch in our generated flies were easily verified by 

observing their signals under the fluorescence microscope.  Furthermore, the existence of  cnn-

mut in our generated flies was firstly prescreened by observing the balancer to non-balancer ratio 

and increased presence of abnormal onion stage spermatocytes and was later verified by 

quantifying functional characteristics, such as centrosome and spindle misorientation as 

previously shown (Yamashita, Jones et al. 2003, Inaba, Yuan et al. 2010).  Furthermore, the 

existence of APC2-mut in our generated flies was also verified by quantifying functional 

characteristics, such as centrosome and spindle misorientation as previously shown (Yamashita, 
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Jones et al. 2003, Inaba, Yuan et al. 2010).  In addition, the existence of APC2-mut gene was 

further verified by staining with a rabbit-APC2 antibody (1:100; gift from the Bienz laboratory, 

UK), which did not localize to the hub-GSC interface as shown previously (Inaba, Yuan et al. 

2010). 

 2. Meiotic recombination 

  Using meiotic recombination, different genes (mutants, transgenes, and tagged) 

from each parent were recombined via chromosomal crossover during meiosis so that both genes 

can exist in offspring’s chromosome.  Using a simple crossing technique (Greenspan 2004), the 

following genes were successfully recombined: Shadd-GFP, cnnmfs7 and Shadd-GFP, Sas6-mch.  

Presences of Shadd-GFP and Sas6-mch in the recombined genes were easily identified via a 

fluorescence microscope.  However, identifying the presence of the cnnmfs7 gene was not straight 

forward as the antibody for Drosophila cnnmfs7 was not available commercially.  We firstly 

prescreened for the cnnmfs7 gene by observing the balancer to non-balancer ratio (it’s a lethal 

mutation for homozygotes) and looking for increased presence of abnormal onion stage 

spermatocytes.  Then, we verified the presences of cnnmfs7gene by quantifying functional 

characteristics, such as centrosome and spindle misorientation as reported previously.  The 

necessary number (N) of progeny lines required to probabilistically obtain the recombined genes 

was calculated using the Mather’s formula and how much map units the genes were apart:   

=
log(1 − )
log(1 − ) ∗ 2 

,where p is the confidence interval (e.g. 95% assurance of outcome) and the f is the probability 

for the meiotic recombination (also referred to as a map unit number) of the two genes to occur.  

The two is multiplied by two for conservative purposes. 
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N value for the cnnmfs7, Shadd-GFP: 

=
log (1 − 0.95)
log (1 − 0.18) ∗ 2 

= 31 

However, we generated 37 lines just in case.  All of the 37 lines generated were tested for the 

existence of the cnnmfs7 and Shadd-GFP genes as stated above.  Additionally, N value for the 

Shadd-GFP, Sas6-mch could not be calculated since the Sas6-mch chromosome insertion sites 

were multiple and were unknown.  There was also no additional information about the gene 

insertion sites in the Flybase.org.  So, we arbitrarily used N=40, generated 40 lines, and verified 

those lines for the existence of both Shadd-GFP and Sas6-mch.  Surprisingly, there were quite a 

few lines that contained both genes. 

 

 3. Tissue preparation and time-lapse live-cell imaging 

  The following protocol is an adaptation to the methods previously used (Cheng 

and Hunt 2009).  Prior to the dissection, all the dissecting equipment were sterilized using 70% 

ethanol or sterilized under UV for at least one hour.  Newly eclosed cnn-mut and APC2-mut 

adult flies (0-1 day old) flies were selected from the stock and placed on a carbon dioxide pad 

(10 lbs/in2) to administer anesthesia.    Under 5x magnification on a Leica stereomicroscope, 

Drosophila testes were isolated while submerged under 0.5ml of sterile Schneider’s Complete 

Drosophila medium (Schneider’s Drosophila medium, 10% fetal bovine serum (FBS), 1% 

penicillin streptomycin (Pen-Strep)) with two size 5 dissection tweezers (Dumont) inside a sterile 

10 well glass plate.  The isolated testes were then transferred into the adjacent well of the glass 

plate containing 0.5 ml of Schneider’s Complete Drosophila medium to be cut.  Using a size 10 
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scalpel blade, the tips of the testes were cut from the remainder of the testes and were selected 

for live-imaging.  Removing much of the testes muscles minimized movement for live-imaging.  

On average per imaging session, about 10-15 testes tips were cut. 

 The cut testes tips were then transferred into a sterile glass bottom petri dish (MatTek, 

35mm glass with 20mm microwell) using a 10µl pipette (sterile).  The excess Schneider’s 

Complete Drosophila medium from the glass bottom petri dish was removed with a tweezer’s tip 

using capillary force.  The testes were then evenly arranged on the glass bottom petri dish’s 

surface and covered with a 5/8 inch regenerated cellulose membrane (Spectrum Lab), which was 

used to immobilize the testes tips.  The regenerated cellulose membranes were cut with a 5/8 

inch hole puncher when dry, and then soaked in sterile Schneider’s Complete Drosophila 

medium overnight at 4 degrees Celsius prior to application.  After covering the testes tips with 

the cellulose membrane, several drops of Schneider’s Complete Drosophila medium were added 

on top of the membrane to prevent testes dehydration during imaging.  Additional medium were 

added around the edges of the glass bottom petri dish away from the microwell.  The glass 

bottom petri dish is then lidded and wrapped along the side with a piece of parafilm to prevent 

spillage and further dehydration.   

 The testes containing glass bottom petri dish was then loaded onto the Zeiss Axio 

Observer.Z1 and visualized with Plan-Apochromat 63x oil emersion objective with numerical 

aperture (NA) of 1.4.  All the live-imaging sequence frames were recorded using the Hamamatsu 

charge coupled detector (CCD) camera at 512 by 512 resolution and the Zeiss Axiovision 

software for up to 3 hours with 1 minute time intervals.  To capture the movement patterns of 

spectrosomes, centrosomes, and the mitotic spindles with minimal photobleaching effects but 

capturing adequate movement space, three z-scans were made with 3µm sections per time frame.  
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Consistent fluorescence exposure times were used throughout the experiments.  Following 

fluorescence markers were used for the live-imaging: Shadd-GFP (spectrosome organelle 

visualization); Sas6-mch (centrosome organelle visualization).   

  

 4. Quantification of GSCs’ spindle orientation, spectrosome orientation, and  

  pro-metaphase to telophase duration 

  Spindle orientation (spindle angle) was measured manually during Anaphase 

using the built in angle measurement add-on in Zeiss Axiovision software.  Since there was no 

Ubi-α-tub-GFP in the generated GSCs, apical and basal centrosome positions (Sas6-mch) were 

used to calculate the spindle angles.  The angle measured is the acute angle between a line that 

passes through the apical and basal centrosomes and a line that passes through the hub-GSC 

interface and the center of the two centrosomes.  Then the spindle angle measurements were 

divided into 0-30, 30-60, and 60-90 degree groups and their respective frequency (%) reported.  

 Centrosome misorientation was quantified from all the sequence frames (across 3 z-

stacks) taken from live-imaging of the GSCs that eventually divided.  The criterion for correctly 

oriented centrosome was to have at least one centrosome localize to the quarter circle region that 

is connected to the hub-GSC interface.  When one centrosome appeared misoriented but the 

other centrosome did not come into view, the frame was not quantified to prevent false positives.  

Centrosomes were counted as misoriented when both centrosomes were outside the quarter circle 

region that is connected to the hub-GSC interface.   

 Pro-mephase to telophase duration was recorded in minutes by subtracting the two times 

in which telophase and pro-metaphase occur.  Due to the absence of Ubi-α-tub-GFP, the spindle 

formation and separation of the GSCs could not be observed.  In addition, other stages of mitosis 
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such as metaphase and anaphase could only be inferred through cellular shape change.  Thus, the 

most distinguishable stages of the mitosis were pro-metaphase and telophase, so we quantified 

the pro-metaphase to telophase duration instead of using pro-metaphase to anaphase duration as 

used previously.  Visually, we were able to observe the nuclear envelope break down by looking 

at the dark nuclear area being filled by non-specific cytosolic fluorescence.  This can be observed 

in both red and green channels as trace amounts of cytosolic free form of Shadd-GFP and Sas6-

mch fill the darker void.  Specifically, we referred this point in time as the pro-metaphase stage 

of the mitosis.   

  Spectrosome orientation was quantified as either apical or basal, and was decided to be 

apical or basal during the last 30 minutes prior to mitosis (before the nuclear envelope 

breakdown or before pro-metaphase).  Most of the spectrosomes in the last 30 minutes of the 

interphase stayed either in the apical or the basal area (with movement generally possible in the 

basal area), except a few instances, which will be elaborated further in the next section.  The 

spectrosome was quantified to be apical if the spectrosome resided in the apical part of the 

GSC’s hemisphere and basal if the spectrosome resided in the basal part of the GSC’s 

hemisphere. 

 

 5. Quantification of GSCs’ Mobile vs Stationary Spectrosome and   

  spectrosome movement pattern 

  Spectrosomes were quantified as either mobile or stationary during interphase.  

Generally, in wild type GSCs, it has been previously observed that spectrosome can migrate 

around the cell during interphase.  We have quantified the spectrosome to be stationary, 

regardless of whether it is located apically or basally, if the spectrosome remained in the same 
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area (usually around the basal or apical cortex regions) with very subtle to no movement for 

longer than 30 minutes prior to mitosis (before the nuclear break down or pro-metaphase).  On 

the other hand, spectrosome was quantified as mobile if the spectrosome moved significantly 

more than its diameter (particularly outside the cortex region is most obvious) within 30 minutes 

prior to mitosis. 

 On several occasions, we have observed spectrosome migrating from apical cortex region 

of the GSCs to the basal cortex suddenly within the 30 minutes prior to mitosis.  We have 

presented this spectrosome movement in the ApicalBasal category and reported its occurrence 

frequency (%). 

 

 6. GSC Dynamics quantification  

  Please see Chapter II: Methods, section C: Subcellular organelle tracking, image 

processing, and dynamics quantification for more information. 

 

 7.  Tissue preparation and Immunohistochemistry  

  Newly eclosed cnn-mut and APC2-mut adult flies (0-1 day old) flies were selected 

from the stock and placed on a carbon dioxide pad (10 lbs/in2) to administer anesthesia.    Under 

5x magnification on a Leica stereomicroscope, Drosophila testes were isolated while submerged 

under 0.5ml of 1x phosphate buffer saline (PBS) with two size 5 dissection tweezers (Dumont) 

inside a sterile 10 well glass plate.  The isolated testes were then transferred into a 1.5 ml 

centrifuge tube containing 4% paraformaldehyde in PBS and fixated away from light for 30 

minutes at room temperature (25 degrees Celsius), rocking on a nutator.  The paraformaldehyde 
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was then removed and the samples were rinsed two times and washed for 30 minutes with PBST, 

rocking on a nutator at room temperature.   

 To visualize onion-stage spermatocytes to prescreen for the cnnmfs7 GSCs, live testes were 

placed with PBS on a glass slide and gently lidded with a number 1 sized cover slip.  Then the 

testes were sealed off using a nail polish.  The samples were only viable for up to only one hour 

to hour and a half. 

 The following primary antibodies were used for the cnn-mut: Goat-anti-Vasa polyclonal 

igG (immunoglobulin) [1:100; dc-13; Santa Cruz Biotechnology] was used to identify germ cells 

(including GSC); rabbit-anti-Spd-2 igG (1:500; gift from the Raff Laboratory, UK) was used to 

identify centrosomes; mouse anti-Fasciclin III igG [1:700; obtained from the Developmental 

Studies Hybridoma Bank (DSHB)] was used to identify hub cells and hub-GSC interface.  Spd-2 

antibody was used instead of γ-tubulin because γ-tubulin expression is drastically reduced in 

cnn-mut GSCs.  Spd-2 is a centrosomal protein that was shown to recruit PCM to the sperm 

centriole (Dix and Raff 2007).  In addition, the following secondary antibodies were used to 

capture the primary antibodies: Alex Fluor ® 568 donkey anti-mouse igG (1:200); Alex Fluor ® 

568 donkey anti-goat igG (1:100); and Alex Fluor ® 350 donkey anti-rabbit igG (1:100).  The 

following primary antibodies were used for the APC2-mut: Goat-anti-Vasa polyclonal igG 

(immunoglobulin) [1:80; dc-13; Santa Cruz Biotechnology] was used to identify germ cells 

(including GSC); mouse anti-γ-tub monoclonal igG (1:80; GTU-88; Sigma) was used to identify 

centrosomes; mouse anti-Fasciclin III igG [1:80; obtained from the Developmental Studies 

Hybridoma Bank (DSHB)] was used to identify hub cells and hub-GSC interface.  In addition, 

the following secondary antibodies were used to capture the primary antibodies: Alex Fluor ® 

350 donkey anti-mouse igG (1:50) and Alex Fluor ® 568 donkey anti-goat igG (1:100).     
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 The primary antibodies were diluted into an antibody buffer (3% Bovine serum albumin+ 

0.1% Trion-X 100 in PBS) at proper concentrations and inserted into the centrifuge tubes 

containing the testes with the supernatant already removed.  Then the testes were allowed to 

incubate overnight (between 16-24hrs) at 4 degree Celsius, rocking and away from light.  The 

following day, the testes were rinsed two times with PBST and washed additionally with PBST 

three times (each wash: 10minutes on nutator at room temperature).  The secondary antibodies 

were then diluted into an antibody buffer (3% Bovine serum albumin+ 0.1% Trion-X 100 in PBS) 

at proper concentrations and inserted into the centrifuge tubes containing the testes with the 

supernatant already removed. Again, the testes were allowed to incubate overnight (between 16-

24hrs) at 4 degree Celsius, rocking and away from light.  Finally, on the third day, the testes 

were rinsed two times and washed three times for 10 minutes with PBST on a nutator at room 

temperature.   

