
 

 1 

 
 

Elucidating Novel Regulators of 
Cytokinesis 

 
 
 

 
 
 
 

Dissertation der Fakultät für Biologie 

der Ludwig‐Maximilians‐Universität München  
 
 
 
 

Sriyash Mangal 
Delhi, 2019   

Sriyash Mangal




 

 2 

 

 

 

Diese Dissertation wurde angefertigt 

unter der Leitung von 

 Dr. Esther Zanin 

 im Bereich von  

Fakultät für Biologie, Biozentrum  

an der Ludwig‐Maximilians‐Universität München 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Erstgutachter: Dr. Esther Zanin 

Zweitgutachter: Prof. Christof Osman 

Tag der Abgabe: 10.12.2019 

Tag der mündlichen Prüfung: 05.06.2020 

 
  

Sriyash Mangal




 

 3 

 

 

Erklärung  

Ich versichere hiermit an Eides statt, dass meine Dissertation selbständig und ohne unerlaubte 

Hilfsmittel angefertigt worden ist. Die vorliegende Dissertation wurde weder ganz, noch 

teilweise bei einer anderen Prüfungskommission vorgelegt. Ich habe noch zu keinem 

früheren Zeitpunkt versucht, eine Dissertation einzureichen oder an einer Doktorprüfung 

teilzunehmen.  

 

__________________________ 

Delhi, den 10 Dezember 2019 

Sriyash Mangal  

 

Declaration 
I hereby declare that the research presented in this thesis was carried out by me and 

contributions of other people have been duly acknowledged within the text. The thesis has 

not been submitted or presented to any other examination board, either as a whole or in parts. 

The research described here has not been published except from that mentioned in the section 

“Publications originating from this thesis”. 

 

 

_____________________________ 

Delhi, 10th December 2019 

Sriyash Mangal 

  

Sriyash Mangal




 

 3 

 

 

Publications originating from this thesis  
Mangal, S., Sacher, J., Kim, T., Osório, D.S., Motegi, F., Carvalho, A.X., Oegema, K., and 
Zanin, E. (2018). TPXL-1 activates Aurora A to clear contractile ring components from the 
polar cortex during cytokinesis. The Journal of Cell Biology 217, 837–848. 

Mangal, S., Zielich, J., Lambie, EJ., Zanin E. (2018). Rapamycin-induced protein 
dimerization as a tool for C. elegans research. microPublication Biology. 
https://doi.org/10.17912/W2BH3H. 

Zeilich, J., Mangal, S., Zanin, E., Lambie, EJ. (2018). Establishment of a CRISPR/Cas9-
based strategy for inducible protein dimerization. microPublication Biology. 
10.17912/W2208R  

Sriyash Mangal




 

 5 

 
 

Acknowledgements 
I would like to thank my supervisor Dr. Esther Zanin for giving me the opportunity to work 

in her lab and sharing her wisdom, insight and expertise with me. Further, I want to thank my 

collaborators Dr. Marc Bickle, Dr. Martin Stoeter, and Cordula Andree for their contributions 

in conducting RNAi screen. Special thanks to Prof. Barbara Conradt for sharing her lab space 

and equipment and Thesis Advisory Committee members Prof. Marc Bramkamp, PD Dr. 

Annette Müller-Taubenberger, Dr. Marc Bickle for their insights and feedback.  

 

I would like to thank my colleagues Jennifer, Fabian, Hai, Laura, Ryan, Anna, and Jeffrey for 

their valuable inputs, help and cooperation. Special thanks to my family for their patience and 

support. 

 

  

Sriyash Mangal




 

 6 

 

 

Contents 
LIST OF FIGURES            9 

LIST OF TABLES          11 

ABBREVIATIONS          12 

ABSTRACT           16 

1. INTRODUCTION           18                  

1.1 Cytokinesis in animal cells       18 

1.2 RhoA directs contractile ring assembly      20 

1.3 Mitotic spindle positions the contractile ring     21 

1.4 Precise regulation of active RhoA flux is critical for cortical  

patterning during anaphase        23 

1.5 Spindle midzone promotes the accumulation of contractile ring proteins 25 

1.6 Astral microtubules confine contractile ring proteins to the cell equator  26 

1.7 Contractile ring ingression and abscission     28 

1.8 Gaps in current understanding of cytokinesis     30 

2. AIM             32 

3. MATERIALS AND METHODS        33   

3.1 Screening Methodology for high-content screen in HeLa cells   33 

3.1.1 Transfection of siRNAs       33 

3.1.2 Cell cycle synchronization and Fixation    34 

3.1.3 Drug Treatments       34 

3.2 Cell Culture Techniques        34 

3.2.1 Maintenance and freezing of HeLa cell lines     34 

3.2.2 siRNA transfection and drug treatments    34 

3.2.3 Generation of stable cell lines      35 

3.2.4 Immunofluorescence        35 

3.2.5 Image Quantification       36 

a. Cortical localization of anillin and myosin    36           

b. Spindle midzone length      36 

c. Fluorescence intensity of pH3 and pLATS2   37  

 