 The supernatants were then removed after the final wash and a single drop of 

Vectashield® Mounting Media was added into the centrifuge tube containing the testes.  Under 

the Leica stereo microscope at 5x magnification, the testes and the Vectashield® Mounting 

Media were transferred on top of a glass slide using a 200µl pipette.  The testes were then gently 

arranged on the glass slide and size 1 glass coverslip (0.15mm thickness) was applied on top of 

the testes.  A care was used to prevent introducing bubbles on the testes.  Furthermore, excess 

mounting medium between the glass slide and the glass cover slip was removed by placing a 

paper towel on top of the glass cover slip and gently applying uniform pressure onto the glass 

cover slip.  After the most of the excess moisture has been removed, nail polish was used to seal 

off the testes sample to prevent tissue dehydration from the environment.  The prepared tissue 

samples were then stored at 4 degrees Celsius in the dark for future use.   
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 8. Fluorescence and phase contrast microscopy 

  The glass slide containing the stained testes was then loaded onto the Zeiss Axio 

Observer.Z1 and visualized with Plan-Apochromat 63x oil emersion objective with numerical 

aperture (NA) of 1.4.  Fluorescence images were recorded using the Hamamatsu CCD camera at 

512 by 512 resolution and the Zeiss Axiovision software.  All the fixed samples were imaged 

using the Apotome add-on module by Zeiss, which has confocal capability and is designed to 

create optical sections of the fluorescent samples.  Size 0.24µm optical section thickness was 

used for imaging cnn-mut and APC2-mut testes.  For each testis, all the spaces between two 

testes walls were imaged, which sometime was as thick as 25µm in height.  For all the fixed 

fluorescence magnitude insensitive experiments, auto exposure (built-in) option in Axiovision 

was used set the initial exposure time for all the red, green, and blue channels.  For taking multi-

channel and multi-optical section images, optical section scans were completed for each channel 

instead of taking all the channel images (changing reflectors at each height) per each optical 

section for faster imaging acquisition time. 

 To visualize onion-stage spermatocytes to prescreen cnnmfs7 GSCs, the live testes inside 

of glass slide were loaded onto the Zeiss Axio Observer.Z1 and visualized with Plan-

Apochromat 63x oil emersion objective.  Then, differential interference contrast (DIC) and phase 

contrast methods were selected to visualize the onion-stage spermatocytes.  Additionally, the 

DIC and phase contrast images were recorded using the Hamamatsu CCD camera at 512 by 512 

resolution and the Zeiss Axiovision software. 
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 9. Quantification of spectrosome localization categories, centrosome   

  misorientation, and GSC count. 

  Spectrosome localization categories from a previous study (Yuan, Chiang et al. 

2012) was used to represent all the possible spectrosome localization configurations in fixed 

GSCs.  Therefore, all the GSCs in the testes (if quantifiable), which also meant all the cell cycle 

stages of the GSCs, were quantified for the spectrosome localization.  Thus, all optical sections 

of the testes (from one testes wall to the other) were inspected.  Spectrosome apical or basal 

localizations were decided based on which side of the center line of the GSC the spectrosome 

was placed.   

 Centrosome misorientation was quantified from the fixed GSCs, which included all the 

GSCs in all the stages of the cell cycles.  All the optical sections were thoroughly examined to 

check for the centrosome locations.  The criterion for correctly oriented centrosome was to have 

at least one centrosome localize to the quarter circle region that is connected to the hub-GSC 

interface.  When one centrosome appeared misoriented but the other centrosome could not be 

found, the frame was not quantified to prevent false positives.  Centrosomes were counted as 

misoriented when both centrosomes were outside the quarter circle region that is connected to 

the hub-GSC interface.  In addition to quantifying the total centrosome misorientation, 

centrosome misorientation to each spectrosome localization categories was also quantified.  

 Germline stem cells were counted using the Vasa and FasIII staining.  Since Vasa 

proteins localize to the cytoplasm of all the germ cells and FasIII proteins localize to the junction 

spaces of the hub cells, we only counted germ cells that are immediately adjacent to the FasIII 

staining (above, below, or next to the FasIII).  GSCs were not counted when slightest space 

between the hub cells and the GSCs were detected.   
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 10. Ultrafast laser microsurgery 

   

  a. Set-up 

  The fempto-second ultra-fast fiber laser (PolarOnyx) with maximum output of 

5W and 1035nm wavelength with repetition rate of 30-40 kHz was used.  The laser path was 

then created (see schematics in Fig. 7) from the fiber laser to the Zeiss Observer.Z1 microscope, 

using mirrors to control the directionality and lenses to control the beam size.  Fine control and 

safety mechanisms were also put in place such as the Faraday Isolator to prevent back reflections 

to the laser, neutral density filter to control the laser intensity into the samples, and laser shutter 

to control the laser exposure time to ablate the samples.  The laser was then routed to the Plan-

Apochromat 63x oil emersion objective, then onto the samples.  For safety concerns, the system 

was designed so that when the fluorescence is being used, laser is blocked off, and vice versa, 

which could be even fast as a fraction of a second between the switches.  The ablation was 

controlled by a Three Axis Nanopositioners (Mad City Labs) that can precisely move nano meter 

distance in the x, y, and z directions. 

  

  b. Ablation programs and parameters 

  The Three Axis Nanopositioners, laser and fluorescence shutters, CCD camera, 

reflectors, the ablation parameter controls, and image acquisitions were all controlled by an in-

house developed (via Visual Basic) program.  The ablation program for centrosome and 

spectrosome works as follows.  Firstly, the user selects a centrosome or spectrosome to ablate 

and creates a circle (region of interest (ROI) ) around it, then the program takes 7 z-stacks 

images above and below the chosen ROI and selects the best focus (i.e. center of the centrosome 
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in z) using the variance algorithm.  Then, the program executes the ablation algorithms, opens 

the laser shutter, relays coordinates for the Three Axis Nanopositioners to follow, and ablates the 

sample, covering all the selected ROI as well as the z-height equivalent to the ROI diameter.  

The selection and ablation occurs within few seconds, so the centrosome and spectrosome drifts 

were not much of a concern.  To verify successful ablation, we test cut sperm tails in few testes 

and verified through DIC microscopy that the cut region had indents and that the sperm tails 

have drifted away.  When ablating centrosomes and spectrosomes, ablations destroyed the 

centrosomes’ and spectrosomes’ fluorescence and created cytosolic debris around the ablated 

sites.  We found that 80 mW laser before entering the microscope was adequate enough to ablate 

centrosomes and spectrosomes successfully without much visible damage to the GSCs.  We 

believe that at the sample level, the power of laser would taper off significantly below the 80mW 

power measured at the entrance of the microscope.  The laser beam spot-size is around 100 nm. 

 

 11. Statistical Analysis 

  Sudent’s t-test was used to calculate the p-values to determine significant 

differences between groups.  The histograms were generated by selecting a fixed number of bins 

that covers the range of 0 to maximum values in groups.  Bin sizes used for the histograms are: 

spectrosome distance to hub-GSC interface (0.92 µm), spectrosome velocity (0.23 µm/min), 

GSC-inherited centrosome distance to hub-GSC interface (0.79 µm), GB-inherited centrosome 

distance to hub-GSC interface (0.95 µm), GSC-inherited centrosome velocity (0.21 µm/min), 

GB-inherited centrosome velocity (0.26 µm/min), spindle angle (6 degrees), spindle angular 

velocity (4 degrees/min). Wilcoxon rank sum test (also called Mann–Whitney U test) was used 
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to calculate the p-values to determine significant differences in groups that did not follow normal 

distributions. Standard deviations were used for the error bars on the bar charts. 

 

C. Subcellular organelle tracking, image processing, and dynamics quantification 

 

(Parts of this chapter were previously published as Bang, C. and J. Cheng (2015). "Dynamic 

Interplay of Spectrosome and Centrosome Organelles in Asymmetric Stem Cell Divisions." 

PLoS ONE 10(4): e0123294.) 

 

 1. Transforming 3-Dimensional images to trackable 2-D images 

  For tracking centrosomes and spectrosomes in 2-Dimensions (2-D), time-lapse 

live-image sequences recorded in 3-Dimensions (3-D) were overlaid (each pixel intensities from 

the optical section images were averaged using Matlab) and contrasted to yield 2-D image 

sequences.  Three dimensional tracking was not a feasible option granted the optical sections 

were too sparsely taken during live-imaging to prevent photobleaching.  Written with Matlab, the 

users have the options to include and exclude any optical sections while overlaying to create 

crisper 2-D images.  

 

 2. Development of the tracking software with Labview and submodule    

  Labview Vision 

  Tracking program to track the centrosome and spectrosome was developed in-

house using the Labview software and its submodule Labview Vision.  Labview Vision has a 

proprietary pattern matching function built-in to its library.  Selecting a specific shape using the 
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ROI selector, the pattern matching function remembers that selected ROI and attempts to match 

many like it in the image.  The matching scores can be adjusted to decrease the false positive 

matching, but at the price of possibly having no match.  Also, there is an option to set the number 

of matching to user’s desire.  In our case, since we were matching the centrosome/spectrosome 

organelle in the next time sequence with a ROI template from the previous time sequence, 

increasing matching scores and setting the matching number to one or two provided the best 

result.  The Labview program was built around the Labview Vision’s pattern match function and 

has many necessary components to make it user friendly, including: 1) Load and open image 

sequences subroutine, 2) Image learn and image crop subroutine, 3) pattern matching subroutine 

that includes the pattern matching function, 4) previous, current, and next image sequence 

browsing subroutines, 5) record and save center coordinate of the matching image with the ROI 

template subroutine, 6) overlay and visualize pattern matched coordinate subroutine, 7) text file 

output subroutine containing all the pattern matched coordinates, and 8) verification of pattern 

matched coordinate subroutine. 

 

 3. Tracking centrosomes, spectrosomes, and the hub-GSC interface and   

  verification of coordinates 

  Tracking starts with loading an image and selection of centrosome/spectrosome 

with an ROI selector and feed the ROI template to the pattern matching function.  The function 

then learns the ROI template image and attempt to match the ROI in the next sequence image.  

The function then guesses and displays overlaying red dots on the locations of matching.  User 

then confirms the correctness of the matching and moves onto the next image sequence by 

clicking on the next image button.  If the matching is wrong, then the user reselects the ROI 
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template for the function to relearn and move onto the next image sequence.  The process 

continues until the last image sequence is matched.  Every time when the user confirms the 

matching or reselects the ROI template for the function to learn, the function outputs a center 

coordinate (x,y) of the matched image or learned ROI.  Finally the coordinates for each time 

sequence are collected and saved as a text file (see the program interface in Fig. 8). 

 There is one additional sub-routine program written to double check if the tracking 

(pattern matching) was correct.  This subroutine program allows the user to reload the coordinate 

systems from a saved text file and displays a red dot on top of the tracked 

centrosome/spectrosome (See interface in Fig. 8, enclosed by a blue rectangular box).  There is 

also a time browsing button (-1 for previous and +1 for next image sequence) so the user can 

browse through all the tracked image sequences and verify the correctness of tracking through 

observing where the red dot is placed.  If the tracked coordinate is found to be wrong, then the 

user can either restart the tracking process for that particular GSC or simply open up the text file 

and update the coordinates manually.  The coordinates of the open image is shown if user places 

a cross-hair on top of the image.  Using the tracking (pattern matching) methods as described 

above, hub-GSC interface coordinates, spectrosome coordinates, and apical and basal 

centrosome coordinates were obtained. 

 

 4. Quantification of spectrosome velocity 

  To quantify the spectrosome velocity, a Matlab program was written to calculate 

the velocity using the hub-GSC interface coordinates and spectrosome coordinates with 

sequential time points.  Firstly, to take account of tissue movements affecting the spectrosome 

velocity (which can become quite large), local spectrosome coordinates with respect to the hub-
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GSC were calculated by subtracting the spectrosome coordinates from the hub-GSC coordinates.  

This effectively makes the hub-GSC coordinates as the new origin (0, 0).  Then, to calculate the 

spectrosome velocity, distance formula and the local spectrosome coordinates were used to 

calculate the spectrosome movement distance from the previous time point to the next.  The 

distance was simply divided by the time interval to produce velocity.  The procedure was 

repeated for all subsequent time points to obtain total n-1 velocity values, given n is the total 

number of time points.  Spectrosome velocities from many GSCs were pooled together to 

generate a histogram for each experimental and control groups. 

 

 5. Quantification of spectrosome distance to the hub-GSC interface 

  To quantify the spectrosome distance to the hub-GSC interface, a Matlab program 

was written to calculate the distance using the hub-GSC interface coordinates and spectrosome 

coordinates.  For each time point, the distance was calculated using the distance formula.  The 

procedure was repeated for all subsequent time points.  Spectrosome distances from many GSCs 

were pooled together to generate a histogram for each experimental and control groups. 

 

 6. Quantification of apical and basal centrosome velocity 

  The procedure to calculate the apical centrosome velocity is exactly same as the 

procedure to calculate the basal centrosome velocity, so specific description apical or basal will 

not be mentioned.  To quantify the centrosome velocity, a Matlab program was written to 

calculate the velocity using the hub-GSC interface coordinates and centrosome coordinates with 

sequential time points.    Firstly, to take account of tissue movements affecting the centrosome 

velocity (which can become quite large), local centrosome coordinates with respect to the hub-



67 
 

GSC were calculated by subtracting the centrosome coordinates from the hub-GSC coordinates.  

This effectively makes the hub-GSC coordinates as the new origin (0, 0).  Then, to calculate the 

centrosome velocity, distance formula and the local centrosome coordinates were used to 

calculate the centrosome movement distance from the previous time point to the next.  The 

distance was simply divided by the time interval to produce velocity.  The procedure was 

repeated for all subsequent time points to obtain total n-1 velocity values, given n is the total 

number of time points.  Centrosome velocities (both apical and basal) from many GSCs were 

pooled together to generate a histogram for each experimental and control groups. 

 

 7. Quantification of apical and basal centrosome distance to hub-GSC   

  interface 

  The procedure to calculate the apical centrosome distance to the hub-GSC 

interface is exactly same as the procedure to calculate the basal centrosome distance to the hub-

GSC interface, so specific description apical or basal will not be mentioned.  To quantify the 

centrosome distance to the hub-GSC interface, a Matlab program was written to calculate the 

distance using the hub-GSC interface coordinates and centrosome coordinates.  For each time 

point, the distance was calculated using the distance formula.  The procedure was repeated for all 

subsequent time points.  Centrosome (both apical and basal) distances from many GSCs were 

pooled together to generate a histogram for each experimental and control groups. 

 

 8. Quantification of spindle separation velocity 

  To quantify the spindle separation, a Matlab program was written to calculate the 

velocity using both apical and basal centrosome coordinates with sequential time points (only 
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during mitosis).  Firstly, for each time point, distance formula was used to calculate how far the 

two centrosomes are apart.  Then, the distance from the next time point was subtracted from the 

previous time point, and the difference was divided by time the point interval to obtain the 

spindle separation velocity.  Negative spindle separation velocity is directed inward towards the 

GSC equator and positive spindle separation velocity is directed outwards.  Spindle separation 

velocities from many GSCs were pooled together to generate a histogram for each experimental 

and control groups. 

 

 9. Quantification of spindle angle 

  A Matlab program was written to calculate the spindle angle using the apical and 

basal centrosome coordinates as well as the hub-GSC interface coordinates.  Firstly, the angle 

system was defined from 0 to 180 degrees (in the first and second quadrants) and from 0 to -180 

degrees (in the third and fourth quadrants). The angles at -180 degrees and 180 degrees were 

overlapping on top of each other (See Fig. 9).  We have adopted this angle system so we can use 

the calculated angles to calculate the angular velocity (shown in the next section).  The angle 

measured is the angle between a vector that passes through the apical and basal centrosomes and 

a vector that passes through the hub-GSC interface and the center of the two centrosomes.  All 

angles belonging to the respected time points were calculated.  In addition, when pooling 

different GSCs’ angles together, we calculated the average angle for each GSC and multiplied 

the GSC’s angle matrix by negative one if the average angle was negative.  This was done to 

make the all different GSCs’ angles aligned before pooling; since we were not sure during the 

time of live imaging whether the GSCs were being viewed from the bottom or the top.  Finally, 

after all the angles from different GSCs were pooled together, all the negative angles were 
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converted to absolute values, since there was no biological significance of reporting negative 

angle values.   All the pooled angle data was represented as a histogram for experimental and 

control groups. 

 10. Quantification of spindle angular velocity 

  A Matlab program was written to calculate the spindle angular velocity using the 

angles calculated on the 0 to 180 degrees and 0 to -180 degrees system.  To calculate the spindle 

angular velocity, angle calculated in the previous time point was subtracted from the angle 

calculated in the next time point, and the angle difference was divided by the time interval of the 

two time points.  All the spindle angular velocities were then converted to positive values.  

Finally all the spindle angular velocities from different GSCs were pooled together to generate a 

histogram for experimental and control groups. 

 

 11. Verification of dynamics quantification 

  All the Matlab programs written to calculate the distances, velocities, spindle 

angles, and spindle angular velocities were robustly tested with all possible known values, and 

was verified to be working properly. 
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Figure 7: Schematics of an ultrafast-laser microsurgery system. The schematics 
show how the ultrafast laser is delivered to the microscope objective to perform 
microsurgery.  Laser is amplified in the compressor, and then it is passed down to the 
Faraday Isolator to prevent beam reflections back to the compressor.  The laser beam 
size is then modified through the lenses and passed down to the neutral density filter, 
which can control the beam intensity. Finally the laser is delivered to the microscope 
and then to the objective when the laser shutter opens via the control software.  M1-
M5: Mirror number 1 through 5. 
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Figure 8: Tracking program interface developed using Labview and Labview Vision.  
The interface for the tracking program via pattern matching is shown.  Currently, it is 
tracking and recording coordinates of an apical centrosome inside a GSC. Various modules and 
functions are highlighted by different colored rectangular box. 
Orange rectangular box: program loading module 
Yellow rectangular box: coordinate saving button 
Red rectangular box: pattern matching criteria and settings module 
Blue rectangular box: tracking coordinate verification module 
Purple rectangular box: learn template and pattern matching controls module  
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Figure 9: Schematics of the angle system used in Matlab. The angles 
calculated in Matlab was based on the 0 to 180 degrees (quadrant I and II) 
and 0 to -180 degrees (quadrants III and IV) system.  Eventually, the angle 
calculation was converted to positive acute angles, but this system was 
necessary to calculate the angular spindle velocity.  The roman numerals 
represent the quadrants. 
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III. RESULTS 

 

A. Dynamic Interplay of Spectrosome and Centrosome Organelles in Asymmetric Stem 

Cell Divisions 

 

(Parts of this chapter were previously published as Bang, C. and J. Cheng (2015). "Dynamic 

Interplay of Spectrosome and Centrosome Organelles in Asymmetric Stem Cell Divisions." 

PLoS ONE 10(4): e0123294.) 

 

1.  Spindle orientation is maintained in most male GSCs without centrosomes  

  Previous literature has reported that centrosomes in Drosophila appear to have 

mixed roles for some types of stem cells in maintaining asymmetric stem cell divisions. A 

neuroblast without centrosome due to DSas-4-mut displays asymmetric division defects (Basto, 

Lau et al. 2006), but most male and female GSCs in DSas-4-mut can still maintain asymmetric 

stem cell division with proper spindle alignment (Stevens, Raposo et al. 2007, Riparbelli and 

Callaini 2011).  Consistently, we found that most acentrosomal GSCs with DSas-4-mut 

maintained proper orientation (Fig. 10A: 63% at 0-30 degrees, 20% at 30-60 degrees, and 17% at 

60-90 degrees) compared to wild type (83% at 0-30 degrees, 17% at 30-60 degrees, and 0% at 

60-90 degrees).  Additionally, by counting the GSC numbers per testis, we found that there is no 

significant difference (t-test: p>0.69) of GSC number per testis in DSas-4-mut (8.8±1.2 GSCs, 

n=26 testes) and wild type (8.8±1.0 GSCs, n=25 testes) (Fig. 10B).  To further gain an insight of 

spindle dynamics during mitosis, time-lapse live-cell imaging (hence forth referred as live 
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imaging) microscopy was utilized to examine the mitotic spindle morphology and movement in 

GSCs. We were able to compare the effect of centrosome knockout on mitotic duration by 

measuring the time from the onset of nuclear envelope break down (pro-meta phase) to the 

beginning of spindle elongation (anaphase). Our results showed that the time in DSas-4-mut 

GSCs (11.8±2.9 minutes, n=26) was significantly longer (t-test:p<0.02) compared to that in wild 

type GSCs (10.0±2.1 minutes, n=22) (Fig. 10C). These results suggest that although centrosomes 

are not required to maintain proper asymmetric GSC divisions, centrosomes play a role in 

facilitating GSC mitosis.  

 

 2. Spectrosome migration pattern changes in acentrosomal GSCs 

  Although previous fixed sample study showed that the spectrosome in male GSCs 

had higher frequency localizing at the apical cortex in DSas-4-mut than that in wild type (Yuan, 

Chiang et al. 2012), the migration pattern of spectrosome remain unknown. To better understand 

the migration of the spectrosome, live imaging study was used to examine the movement pattern 

of spectrosome.  Firstly, results from the live imaging show that spectrosome frequently 

localized to the apical region when the centrosome was knocked out in DSas-4-mut (67 ± 12%, n 

= 24) compared with wild type (33 ± 14 %, n = 23) (Fig. 11A).   Additionally, live imaging 

revealed previously undiscovered dynamic movement of spectrosome (a typical DSas-4-mut 

GSC is shown in Fig. 11B).  Spectrosomes in both wild type and DSas-4-mut were mobile during 

interphase and became immobilized prior to entering mitosis. In wild type (n=23) GSCs, mobile 

and basally positioned spectrosomes composed 39%, while stationary and apically positioned 

spectrosomes composed 26% (Fig. 11C).  In DSas-4-mut (n=24) GSCs, stationary and apically 

positioned spectrosomes composed majority at 54%, while mobile and basally positioned 
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spectrosomes composed 17%.  Spectrosome was counted as stationary when it stays at either 

basal or apical ends for 30 minutes or longer. Furthermore, spectrosomes are highly positioned at 

the apical region (75%, 3 out of 4 GSCs) in the very rare and severely misoriented spindles in 

DSas-4-mut GSCs, while only 54% (13 out of 24 GSCs) positioned at apical region in DSas-4-

mut GSCs with the properly oriented spindles.  On few occasions, the apically located 

spectrosomes quickly migrated over to the basal location prior to mitosis (wild type: 4%, DSas-

4-mut: 13%) (Fig. 11D).  These results demonstrate that without centrosome, majority of 

spectrosomes position at the apical end of the GSC and become immobilized.    

 

 3. Spectrosome material transfers between daughter cells during asymmetric  

  GSC divisions 

 Next, we investigated, during asymmetric GSC division, how the spectrosome is 

dynamically transferred among the two daughter cells.  Prior to completion of cytokinesis, 

spectrosome can initially be received by either stem cell daughter (i.e., GSC) or the 

differentiating daughter cell (i.e., gonialblast or GB) depending on the positioning of the 

spectrosomes (apically or basally) at the onset of mitosis.  The dynamic spectrosome material 

transfer process can be illustrated in a typical example shown in Fig. 12.  Prior to and during 

mitosis, spectrosome in wild type GSC generally remained stationary at the basal end of the GSC, 

as shown in Fig. 12 (0 min, prior to mitosis and 24 min, metaphase). At the end of mitosis (1hr 

12 mins), the spectrosome moved to and localized at the bridge between two daughter cells, 

presumably co-localized with the intercellular bridge known as ring canal.  On wild type 

spectrosome live-imaging sessions, the spectrosome, whether received by the GSC or the 

gonialblast during mitosis, in almost all cases conjoined to the ring canal and formed a complex.  