Sriyash Mangal




 

 7 

3.3 C. elegans Techniques         37 

3.3.1 Maintenance and freezing worm strains    37   

3.3.2 Generation of strains by MosSCI     37 

3.3.3 dsRNA production, RNAi and Lethality assay    38 

3.3.4 Immunofluorescence        38 

3.3.5 Image Quantification       38 

a. Cortical localization of anillin and NMY-2    38 

b. Microtubule dynamics      39 

3.4 Transgene Construction        39 

 3.4.1 Amplification of DNA by Polymerase Chain Reaction (PCR)  40 

3.4.2 Purification of PCR products      43 

3.4.3 Gibson assembly       43 

3.4.4 Transformation of chemical competent E. coli DH5α   43 

3.4.5 DNA purification from bacterial colonies    43 

3.4.6 DNA sequencing to identify positive clones    44 

3.4.7 DNA purifications by commercial kits     44 

3.5 Immunoblotting         44 

3.6 Fluorescence Microscopy        45 

3.7 Generation of Antibodies        45 

3.8 Statistical Analysis        48 

3.9 Data analysis with Knime        48 

4. RESULTS           57   

4.1 RNAi Screen to discover novel regulators of cytokinesis   57 

4.1.1 Establishing screening methodology     57 

4.1.2 Controls for the RNAi screen      60 

 4.1.2.1 Reduced anillin accumulation at cell equator   60 

 4.1.2.2 Increased anillin accumulation at cell poles   60 

4.1.3 Performing the primary screen      63 

4.1.4 Performing the secondary screen     70 

4.1.5 Brief introduction of the candidates genes    84 

4.1.6 PKN2 prevents anillin accumulation at the cell poles   86 

4.1.7 Septin 7 promotes anillin recruitment at the cell equator  96 

4.2 Aurora A inhibits anillin localization on the polar cortex during cytokinesis  

in C. elegans one-cell embryos and HeLa cells     102 

4.2.1 TPXL-1 clears the contractile ring protein anillin and f-actin from  

Sriyash Mangal




 

 8 

the polar cortex independent of its function in regulating spindle length 102 

4.2.2 TPXL-1 localizes to astral microtubules but is dispensable for  

their growth and nucleation       105 

4.2.3 Aurora A activation by TPXL-1 is required for polar clearing  108 

4.2.4 Aurora A inhibits anillin localization at cell poles in human cells 113 

4.3 Rapamycin-induced protein dimerization in C. elegans    118 

5. DISCUSSION AND OUTLOOK                   122   

5.1 RNAi Screen to identify regulators of inhibitory and stimulatory  

signaling pathways of cytokinesis       123 

5.2 PKN2 inhibits anillin accumulation at the cell poles    131 

5.3 Septin 7 promotes anillin localization at the cell equator    135 

5.4 Aurora A inhibits anillin localization at cell poles    139   

5.5 Summary          143 

REFERENCES                     144 

APPENDIX           160 

 

 

 

 

                  

 

 

 

 

  

Sriyash Mangal




 

 9 

 

 