77 
 

Many hours later, smaller tail region of the ring canal and spectrosome complex grew and further 

extended into the daughter GSC (Fig. 12, 6hr 16min). Finally, the ring canal and spectrosome 

complex structure broke apart and was transferred to both the daughter GSC and the gonialblast 

when the gonialblast and the GSC detached from each other (Fig. 12, 15hr 20 min). Typical 

counts of spectrosome like structures in the GSC (Fig. 12, 15hr 20 min) vary from one to 

multiple.  Based on many observations, the gonialblast appeared to inherit larger portions of the 

spectrosome.  The GSC and its spectrosome size further grew while the gonialblast slightly 

separated away from the stem cell niche (Fig. 12, 20hr 40 min).  These results demonstrate that 

ring canal plays an important role in facilitating the spectrosome transfer between the two 

daughter cells (GSC and gonialblast) regardless of the initial spectrosome position prior to 

mitosis.  

 

 4. Hu-li tai shao does not affect centrosome orientation or mitotic spindle  

  orientation 

  Utilizing time-lapse live-cell imaging, we investigated the centrosome and spindle 

orientation when spectrosome was knocked out. Firstly, consistent with reported results based on 

fixed sample studies, hts-mut does not affect either the interphase centrosome orientation (t-

test:p>0.5) (Fig. 13A) or the mitotic spindle orientation, as 95% spindles in hts-mut were still 

properly oriented (Fig. 13B). Moreover, the hts-mut does not significantly affect mitosis duration 

either (Fig. 13C: from nuclear envelope break time to the onset of anaphase, t-test:p>0.06); wild 

type GSCs were 9.5±1.5min (n=21) and hts-mut GSCs were 8.5±1.7min (n=21).  We found that 

wild type GSC count per testis (8.3±0.9 GSCs, n=20 testes) and hts-mut GSC counts per testis 
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(7.9±0.6 GSCs, n=18 testes) were not significantly different (t-test:p>0.23), (Fig. 13D). These 

results demonstrate that the spectrosome does not affect the centrosome and spindle orientation. 

 

  

  

 5. Hu-li tai shao affects centrosome migration velocity and centrosome position  

  in GSCs  

  Although spectrosome knockout does not affect centrosome or spindle 

orientation, further analysis of dynamic migration pattern show the centrosome migration pattern 

does change. Our live imaging results showed that the motility of GSC-inherited centrosomes 

during interphase is significantly slower than that of GB-inherited centrosomes in hts-mut 

(Wilcoxon rank sum test:p<0.001).  Quantitatively, in wild type, the GSC-inherited centrosome 

velocity is 0.53±0.38µm/min (n=639) while the GB-inherited velocity is 0.57±0.34µm/min 

(n=654); and in hts-mut, the GSC-inherited centrosome velocity is 0.35±0.3µm/min (n=716) and 

GB-inherited velocity is 0.47±0.32µm/min (n=734) (Fig. 14A).  Furthermore, GSCs in hts-mut 

flies have both less motile GSC-inherited and GB-inherited centrosomes than that in wild type 

(Wilcoxon rank sum test:p<0.001). Interestingly, we also found that GSC-inherited centrosomes 

in wild type throughout the interphase were located significantly further away from the hub-GSC 

interface than that in hts-mut (Wilcoxon rank sum test:p<0.001) (Fig. 14B).  The results reveal 

the previously undiscovered dynamic interplay of centrosome and spectrosome.  The velocity 

mean values (µm/min) and mean distance values (µm) were merely calculated to show whether 

the experimental groups have greater or smaller distribution than the control, but were not in any 

way used for the Wilcoxon rank sum test to obtain the p-values. 
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 6. Centrosome and Spectrosome double knock out using Mosaic Analysis with a 

  Repressible Cell Marker (MARCM) Method 

  To further study the potential interactive roles of centrosome and spectrosome, we 

tried to double knockout both centrosomes and spectrosome. Because the DSas-4-mut and hts-

mut double mutation is lethal, MARCM method was adapted to generate DSas-4-mut GSC 

clones on hts-mut background.  Using the MARCM method, we successfully obtained double 

mutant clones, however no mitotic double mutant clone was observed (out of 65 double mutant 

clones). Considering the typical frequency of observing mitotic GSCs in wild type is about 1 per 

5 testes, this result suggest that the mitotic activity is significantly suppressed when centrosomes 

and spectrosomes both malfunction.  
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Figure 10: Most spindle orientation at anaphase and stem cell number are maintained in 
GSCs without centrosomes.  (A) Live imaging reveals that most DSas-4-mut GSCs maintain 
their spindle orientation compared to the wild type. (B) There is no significant difference of GSC 
number per testes in DSas-4-mut and wild type flies. (C) The mitosis duration from pro-
metaphase to anaphase in DSas-4-mut GSCs is significantly longer than that in wild type.  
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Figure 11: Dynamic migration patterns of spectrosomes are quantified utilizing time-lapse 
live-imaging.  (A)  Spectrosome localization in DSas-4-mut becomes predominantly apical 
compared to wild type. #: p<0.05. (B) Live image sequences shows apically (to the hub cells) 
migrating spectrosome in a dividing DSas-4-mut GSC. Arrowhead: spectrosome. *: hub cells.  
Yellow dash-line: GSC. (C) In wild type GSCs, large majority of spectrosomes were mobile and 
located basally (39%) during interphase.  In DSas-4-mut GSCs, majority of spectrosomes were 
stationary and located apically (54%). Wild type: n=23, DSas-4-mut: n=24.  (D) DSas-4-mut 
GSCs had higher percentage of spectrosomes migrating from apical to the basal side prior to 
mitosis.  Spectrosome switches are categorized as such if they migrate within 30 mins prior to 
mitosis (identified by nuclear envelope breakdown). 
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Figure 12: Spectrosome material is transferred via ring canal in 
GSCs.  Spectrosome (Short Adducin-GFP) in wild type GSC is located 
in the basal position (0 min: interphase and 24min: metaphase). At 1hr 
12min, spectrosome is co-localized with the ring canal structure.  
Spectrosome, together with ring canal structure, grows into the stem 
cell daughter at 6hr 16min, segregates into both daughter cells and form 
spectrosome-like structure again at 15hr 20 min. At 20hr 40 min, 
spectrosomes in both GSC and gonialblast further develop, and the 
gonialblast separates from GSC.  Cellular boundaries and mitotic 
spindle are visualized with α-tub-GFP. Black arrow: spectrosome. 
White dash-arrow: spectrosome and/or ring canal tail. *: hub cells.  
Yellow dash-line: GSC or gonialblast boundary.  Solid white arrow: 
mitotic spindle. 
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Figure 13: Spectrosome knockout minimally affects centrosome orientation, spindle 
orientation, mitosis duration, and stem cell numbers in male GSCs.  (A) Centrosome 
misorientation during interphase was analyzed from time lapse image sequences, and there is no 
significant difference between the hts-mut and the wild type.  (B) There is minimal change in the 
spindle orientation between the hts-mut and the wild type. (C) Mitosis duration is not affected in 
hts-mut compared to the wild type when measured from nuclear envelope breakdown time to 
anaphase. (D) There is no significant difference for GSC number per testis in hts-mut and wild 
type flies. 
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Figure 14: Centrosome velocity and distance to hub-GSC interface change in 
hts-mut GSCs. Based on the centrosome tracking analysis of live-image sequences, 
the (A) Interphase centrosome velocities are shown for both hts-mut GSCs and wild 
type GSCs (p<0.001 between hts-mut and wild type for both GSC-inherited and GB-
inherited centrosomes), and the (B) GSC-inherited centrosome distance to the hub-
GSC interphase histograms are shown for both hts-mut and wild type GSCs 
(p<0.001). The p-values in (A) and (B) were obtained using the Wilcoxon rank sum 
test. 
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B. Effects of Centrosomin and Adenomatous Polyposis Coli Protein 2 on Spectrosome 

Recruitment and Asymmetric Stem Cell Divisions 

 

 1. Spindle orientation is maintained in most male GSCs with non-functional  

  centrosomes (cnn-mut) and compromised microtubule binding protein APC2  

  (APC2-mut).  

  Previous study by Lucas et al (2007), has reported that the cnn-mut neuroblasts 

seemed to have their centrioles lost connection to the mitotic spindle poles, attenuated astral 

microtubule formation, and misoriented spindles.  Similarly, in GSCs, it was reported that the 

astral microtubule attenuated and the mitotic spindle misorientation also increased, but most of 

the GSCs divided asymmetrically (Yamashita, Jones et al. 2003, Inaba, Yuan et al. 2010).  

Consistently, we found that most GSCs with non-functional centrosomes with cnn-mut 

maintained proper orientation despite misorientation in about 1/3 of the GSCs (Fig. 15A: 63% at 

0-30 degrees, 32% at 30-60 degrees, and 5% at 60-90 degrees) compared to wild type (84% at 0-

30 degrees, 16% at 30-60 degrees, and 0% at 60-90 degrees).  Similarly, most APC2-mut GSCs 

maintained proper orientation (61% at 0-30 degrees, 19% at 30-60 degrees, and 0% at 60-90 

degrees) similar to the wild type.  Centrosome orientation was also quantified due to its 

important role in mediating as the microtubule organizing center and defining spindle positions. 

The cnn-mut GSCs (Fig. 15B) had significantly increased centrosome misorientation (t-

test:p<0.01) than its control, and interestingly, the APC2-mut GSCs also had significantly 

increased misorientation (t-test:p<0.026) despite its highly oriented spindles, which were 

consistent with data previously reported (Yamashita, Jones et al. 2003, Inaba, Yuan et al. 2010).  

Furthermore, we counted GSC number per testis to observe how the cnn-mut and APC2-mut 
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affect stem cell homeostasis.  We found the GSC number per testis (Fig. 15C) has increased 

significantly (t-test:p<0.001) for the cnn-mut (9.9±1.6 GSCs, n=33 testes) compared to the 

control (7.9±0.9 GSCs, n=35 testes).  Similarly, we also found significant increase (t-

test:p<0.001) in the GSC number per testis for the APC2-mut (9.1±1.5 GSCs, n=56 testes) 

compared to the control (8.1±1.0 GSCs, n=51 testes). 

 To quantify dynamic occurrences such as spindle dynamics, centrosome dynamics, 

spectrosome dynamics, and mitotic duration of GSCs, we utilized time-lapse live-cell imaging to 

investigate.  We were able to compare the effect of cnn-mut and APC2-mut on mitotic duration 

by measuring the time from the onset of nuclear envelope break down (pro-meta phase) to the 

onset of telophase.  Nuclear envelope break down was observed through darker background of 

the nucleus region spontaneously brightening as cytosolic short-adducin-GFP freely entered the 

nucleus region and telophase was visualized through short-adducin-GFP delineating the GSC-

GB membrane.  Our results showed that the mitotic duration in cnn-mut GSCs (18.2±2.7 

minutes, n=19) and the APC2-mut GSCs were significantly longer (both t-test:p<0.001) than the 

wild type GSCs (12.5±2.8 minutes, n=22).  In addition, cnn-mut GSCs’ mitotic duration was also 

significantly (t-test:p<0.001) longer than the APC2-mut GSCs.  These results suggests that 

centrosomin and APC2 are not required to maintain proper asymmetric GSC divisions, but the 

microtubule and the microtubule binding protein are necessary in proper GSC mitosis. 

 

 2. Spectrosome migration pattern of cnn-mut GSCs change but APC2-mut  

  GSCs’ migration pattern remains similar to the wild type. 

  In previous fixed sample studies and live imaging studies, spectrosome in male 

acentrosomal GSCs via DSas-4-mut had higher frequency localizing to the apical cortex than that 
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in the wild type (Yuan, Chiang et al. 2012, Bang and Cheng 2015).  To better understand the 

migration of the spectrosome in cnn-mut and APC2-mut, we have utilized the same live imaging 

protocol as used previously (Cheng and Hunt 2009, Bang and Cheng 2015).  First of all, results 

from the live imaging show that spectrosomes frequently localized to the apical region in cnn-

mut GSCs (69 ± 11%, n = 19) compared to the wild type (17 ± 12 %, n = 24) (Fig. 16A, t-

test:p<0.01), which is similar to the localization of spectrosome in acentrosomal (DSas-4-mut) 

GSCs previously reported (Yuan, Chiang et al. 2012, Bang and Cheng 2015).  On the other hand, 

spectrosome localization to the apical region remained relatively unchanged in APC2-mut GSCs 

(30 ± 10%, n = 27) compared to the wild type (Fig. 16B, t-test:p>0.2).  Stereotypical positioning 

of spectrosomes during the GSC mitosis is shown for the cnn-mut and APC2-mut in Fig. 16C; 

spectrosome in the cnn-mut GSCs localize at the apical cortex during interphase and mitosis, 

while APC2-mut GSCs localize at the basal cortex during interphase and mitosis.  Additionally, 

live imaging revealed little-known dynamic movement of spectrosome in cnn-mut and APC2-

mut GSCs.  Spectrosomes in cnn-mut, APC2-mut, and wild type GSCs were mobile during 

interphase and became immobilized prior to entering mitosis. In wild type GSCs (n=24), mobile 

and basally positioned spectrosomes composed 42%, while stationary and apically positioned 

spectrosomes composed 12% (Fig. 16D).  In cnn-mut GSCs (n=19), stationary and apically 

positioned spectrosomes composed majority at 47%, while mobile and basally positioned 

spectrosomes composed 26%.  On the other hand,  APC2-mut GSCs (n=26) showed similar trend 

as the wild type, having much greater mobile and basally positioned spectrosomes (31%) 

compared to the stationary and apically positioned spectrosomes (8%); however, APC2-mut 

GSCs had much greater stationary and basally positioned spectrosomes (39%) compared to the 

wild type (21%).  Spectrosome was counted as stationary when it stayed at either basal or apical 
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ends for 30 minutes or longer. In small number of the GSCs, the apically located spectrosome 

rushed over to the basal location prior to mitosis (wild type: 0%, cnn-mut: 16%, APC2-mut: 

19%).  These results demonstrate that in cnn-mut GSCs, majority of spectrosomes position at the 

apical end of the GSCs and become immobilized, however in the APC2-mut GSCs, the 

spectrosome behave similar to the wild type. 

 

 3. Spectrosome localizations change drastically in cnn-mut GSCs but minimally 

  in APC2-mut GSCs, and centrosome misorientation to the spectrosome  

  positions also change in both mutant GSCs. 

  We have investigated spectrosome and centrosome localizations in fixed cnn-mut 

and APC2-mut GSCs, quantifying various fixed stages of the cell cycle.  Based on our 

quantification, we segregated the spectrosome localization into five categories: basal 

localization, apical localization, ring canal localization, apical and ring canal localization, and 

GSC spanning and ring canal localization.  Examples of all the spectrosome localization 

categories are shown in Fig. 17A (1-5), and further represented cartoons in the orientation data.  

When comparing the frequency of occurrence of the cnn-mut GSCs (n=275) to the respective 

control GSCs (n=214), changes in all the localization categories were all statistically significant 

(t-test:p<0.02 for all categories) (Fig. 17B).  On the contrary, APC2-mut GSCs (n=292) changed 

significantly in the apical and ring canal localization category (t-test:p<0.04) to its respective 

control GSCs (n=326); all other localizations remained similar to the respective control GSCs 

(Fig. 17C).  In addition to the spectrosome localization, we quantified how the centrosomes are 

misoriented in those respective categories for both cnn-mut and APC2-mut GSCs.  In the cnn-

mut GSCs, the centrosome misorientation (46±15%, n=17) was significantly changed (t-



93 
 

test:p<0.04) from the respective control (4±6%, n=58) in the ring canal localization category 

(Fig. 17D).  Furthermore, in the APC2-mut GSCs, the centrosome misorientation (15±2.4%, 

n=108) was significantly changed (t-test:p<0.01) from the respective control (5±1.4%, n=97) in 

the ring canal localization category (Fig. 17E).  These results demonstrate that cnn-mut 

significantly alters the spectrosome localization patterns, while the APC2-mut minimally alters 

the spectrosome localization patterns; but both mutants alter centrosome orientations in some 

spectrosome localization categories. 

 

 4. Centrosomin mutant affects spectrosome migration velocity and spectrosome 

position in GSCs. 

  Utilizing our live imaging techniques, we have quantified previously unexplored 

dynamic migration pattern of spectrosome in both cnn-mut and APC2-mut GSCs.  In cnn-mut 

GSCs, the average spectrosome velocity at interphase was significantly slower (Wilcoxon rank 

sum test:p<0.01) than wild type GSCs (Fig. 18A).  Quantitatively, in wild type GSCs, the 

spectrosome velocity is 0.61±0.45 µm/min (n=689) while the cnn-mut spectrosome velocity is 

0.56±0.49 µm/min (n=1239).  Contrarily, the APC2-mut GSC spectrosome velocity was not 

statistically different compared to the wild type GSCs.  The APC2-mut GSC spectrosome 

velocity is 0.61±0.42 µm/min (n=845).  In addition, we found that wild type GSC spectrosomes 

were, on average, found significantly (Wilcoxon rank sum test:p<0.001) further away from the 

hub-GSC interface than the cnn-mut GSC spectrosomes (Fig. 18B).  The average spectrosome 

distance to the hub-GSC interface for the wild type GSC is 6.2±3.1 µm (n=716), for the cnn-mut 

GSCs is 4.3±2.4 µm (n=1265), and for the APC2-mut GSCs is 6.5±2.4 µm (n=882).  These 

results further disclose previously undiscovered dynamic interactions of spectrosome to cnn.  
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The mean velocity values (µm/min) and mean distance values (µm) were merely calculated to 

show whether the experimental groups have greater or smaller distribution than the control, but 

were not in any way used for the Wilcoxon rank sum test to obtain the p-values. 

 

 5. Centrosomin mutant affects centrosome migration velocity and both cnn-mut 

  and APC2-mut affect centrosome position in GSCs. 

  Dynamic centrosome migration pattern for the cnn-mut and APC2-mut were also 

explored in addition to spectrosome migration pattern, utilizing same quantification methods as 

discussed previously in hts-mut GSCs (Bang and Cheng 2015).  Our live imaging revealed that in 

wild type, the motility of GSC-inherited centrosomes during interphase is significantly slower 

(Wilcoxon rank sum test:p<0.028) than that of cnn-mut GSC-inherited centrosomes, but 

significantly faster than that of APC2-mut GSC-inherited centrosomes (Wilcoxon rank sum 

test:p<0.001) (Fig. 19A).  Quantitatively, average GSC-inherited wild type centrosome velocity 

is 0.64±0.46µm/min (n=609), while the average GSC-inherited cnn-mut centrosome velocity is 

0.70±0.49µm/min (n=499); and the average GSC-inherited APC2-mut centrosome velocity is 

0.54±0.44µm/min (n=690).  Next, we have discovered that the motility of GB-inherited wild 

type GSC centrosomes during interphase were significantly slower (Wilcoxon rank sum 

test:p<0.001) then the cnn-mut GSC centrosomes (Fig. 19B).  The average GB-inherited wild 

type centrosome velocity is 0.71±0.49µm/min (n=516), while the average GB-inherited cnn-mut 

centrosome velocity is 0.83±0.58µm/min (n=543).  Amid quantifying the centrosome velocities, 

we have also analyzed centrosome distance to the hub-GSC interface.  Interestingly, we have 

found that the GSC-inherited centrosomes in wild type GSCs throughout the interphase were 

located significantly further away from the hub-GSC interface than the APC2-mut GSCs 
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(Wilcoxon rank sum test:p<0.001) (Fig. 19C), but found no difference in cnn-mut GSCs.  The 

wild type average GSC-inherited centrosome distance to the hub-GSC interface is 3.8±1.9µm 

(n=666) and the APC2-mut average GSC-inherited centrosome distance to the hub-GSC interface 

is 2.8±1.7µm (n=743).  In addition, we have also discovered that GB-inherited centrosomes in 

wild type GSCs during interphase were located significantly closer to the hub-GSC interface 

than both cnn-mut and APC2-mut GSCs (Wilcoxon rank sum test:p<0.001, Wilcoxon rank sum 

test:p<0.001, respectively) (Fig. 19D).  Numerically, the wild type average GB-inherited 

centrosome distance to the hub-GSC interface is 7.6±1.6µm (n=561); the cnn-mut average GB-

inherited centrosome distance to the hub-GSC interface is 7.9±2.2µm (n=652); and the APC2-

mut average GB-inherited centrosome distance to the hub-GSC interface is 8.5±1.5µm (n=772).  

These results further reveal novel dynamic interactions of centrosomes to cnn and APC2.  The 

velocity mean values (µm/min) and mean distance values (µm) were merely calculated to show 

whether the experimental groups have greater or smaller distribution than the control, but were 

not in any way used for the Wilcoxon rank sum test to obtain the p-values. 

 6. Centrosomin mutant affects spindle angle and APC2-mut affects spindle 

angular velocity. 

  We were able to quantify the spindle angle and the spindle angular velocity by 

tracking the centrosomes and the hub-GSC interface during mitosis.  Pro/prometaphase of 

mitosis was visible through observing nuclear envelope breakage, where soluble Sas6-mcherry 

spontaneously increased the background of the previously dark nuclear region by filling the void.  

Telophase was observed by visualizing the GSC shape through the faint short-adducin-GFP 

signal localizing to the cortex of the plasma membrane.  Our results show that average spindle 

angle for the wild type GSCs was significantly smaller (Wilcoxon rank sum test:p<0.001) than 
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the cnn-mut GSCs (Fig. 20A); however the average APC2-mut GSC spindle angle was not 

significantly different.  Numerically, the average spindle angle for the wild type GSCs is 11±10 

degrees (n=272), whereas the average spindle angle for the cnn-mut GSCs is 29±25 degrees 

(n=99). This result is consistent with the previously discussed fixed spindle angle in Fig. 15A for 

both cnn-mut and APC2-mut GSCs.  Moreover, we have also analyzed spindle angular velocity 

and found that in wild type, the average spindle angular velocity was significantly faster 

(Wilcoxon rank sum test:p<0.026) than APC2-mut GSCs (Fig. 20B).  The wild type GSC spindle 

angular velocity is 4.9±4.8 degrees/min (n=236); whereas the cnn-mut GSC spindle angular 

velocity is 7.1±8.6 degrees/min (n=72); and the APC2-mut GSC spindle angular velocity is 

4.0±4.0 degrees/min (n=256).  These new results reveal how cnn and APC2 interact and alter 

dynamics of spindle movement and orientation.  The mean spindle angle values (degrees) and 

mean spindle angular velocity values (degrees/min) were merely calculated to show whether the 

experimental groups have greater or smaller distribution than the control, but were not in any 

way used for the Wilcoxon rank sum test to obtain the p-values. 
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Figure 15:  Most spindle orientation at anaphase is maintained in cnn-mut and APC2-mut 
GSCs, but GSC numbers are significantly higher in the mutants than the wild type.  (A) 
Live imaging reveals that most cnn-mut and APC2-mut GSCs maintain their spindle orientation 
compared to the wild type. (B) Centrosome misorientation frequency is significantly higher in 
both cnn-mut and APC2-mut GSCs compared to their respective controls. (C) There are 
significantly increased GSC numbers per testes for both cnn-mut and APC2-mut flies compared 
to wild type flies. (D) The mitosis duration from pro-metaphase to telophase in both cnn-mut and 
APC2-mut GSCs are significantly longer than the wild type, with cnn-mut having the longest 
mitosis duration. 
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Figure 16: Dynamic migration patterns of spectrosomes were quantified utilizing time-
lapse live-imaging.  (A) Spectrosome localization in cnn-mut becomes predominantly apical 
compared to wild type. p<0.01. (B) Spectrosome localization in APC2-mut is similar compared 
to wild type. p<0.19. (C) Live image sequences shows apically (to the hub cells) migrating 
spectrosome in dividing cnn-mut and APC2-mut GSCs. Arrowhead: spectrosome. *: hub cells.  
Yellow dash-line: GSC. (D) In wild type GSCs, large majority of spectrosomes were mobile and 
located basally (42%) during interphase.  In cnn-mut GSCs, majority of spectrosomes were 
stationary and located apically (47%). In APC2-mut GSCs, majority of spectrosomes were 
stationary and located basally (39%). Wild type: n=24, cnn-mut: n=19, APC2-mut: n=26.  (E) 
Both cnn-mut and APC2-mut GSCs had higher percentage of spectrosomes migrating from apical 
to the basal side prior to mitosis.  Spectrosome switches are categorized as such if they migrate 
within 30 mins prior to mitosis (identified by nuclear envelope breakdown). 
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Figure 17: Spectrosome localization categories and the centrosome misorientations to those 
categories were quantified.  (A) Five separate spectrosome localization category images are 
shown using conventional immunostaining methods. The spectrosome localization categories are 
(1) basal localization, (2) apical localization, (3) ring canal localization, (4) apical and ring canal 
localization, and (5) GSC spanning and ring canal localization. Arrowhead: spectrosome. *: hub 
cells.  Yellow dash-line: GSC. Red channel: anti-FasIII and anti-Vasa. Green channel: Shadd-
GFP. Blue channel: anti-Spd-2. (B) Spectrosome localization category frequencies are shown for 
the cnn-mut GSCs.  Each category shows significant difference compared to the control (cnn/+: 
n=214, cnn-mut: n=275]. (C) Spectrosome localization category frequencies are shown for the 
APC2-mut GSCs.  Spectrosome Apical and ring canal localization category shows significant 
difference compared to the control (APC2/+: n=292, APC2-mut: n=326). (D) Centrosome 
misorientations (%) in all the spectrosome localization categories are shown for the cnn-mut 
GSCs.  Misorientation difference is significant in the ring canal localization category for the cnn-
mut compare to the control (cnn/+: n=58, cnn-mut: n=17). (E) Centrosome misorientations (%) 
in all the spectrosome localization categories are shown for the APC2-mut GSCs.  Misorientation 
difference is significant in the basal localization category for the APC2-mut compare to the 
control (APC2/+: n=97, APC2-mut: n=108). 
 

 

 

 

 

 

 

 

 

 

 



105 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

 
 

 
 * 

* 

* 

* 

 

* cnn/+ cnn/+ cnn/+ 

cnn/+ cnn[HK21/mfs7] 

FasIII 
Shadd-GFP 
Spd-2 
Vasa 

1 2 3 

4 5 

0

10

20

30

40

50

60

Fr
eq

ue
nc

y 
(%

)

Spectrosome Localization

cnn/+ (n=214)

cnn[HK21/mfs
7] (n=275)

* 

* 

* 

* 
* 

  
  

  
  

  
  

  

  
  

  

  
  

  

  

B 



106 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

10

20

30

40

50

60
Fr

eq
ue

nc
y 

(%
)

Spectrosome Localization

APC2/+ (n=292)

APC2[ΔS/N175
K] (n=326)

* 

  
  

  
  

  
  

  

  
  

  

  
  

  

  

C 

0

10

20

30

40

50

60

70

80

90

100

M
is

or
ie

nt
at

io
n 

(%
)

Centrosome Misorientation to Spectrosome Positions

cnn/+

cnn[HK21/mfs7]

  
  

  
  

  
  

  

  
  

  

  
  

  

  

* 

n=
67

 

n=
13

 

n=
58

 

n=
36

 

n=
42

 

n=
17

 

n=
72

 

n=
3 

n=
0 

n=
6 

D 



107 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0
10
20
30
40
50
60
70
80
90

100

M
is

or
ie

nt
at

io
n 

(%
)

Centrosome Misorientation to Spectrosome positions

APC2/+

APC2[ΔS/N175
K]*

  
  

  
  

  
  

  

  
  

  

  
  

  

  

n=
97

 

n=
42

 

n=
63

 

n=
17

 

n=
49

 

n=
48

 

n=
54

 

n=
10

8 

n=
0 

n=
0 

E 



108 
 

Figure 18: Spectrosome velocity and distance to hub-GSC interface for the cnn-mut were 
compared with wild type GSCs. Based on the spectrosome tracking analysis of live-image 
sequences, the (A) interphase spectrosome velocity histograms are shown for both cnn-mut and 
wild type GSCs (p<0.01), and the (B) interphase spectrosome distance to the hub-GSC 
histograms are shown for the cnn-mut and wild type GSCs (p<0.001 between cnn-mut and wild 
type). The p-values were obtained using the Wilcoxon rank sum test. 
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Figure 19: Centrosome velocities and distances to hub-GSC interface for the cnn-mut and 
APC2-mut were compared with wild type GSCs. Based on the centrosome tracking analysis of 
live-image sequences, the (A) interphase GSC-inherited centrosome velocity histograms are 
shown for the cnn-mut, APC2-mut, and wild type GSCs (p<0.028 between cnn-mut and wild type,  
p<0.001 between APC2-mut and wild type), and the (B) interphase GB-inherited centrosome 
velocity histograms are shown for both cnn-mut and wild type GSCs (p<0.001). In addition, the 
(C) interphase GSC-inherited centrosome distance to the hub-GSC interphase histograms are 
shown for both APC2-mut and wild type GSCs (p<0.001), and the (D) interphase GB-inherited 
centrosome distance to the hub-GSC interphase histograms are shown for the cnn-mut, APC2-
mut, and wild type GSCs (p<0.001 between cnn-mut and wild type, p<0.001 between APC2-mut 
and wild type). The p-values were obtained using the Wilcoxon rank sum test. 
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Figure 20: Spindle angles and spindle angular velocities for the cnn-mut and APC2-mut 
were compared with wild type GSCs. Based on the centrosome tracking analysis of live-image 
sequences, the spindle angles and spindle angular velocities are calculated. (A) Spindle angle 
histograms are shown for both cnn-mut and wild type GSCs (p<0.001). (B) Spindle angular 
velocity histograms are shown for the APC2-mut and wild type GSCs (p<0.0258 between APC2-
mut and wild type).  The p-values were obtained using the Wilcoxon rank sum test. 
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IV. DISCUSSIONS 

 

A. Dynamic Interplay of Spectrosome and Centrosome Organelles in Asymmetric Stem 

 Cell Divisions 

 

(Parts of this chapter were previously published as Bang, C. and J. Cheng (2015). "Dynamic 

Interplay of Spectrosome and Centrosome Organelles in Asymmetric Stem Cell Divisions." 

PLoS ONE 10(4): e0123294.) 

 

 Centrosome is known as the microtubule organization center, facilitating mitotic spindle 

formation during mitosis. Our and previous results show most spindle in male GSCs were still 

properly oriented despite of lack of centrosome, implying, when centrosome is knocked out, 

another regulatory mechanism would ensure proper spindle orientation.  One intriguing 

discovery is that, the spectrosome migrates from basal to apical in most acentrosomal GSCs, 

which is the stereotypical location for female GSCs where spectrosome has been shown to play 

an important role in orienting mitotic spindles (Deng and Lin 1997).  In the wild type GSCs, the 

spectrosomes were seen to be about half mobile and half stationary, but when the centrosomes 

were knocked out, close to 71% of spectrosome became stationary, and stationary spectrosomes 

locating at the apical end increased dramatically.   The higher frequency of stationary 

spectrosome locating closer to the apical region would imply they may interact with the apical 

mitotic spindle pole and/or the apical cortex. Spectrosome organelle itself physically anchors or 

provides components necessary to orient the spindle (Deng and Lin 1997), and thus it migrates to 

the apical in male GSCs when centrosome is absent.  Additionally, it is reported previously that 
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spectrosome and fusome (elongated structure with similar components as spectrosome in 4-cell 

spermatogonia or later) have transport capability for various proteins (Lin, Yue et al. 1994, Lin 

and Spradling 1995, Lighthouse, Buszczak et al. 2008, Yuan, Chiang et al. 2012). Moreover, 

based on live imaging observations, most DSas-4-mut GSCs still end up dividing asymmetrically 

even when their spindles are not properly oriented. Consistent with this observation, the GSC 

number per testis in DSas-4-mut is not significantly different compared to that in wild type. 

Nevertheless, absence of centrosome significantly prolonged the GSC mitosis duration. 

In female GSCs, the spectrosome is mostly found in the apical position during interphase, 

and is unequally cleaved and segregated during telophase (Lin, Yue et al. 1994, Lin and 

Spradling 1995, Deng and Lin 1997, de Cuevas and Spradling 1998).  However, the growth and 

migration of spectrosome in male GSCs had not been reported. Here, we observed the 

spectrosome growth and migration in live male GSCs, and found that no cleavage of the 

spectrosome occurred at early stages during mitosis in wild type GSCs.  Instead, our live 

imaging data in male GSCs (both wild type and DSas-4-mut) show that spectrosomes initially 

retained in either GSC daughter or GB daughter based on its initial position,  most moved and 

conjoined with the ring canal prior to cytokinesis completion, segregated together with the ring 

canal structure when the two daughter cells detached from each other. It is an interesting finding 

that spectrosome eventually transfers into both GSC and GB regardless of initial positions 

(apical or basal).  

 We were naturally curious how the spectrosome coordinate with centrosome in terms of 

orienting mitotic spindle. The live imaging study with spectrosome knockout provides valuable 

hints to the centrosomes migration pattern (mostly in G2-M cell cycle phases).  There are 

significant differences in the centrosome velocities of GSC-inherited centrosomes and GB-
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inherited centrosomes in wild type compared to the hts-mut.  The slower GSC-inherited 

centrosome can be interpreted by more robust microtubule arrays around GSC-inherited 

centrosome (Yamashita, Mahowald et al. 2007).  Also, this may imply that the GSC-inherited 

centrosome in general might contain different composition materials (Januschke, Llamazares et 

al. 2011), contributing to smaller centrosome mobility. These results suggest spectrosome 

coordinates with centrosomes to ensure centrosome orientation, but without the spectrosome, 

another fail safe mechanism intervenes to ensure centrosome orientation. 

Consistent to the results reported by Yuan et al., 2012, we observed insignificant changes 

in the interphase centrosome orientation and almost no spindle orientation change in spectrosome 

knockout GSCs.  In addition, spectrosome knockout does not affect the mitotic duration.  To 

better understand the spectrosomes’ role in the absence of centrosomes, we tried to employ the 

MARCM method to create the double knockout in GSC clones.  This MARCM method was a 

promising alternative to the actual double mutant animal model since an attempt to generate 

double knockout adult flies failed previously.  Due to the technical challenges, we were unable to 

observe any mitotic GSCs albeit examining 65 double-knockout GSC clones, implying that 

double mutant GSCs have an extremely low mitotic activity.  

   In summary, we characterized the dynamic movement of centrosome and spectrosome 

during asymmetric GSC divisions in wild type, and showed how the dynamics changed when 

either centrosome or spectrosome is knocked out. Based on our results, we propose that the 

dynamic interplay of spectrosome and centrosome is part of the regulatory mechanisms of the 

GSCs, to compensate for the loss of function of the knocked out organelles, which were intended 

to ensure an asymmetric division of the GSCs. 
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B. Effects of Centrosomin and Adenomatous Polyposis Coli Protein 2 on Spectrosome 

 Recruitment and Asymmetric Stem Cell Divisions 

 

 In a recent publication it was hypothesized that the spectrosome plays a complementary 

role in orienting the spindle, and thus the asymmetric division outcome of the GSCs when the 

centrosome is compromised (Yuan, Chiang et al. 2012, Bang and Cheng 2015).  In our spindle 

orientation result, we found, similar to the acentrosomal GSCs (DSas-4-mut), that most GSCs 

with non-functional centrosome with intact centrioles (cnn-mut) and microtubule binding protein 

knockout (APC2-mut) had still properly oriented spindles.  This raised two interesting questions 

for us to investigate: 1) Would the compromise in the PCM/astral microtubules around the 

centrioles (cnn-mut) or compromise in the microtubule binding protein (APC2-mut) initiate the 

complementary role of the spectrosome; 2) How the compromise in the PCM/astral microtubules 

around the centrioles (cnn-mut) or compromise in the microtubule binding protein (APC2-mut) 

affect dynamical properties that would shed further insight into potential asymmetric division 

mechanisms.  Intriguing discovery of cnn-mut GSC is that spectrosome migrates from basal to 

apical cortex positions as previously seen in DSas-4-mut GSCs (Yuan, Chiang et al. 2012, Bang 

and Cheng 2015).  In APC2-mut GSCs, however, the apical localization of spectrosome is not 

observed, which hints that PCM matrix/astral microtubules (in this case, lack thereof) may be 

responsible for the recruitment of spectrosomes to the apical cortex region instead of the APC2 

protein.  It is hypothesized that APC2 plays a regulatory role in controlling the centrosome 

orientation through binding of the centrosomal MT at the apical cortex (Inaba, Yuan et al. 2010).  

Moreover, we observed increased frequencies of apical and stationary spectrosomes in cnn-mut 

GSCs compared to wild type, which has high frequencies basal and mobile spectrosomes.  This 
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result is similar to the acentrosomal data (DSas-4-mut) previously reported, which suggest that 

the stationary and apically localized spectrosome may interact with the apical mitotic spindle 

pole and/or the apical cortex.  Furthermore, since it has been reported that the spectrosome itself 

physically anchors or provides components necessary to orient the spindle in female GSCs 

(Deng and Lin 1997), it may be likely that the spectrosome migration to the apical region and 

becoming immobilized would help align the spindle orientation. 

Interestingly, the centrosome misorientation is both significantly increased in both cnn-mut 

and APC2-mut GSCs compared to their respective controls (one way student t-test).  The 

centrosome orientation is important as centrosome positions prior to mitosis define the 

microtubule organizing center positions and subsequently the directionality of the spindle 

formation (Yamashita 2009, Tang and Marshall 2012, Inaba, Venkei et al. 2015).  In addition, 

the centrosome orientation is important for the checkpoint of the cell cycle progression, and it 

only allows the progression of mitosis when the centrosomes are oriented(Cheng, Turkel et al. 

2008).  As both cnn-mut and APC2-mut increase the centrosome misorientation, it is not 

surprising to see the mitotic duration time increase for both cnn-mut and APC2-mut GSCs as 

regulatory mechanisms delay the cell cycle progression until the precise orientation conditions 

are met.  These results reveal that the cnn and APC2 are important for timely divisions.  One 

perplexing finding is how the GSC number per testis for the APC2-mut is significantly larger 

than the control when the spindle misorientation is very low.  Normally, the increased GSC 

count per testis could be used to correlate increased incidence of spindle misorientation as higher 

frequencies of misorientation is expected to increase the probability of symmetric stem cell 

division.  In this case, it is possible other signaling mechanism may play a part in increasing the 

GSC number, such as the Wnt/β-catenin signaling pathway (Bienz and Clevers 2010) .  The cnn-
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mut on the other hand, had increased spindle misorientation correlated to higher GSC number per 

testis.   

Spectrosome orientation in fixed cnn-mut and APC2-mut GSCs were quantified using 

quantification criteria similar to the fixed DSas-4-mut results in the Yuan et al., 2012 manuscript.  

Covering all the ranges of the GSC cell cycle states, the cnn-mut differed from the control in 

every spectrosome localization category, which may indicate the spectrosome localization may 

depend on microtubule networks or lack thereof.  On the other hand, the APC2-mut spectrosome 

localizations were similar to the control except for the apical and ring canal localization category.  

This seems to indicate that the microtubule binding APC2 proteins do not play much role in 

recruitment of the spectrosome.  Our centrosome misorientation data (Fig. 15B) and previously 

reported data have shown that the centrosomes are significantly misoriented in both cnn-mut and 

APC2-mut GSCs (Yamashita, Jones et al. 2003, Inaba, Yuan et al. 2010).  Here we quantified 

further at which spectrosome localization category we observe the most misorientation.  In cnn-

mut GSCs, the centrosome misorientation difference was significant in the ring canal localization 

category.  Based on the previous evidence that (Bang and Cheng 2015) each spectrosome 

localization category belong to certain stages of the cell cycle (basal and apical categorization 

belong to the same stages of the cell cycle), the marked difference of centrosome misorientation 

in the ring canal category for the cnn-mut seem to suggest that the centrosomes are likely to 

freely migrate without robust microtubules during this stage of the cell cycle.  Alternative 

possibility is the lack of directional motor proteins that may be causing the misorientation in the 

cnn-mut.  For the basal localization category of the cnn-mut GSCs, the centrosome 

misorientation could not be compared statistically with the control due to the very small 

population size.  For the APC2-mut GSCs, the basal spectrosome localization category showed 
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the most marked centrosome misorientation difference compared to the control, which may be 

partly due to APC2 molecules not being able to properly secure the centrosome to the apical 

cortex region.  Alternatively, it may also be possible that the missing APC2 maybe altering the 

motor protein localization that may be altering centrosome localization. It has been shown that 

centrosome movement and positioning is regulated by motor proteins localized to the cortex such 

as cortical dynein and MT dynamics (Brodsky, Burakov et al. 2007, Wu, Misra et al. 2011, Laan, 

Pavin et al. 2012, Sitaram, Anderson et al. 2012).  Nevertheless, for both cnn-mut and APC2-mut 

GSCs, it is interesting to note that the centrosome misorientation is considerably higher when the 

spectrosome is localized to the apical region compared to the basal region.  Inversely observing 

the data, we may deduce that the spectrosomes may be recruited to the apical area when the 

centrosomes are misoriented for the mutants.   

Quantifying spectrosome migration dynamics via live imaging of cnn-mut and APC2-mut is 

an interesting topic because it is the first time that such topic was explored.  The spectrosome 

velocity histogram distribution of cnn-mut compared to the wild type shows significantly slower 

movement in velocity during interphase.  There maybe two possibilities for making the 

spectrosome movement slower: firstly, the spectrosome anchorage to the apical region of the 

GSCs in cnn-mut limits movement and may lower the overall spectrosome movement speed; or 

secondly, there may be overall shift in the transport dynamics due to the cnn mutation that in turn 

alter the spectrosome migration.  The membrane characteristics of spectrosome best describes 

endoplasmic reticulum (de Cuevas, Lilly et al. 1997).    Since the spectrosome has close 

similarity to the endoplasmic reticulum, it may be probable that its transport mechanism share 

similarity as well.  In the endoplasmic reticulum, the vesicles are transferred to the Golgi 

apparatus for further packaging and processing via network of microtubule and microtubule 



122 
 

motor proteins.  It has been previous reports that microtubule motor proteins such as kinesin, 

dynein, dynein-dynactin complex are involved in the transport process of the endoplasmic 

reticulum vesicles (Burkhardt 1998, Dorner, Ciossek et al. 1998, Palmer, Watson et al. 2005, 

Watson and Stephens 2005, Hirokawa, Noda et al. 2009, Lord, Ferro-Novick et al. 2013).  Most 

of the known kinesin motors move towards the plus end of microtubules and the dynein motors 

move toward the negative end of the microtubules (Ikuta, Kamisetty et al. 2014).  It would be 

interesting to see if both motors are involved in spectrosome movement and if same microtubule 

tracks can be used by both motor proteins.  No significant change in APC2-mut spectrosome 

average velocity seems to suggest that APC2 is not involved in regulating the overall dynamic 

movement of spectrosomes.  These results show interesting indirect/direct interplays of 

spectrosome to APC2 and cnn proteins. 

Centrosome dynamics of cnn-mut and APC2-mut GSCs are also intriguing part of the results 

that was not previously explored.  Firstly, the GSC-inherited centrosome velocity for the cnn-mut 

was significantly faster while APC2-mut was significantly slower than the wild type.  The faster 

cnn-mut centrosome velocity may be interpreted as the centrosome devoid of proper connections 

to the PCM matrix (Lucas and Raff 2007) or lack of robust microtubule surrounding the 

centrosome due to the cnn mutation may have caused affected over all GSC-inherited 

centrosome mobility.  Furthermore, the faster average GB-inherited cnn-mut centrosome velocity 

also seems to indicate that the cnn mutation also affects the GB-inherited centrosomes similarly 

to the GSC-inherited centrosomes.  On the other hand, the slower APC2-mut GSC-inherited 

centrosome velocity may be an effect of another unexplored fail-safe mechanism, affecting the 

centrosome movement in the absence of APC2.  It is interesting to note that APC2-mut GB-

inherited centrosome velocity is not much different than the wild type while the GSC-inherited 
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centrosome velocity is significantly different than the wild type, which raises the question if the 

GB-inherited centrosome recognition maybe regional to where the APC2 proteins localize 

(mainly to the hub-GSC interface).  Here, it is be possible that APC2 knockout may be affecting 

the motor proteins located near the cortex of the GSCs.  In addition, in APC2-mut GSCs, the 

GSC-inherited centrosomes were significantly closer to the hub-GSC interface than the wild 

type.  There is no clear biological meaning that we can infer from this result but we may 

speculate that perhaps a compensation mechanism is drawing the centrosomes closer to the hub-

GSC interface.  Moreover, we can observe that the GB-inherited centrosome distance for cnn-

mut and APC2-mut GSCs were significantly farther out from the huh-GSC interface when 

compared to the wild type.  Biologically, we may infer from this result that change in the GSC 

cell shape or size may have occurred as reported previously (Yamashita, Jones et al. 2003). 

Although spindle dynamics through live imaging have been reported previously by many 

groups on various number of stem cell types (Siller, Serr et al. 2005, Basto, Lau et al. 2006, Dix 

and Raff 2007, Lucas and Raff 2007, Siller and Doe 2008), we have examined previously 

undiscovered aspects of the spindle angle and the spindle angular velocity in APC2-mut and cnn-

mut GSCs.  The spindle angle for the cnn-mut is significantly different than the wild type.  This 

data includes additional spindle angle data from pro-metaphase to telophase than compared to 

the anaphase angle measurement discussed in Fig. 15A.    We can observe from the data that the 

cnn-mut GSC spindle angle is also misoriented in other stages of the mitosis as in Anaphase.  

Other intriguing finding is the spindle angular velocity.  We can observe from the spindle angular 

velocity data that the average APC2-mut GSC is slower than the wild type.  Although spindle 

misorientation has been reported previously in several stem cell types (Yamashita, Jones et al. 

2003, Siller and Doe 2008, Inaba, Yuan et al. 2010), the spindle angular velocity has largely not 
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been explored previously.  The reduced APC2-mut spindle angular velocity may be caused by 

alteration of apically localized motor proteins and complexes impacted by missing APC2.  There 

are few known regulators of spindle orientation and spindle movement, including Lis-1/dynactin, 

dynein/dynactin, and Kip3p kinesin/Kar9p (Miller and Rose 1998, Lee, Tirnauer et al. 2000, 

Siller, Serr et al. 2005, Siller and Doe 2008).   Elucidating how the APC2 interact with these 

regulators would be most useful.  Alternatively, there may be a competing mechanism that is 

causing the stabilization of the spindle movement at the cortex.  There is one such protein shown 

to stabilize the microtubules at the cell cortex that associates with APC2.  Known as disheveled 

(Dvl), about ~70kDa protein, it acts as a key component in the wingless signaling pathway; 

interacts with, Frizzled, Axin, Plk1, among others; and regulates β-catenin accumulation level 

(Yanagawa, van Leeuwen et al. 1995, Habas and Dawid 2005, Wallingford and Habas 2005, Gao 

and Chen 2010, Kikuchi, Niikura et al. 2010).  The Dvl has been implicated in asymmetric cell 

division in early embryos (Walston, Tuskey et al. 2004).  In previous studies, it has been shown 

that cortical localization of Dvl accentuates disassembly of complexes containing APC, Axin, 

and β-catenin; controls spindle orientation and alignment within the wingless pathway; and 

stabilize the microtubules (Ciani, Krylova et al. 2004).  So, when the APC2 is knocked out, it 

may shift the dynamics Dvl and influence the spindle alignment and orientation.   

In summary, we characterized the effects the cnn-mut and APC2-mut have on the 

interplay of centrosome and spectrosome as well as the asymmetric stem cell division in 

Drosophila GSCs.  Firstly, the cnn-mut similarly recruited spectrosomes to the apical cortex as 

observed previously in acentrosomal (DSas-4-mut) GSCs.  It was previously hypothesized that 

the apically positioned spectrosome would properly orient the spindles when the centrosome is 

compromised (Yuan, Chiang et al. 2012, Bang and Cheng 2015).   By comparing the cnn-mut 
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and DSas-4-mut, we gained further understanding that the intact PCM/astral microtubule, as 

compared to centrioles alone, plays important roles in maintaining the centrosome orientation, 

spindle orientation, and the maintenance of the GSC number.  Contrary to the Cnn-mut, the 

APC2-mut did not change the spindle orientation or the apical spectrosome localization, but 

altered the centrosome orientation and homeostasis of the GSCs slightly.  These results suggest 

that the APC2 do not associate with spectrosomes but affect the centrosome orientation during 

interphase.  The APC2 protein was previously proposed to function as a microtubule binding 

protein to regulate the centrosome orientation, and ultimately regulate the outcome of the 

asymmetric stem cell division (Yamashita, Jones et al. 2003, Inaba, Yuan et al. 2010).  

Intriguingly, the lack of microtubule binding APC2 proteins produced increased frequency of 

misoriented centrosomes, however produced correctly oriented spindles, which may be caused 

by a possible competing mechanism that would regulate the spindle orientations.  Contrary to the 

GSCs, on different cell types, the APC2-mut caused spindle misorientation (Caldwell, Green et 

al. 2007, Fleming, Zajac et al. 2007, Quyn, Appleton et al. 2010).  Despite no general defect in 

the spindle orientation, APC2-mut GSCs exhibited dynamical differences such as slower 

centrosome velocity and slower spindle angular velocity.   
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V. CONCLUSIONS 

 

A. Key findings 

 

(Parts of this chapter were previously published as Bang, C. and J. Cheng (2015). "Dynamic 

Interplay of Spectrosome and Centrosome Organelles in Asymmetric Stem Cell Divisions." 

PLoS ONE 10(4): e0123294.) 

 

 This study was conducted to elucidate regulatory mechanisms of asymmetric stem cell 

division in male GSCs.  To better understand the regulation of asymmetric stem cell divisions, 

movement pattern of centrosome and spectrosome, spindle orientations, and spindle dynamics 

were quantified under APC2, cnn, DSas-4, and hts mutant background conditions.  It was 

hypothesized that the spectrosome plays a complimentary role in regulating the spindle 

orientation when the centrosome are compromised in male GSCs.  The cnn and APC2 mutant 

conditions were designed to answer whether changes in the spectrosome positions were caused 

by the improper attachment of PCM/Astral MT to the cortex of the GSCs due to missing APC2 

or simply caused by the absence of fully functional PCM/Astral MT.  In addition, the MARCM 

experiment was designed to double knock out centrosomes and spectrosomes to show that 

spectrosome has a fail-safe role in orienting the spindle when the centrosome is compromised in 

male GSCs.   

 The expected result of the MARCM study in the male GSCs was to observe randomly 

oriented spindles when both centrosomes and spectrosomes are knocked out, which would show 

that spectrosomes have complementary roles in orienting the spindle when the centrosomes are 



127 
 

compromised.  Unfortunately, due to reduced mitotic activity, MARCM results could not be 

obtained directly to show the spectrosomes’ fail-safe function.  However, several clues have 

been found which suggest that the spectrosomes play a role in orienting the spindle when 

centrosomes or PCM/Astral MTs are compromised, giving rise to the asymmetric stem cell 

division outcome.  Important key findings (clues) are shown: 

 Majority of spectrosome localization in DSas-4-mut (centrosome knockout) male GSCs 

changed from the basal to the apical side.  In previous studies, it is in the apical location 

the spectrosomes have been observed to anchor the mitotic spindle poles to the apical 

cortices to orient the spindles in female GSCs.   

 Majority of apically localized spectrosomes in DSas-4-mut (centrosome knockout) male 

GSCs became stationary.  This result shows that the spectrosome is anchored to the 

apical region of the GSCs.  This evidence suggests that the spectrosomes maybe 

anchoring the mitotic spindle poles to the apical cortices to orient the spindles. 

 Spectrosome knockout study reveals that in male GSCs, the centrosome orientation, 

spindle orientation, mitosis duration, and stem cell numbers remain unchanged.  These 

results show that in the presence of centrosomes, the role of spectrosome appear rather 

dispensable. 

  Dynamically, however, the centrosome distance to the hub-GSC interphase and the 

centrosome velocities have changed significantly when spectrosome was knocked out.  

This shows that even though the role of spectrosome may not appear important when the 

centrosomes are present, there exist communication between the spectrosome and 

centrosomes.  
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 When cnn was knocked out, majority of spectrosome localization changed from the basal 

to the apical side in male GSCs, similar to when the centrosomes were knocked out via 

DSas-4 mutation.  This shows that disruption of the PCM/Astral MT recruits the 

spectrosome to the apical region of the GSCs.  

 In fixed GSCs, the localization of spectrosome throughout the whole cell cycle was 

drastically different in the cnn-mut than the wild type, which suggests that the cnn is 

important for the spectrosome localizations. 

 When APC2 was knocked out, the spectrosomes were mainly localized to the basal side 

similar to the wild type GSCs.  This shows that the improper attachment of the 

PCM/Astral MT to the apical cortex due to missing APC2 does not recruit the 

spectrosome to the apical area. 

 In fixed GSCs, the localization of spectrosome throughout the whole cell cycle was 

unchanged in the APC2-mut compare to the wild type, which suggests that the APC2 is 

not important for the spectrosome localizations. 

 

B. Application/Translation 

 Asymmetric stem cell division is important for maintaining tissue homeostasis and needs 

intricate positioning within the stem cell niche and internal cellular machinery mechanisms to 

achieve asymmetry.  There are currently many different stem cell types that are known to go 

through asymmetric stem cell divisions, including:  mouse and Drosophila neuronal stem cells, 

mammalian intestinal stem cells, mammalian skin stem cells, mammalian satellite cells, and 

mammalian lymphocytes.  The resident stem cells communicate to the nearby cells through cell-

cell signaling (e.g. adherent junction and paracrine signaling) and regulate the asymmetrical stem 



129 
 

cell division outcome by localizing polarity proteins and orienting mitotic spindles.  Although 

our current knowledge on stem cell division maybe far from complete, there exist striking 

resemblances between the Drosophila and mammalian systems, which suggest that asymmetric 

stem cell division is a well conserved evolutionary process.  The knowledge gained from both 

the external cues and the internal cellular regulations of the GSCs may be used to serve as a 

model for the mammalian stem cells that have polarity guiding stem cell niche and divide 

asymmetrically.  In addition, the knowledge gained from the studies may be used for potential 

tissue engineering application or new cancer therapies via manipulating stem cell self-renewal or 

differentiation fates.   

 The current study investigated regulatory functions of APC2, cnn, spectrosomes, and 

centrosomes on asymmetric stem cell divisions, which are all part of the internal cellular 

machinery in the GSCs.  The cnn and centrosomes are involved in the mitotic spindle orientation 

and assembly of mitotic spindles, PCM, and astral MT.  Currently, full understanding of 

centrosome orientation, centrosome movement, and spindle orientation regulations are far from 

complete, and the results gained from the investigations would be useful in manipulating 

centrosome movement and placement.  The APC2 and spectrosomes are hypothesized to be 

involved in the attachment of centrosome microtubules and mitotic spindle pole to the apical 

cortices of the GSCs to regulate spindle orientation.  In general, the attachment and interaction of 

mitotic spindle poles to the apical cortices of the GSCs is spindle poles is not fully understood.  

The investigation results will most likely be useful in manipulating attachment of centrosomes 

and spindle poles to the apical cortices.  One caveat of using GSCs as a model system for other 

mammalian stem cell types is that the spectrosomes exist uniquely in Drosophila GSCs with an 

exception of mammalian lymph stem cells, where usage would still suffice.  Although the 
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translational knowledge of spectrosome to other stem cell system may be somewhat limited, 

spectrosomes still contain many homologous proteins found on other mammal stem cells.  The 

spectrosome results would be useful to broader range of stem cell types once the link between 

the asymmetric stem cell divisions to the spectrosome components have been found.  

 The dynamics results such as centrosome velocity and angular spindle velocity can be 

useful for gaining insights on how the APC2, hts, and non-functional centrosomes (cnn-mut) 

interact with mediators such as motor proteins and microtubules.  Centrosome movement and 

spindle angular movements are results of microtubule dynamics and motor protein interactions 

occurring inside the cells (Tsai, Bremner et al. 2007, Smith, Hégarat et al. 2011, Collins, 

Balchand et al. 2012, Kotak, Busso et al. 2012, Raaijmakers, van Heesbeen et al. 2012, Longoria 

and Shubeita 2013, McNally 2013).   

 There are various microtubule motor proteins involved in the centrosome movement, and 

their effects differ in different the stage of the cell cycle (Smith, Hégarat et al. 2011, Raaijmakers, 

van Heesbeen et al. 2012).  The microtubule motor proteins involved in the centrosome 

separation include nuclear envelope-associated dynein (NE-dynein), motor protein kinesin-5 

(Eg5), and polo-like kinase 1 (Plk1).  The Eg5 is mainly activated by the cyclin-dependent 

kinase 1 and 2, (cdk1 and 2) and moves the centrosomes quickly.  On the other hand, the Plk1 

triggers the centrosome movement at a very slow rate independent of cdk1 (Smith, Hégarat et al. 

2011).  However, the Plk1 can trigger fast centrosome movement when the interphase 

microtubules destabilize.  In chicken DT40 cells, when both Eg5 and Plk1 are active, the average 

centrosome velocity is 1.1µm/min and Eg5 alone is 0.5 µm/min.  Normal GSC centrosome 

velocity during interphase is around 0.5 µm/min.  In addition, the NE-dynein motor has been 

shown to mobilize centrosome around prophase in conjunction with Eg5.  Although the activity 
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of NE-dynein is not required but its role become more evident as Eg5 activity is inhibited 

(Raaijmakers, van Heesbeen et al. 2012).  On another study, it was shown that dynein also plays 

an important role in centrosome mobilization.  Using rat neuronal cells, the centrosome 

movements were measured with and without lissencephalygene (Lis1), a regulator that inhibits 

dynein activity.  When Lis1 was present, centrosome velocity decreased to almost 0 µm/min 0.21 

µm/min (control) (Tsai, Bremner et al. 2007).  Through there are differences in average 

centrosome velocities from one cell type to the other, trends can be compared to gain insights 

into how the motor proteins interact with the regulatory proteins/organelles (APC2, hts, non-

functional centrosomes). 

 Spindle dynamics is an important event that occurs during cellular division.  Particularly, 

the spindle positioning and correction determines the spindle orientation, which in turn controls 

the asymmetrical stem cell division outcome.  It’s been shown that cortical dynein and dynactin 

complex plays an important role in positioning of mitotic spindles (Collins, Balchand et al. 2012, 

Kotak, Busso et al. 2012, McNally 2013).  The dynein and dynactin has been shown to localize 

to the membrane in patches beginning from the metaphase (Collins, Balchand et al. 2012, 

Kiyomitsu and Cheeseman 2012), localize further during anaphase, and delocalize back during 

telophase (Collins, Balchand et al. 2012).  It has been postulated that the astral microtubules 

extend to the cortical dynein and position the mitotic spindle.  Therefore, depending on the 

localization of the cortical dynein, the mitotic spindle orientation can be corrected (Collins, 

Balchand et al. 2012).  Furthermore, it has been directly shown that the spindle oscillations are 

dynein dependent and disruptions of the dynein activity (Kotak, Busso et al. 2012).  The change 

in APC2-mut angular spindle velocity can perhaps be used to gain insight into how the cortical 

dynein and dynein-dynactin complex are affected.   
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C. Future directions 

 1. Ultra-fast laser microsurgery study 

 Traditional way of producing the double knockouts of centrosomes and spectrosomes 

yielded no surviving progeny.  It is interesting to note that single knockouts survived, but both 

knockouts did not survive.  This hints that the presences of both organelles are essential for the 

development and survival of the organism.   Furthermore, the double knockouts/knockdown of 

centrosomes and spectrosomes using the MARCM and RNAi (preliminary results not shown) 

methods have also failed.  This suggests that there is a need for different knockout methods aside 

from genetic methods.  A structural knock-out method using ultra-fast laser microsurgery is an 

option to implement the double knockouts of centrosomes and spectrosomes.  In previous studies, 

centrosome ablations on mammalian cells had mixed results; one study showed that centrosome 

ablated cells went through mitosis successfully while other study showed strange numerous de-

novo centrosome formations over a 24 hour period.  Currently, we can utilize the ultra-fast laser 

microsurgery to successfully ablate centrosomes and spectrosomes (see preliminary result Fig. 

21) in the male GSCs, however, long term affects study have not yet been performed.  For the 

next sets of experiments, we can ablate centrosomes on an hts-mut background or ablate 

spectrosomes on a DSas4-mut background and record the spindle orientation using time-lapse 

live-cell imaging.  Perhaps using the structural knockout method may be able to discover 

regulative roles of spectrosome on asymmetric stem cell division. 

  

 2. Aging Study 

 Aging deteriorates the intricate balance of tissue homeostasis.  Previous studies have 

shown that aging decreases the stem cell numbers and increases misorientation of centrosomes.  
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However, despite of the centrosome misorientation, the spindles remain oriented.  It is uncertain 

whether the spectrosome may be involved in the spindle orientation process during aging.  A 

spectrosome migration study can be conducted in the GSCs to observe possible migration pattern 

changes similar to the DSas4-mut and Cnn-mut studies during aging.  A link between aging and 

spectrosome migration pattern changes would bring one step closer to understanding how 

mechanistically aging affect asymmetric stem cell divisions and how the stem cells respond to 

such changes. 
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Hub  

Before 

Hub  

After 

 
Figure 21: Preliminary result of spectrosome and centrosome ablation in a male 
Drosophila GSC via ultrafast laser microsurgery. Successful ablation of centrosomes 
(shown by Sas6-mch) and a spectrosome (shown by shAdd-GFP) via ultrafast laser 
microsurgery can be visualized by comparing the before and after images. The formation 
of cloudy halo around the region where the centrosome used to be suggests that the 
centrosome was successfully disintegrated by the laser ablation. Yellow lightening: laser 
targeted centrosome. White lightening: laser targeted spectrosome.  Yellow dashed-line: 
GSC.  White dashed-line: hub cells. 
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