List of Figures 
Figure 1: Schematic representation of cytokinesis in animal cells.    19 
Figure 2: Cell signalling during cytokinesis.       21 
Figure 3: Models showing how mitotic spindle positions the cleavage furrow  
during cytokinesis.          22 
Figure 4: Flux of RhoA through the GTPase cycle is crucial for cortical  
patterning in anaphase.         24 
Figure 5: Microtubule asters confine contractile signals to the cell equator.   28 
Figure 6: Major gaps in the current understanding of cytokinesis.    30 
Figure 7: Purification of anti-anillin polycolonal antibodies from serum  
of immunized rabbits.          46 
Figure 8: Purification of anti-MP-GAP polycolonal antibodies from serum  
of immunized rabbits.          47 
Figure 9: Characterization of anillin::GFP cell line and experimental workflow 
for the RNAi screen.          59 
Figure 10: Quantification of cortical anillin::GFP in controls for the screen.  62 
Figure 11: Comparison of MP-GAP knockdown efficiency with two different  
siRNA transfection methodoligies.        63 
Figure 12: Workflow of the RNAi screen.       65 
Figure 13: Summary of candidates identified in the primary.    70 
Figure 14: Summary of outcome of the secondary screen.     71 
Figure 15: Example images of candidate genes having increased anillin::GFP  
localization at cell poles.         72 
Figure 16: Example images of candidate genes having decreased anillin::GFP  
localization at cell equator.         74 
Figure 17: Example images of candidate genes having increased anillin::GFP  
localization at cell equator.         75 
Figure 18: Quantification of anillin zone width and spindle midzone length.  78 
Figure 19: PKN2 inhibits localization of anillin-GFP at the polar cortex in HeLa cells. 87 
Figure 20: RNAi resistant NG::PKN2 rescues the phenotype of PKN2 depletion 
in HeLa cells.            88 
Figure 21: PKN2 depletion does not alter furrow ingression dynamics in HeLa cells. 90 
Figure 22: PKN2 inhibits equatorial accumulation of RhoA and phosphorylated  
myosin in HeLa cells.          92 
Figure 23: PKN2 is required for stable expression of anillin in HeLa cells.   93 
Figure 24: PKN-1 inhibits anillin accumulation at the polar cortex in first cell  
division of C. elegans embryos.        95 
Figure 25: Septin 7 is required for localization of anillin::GFP at the equatorial  
cortex in HeLa cells.          97 
 

Sriyash Mangal




 

 10 

Figure 26: RNAi resistant SEPT7::NG rescues the phenotype of Septin 7  
depletion in HeLa cells.         99 
Figure 27: C. elegans septins UNC-59 and UNC-61 promote anillin  
accumulation at the cell cortex during first cell division.     101 
Figure 28: Anaphase spindle regulates the assembly of contractile ring.   102 
Figure 29: TPXL-1 is required for polar clearing of anillin in C. elegans  
one-cell embryos.          103 
Figure 30: TPXL-1 is required for polar clearing of f-actin in C. elegans 
one-cell embryos.          104 
Figure 31: TPXL-1 is not required for nucleation and growth of astral  
microtubules in C. elegans one-cell embryos.      107 
Figure 32: Anillin is actively cleared from polar cortex after anaphase onset  
in myosin depleted rga-3/4(RNAi) embryos.       108 
Figure 33: Endogenous and GFP-tagged AuroraAAIR-1 localizes to astral  
microtubule during anaphase in TPXL-1 dependent manner.    109 
Figure 34: Aurora A activation by TPXL-1 is required for polar clearing  
of anillin in C. elegans one-cell embryos.       110 
Figure 35: Model for Aurora A mediated clearing of contractile ring proteins 
from polar cortex.          110 
Figure 36: Ectopic accumulation of Aurora AAIR-1 on the cell cortex inhibits  
anillin localization.          112 
Figure 37: Establishing conditions for selective Aurora A inhibition in HeLa cells.  114 
Figure 38: Aurora A restricts anillin accumulation to a narrow zone at the cell  
equator in HeLa cells.          116 
Figure 39: Aurora A inhibition results in accumulation of endogenous anillin  
on the polar cell cortex in HeLa cells.       117 
Figure 40. Rapamycin mediated dimerization of cytosolic mCherry::FKBP12 and 
FRB::GFP::PH at the plasma membrane in C. elegans gonad and early embryos.  120 
Figure 41: Analysis of reproducibility between primary and secondary screen.  126 
Figure 42: Preliminary model for role of PKN2 in cytokinesis signalling.   135 
Figure 43: Preliminary model for role of Sept7 in cytokinesis signalling.   139 
  



 

 11 

 

 

List of Tables 
Table 1: Chemical composition of each PCR reaction     40 
Table 2: Thermo-cycler temperature settings       41 
Table 3: List of DNA primers (synthesized by Eurofins) and their annealing temperature 41 
Table 4: Sample preparation for DNA sequencing      44 
Table 5: HeLa cell lines         48 
Table 6: C. elegans strains          49 
Table 7: Bacterial strains used from laboratory stock      50 
Table 8: siRNAs to knockdown gene expression      50 
Table 9: Primers for dsRNA production for C. elegans     50 
Table 10: Plasmids          51 
Table 11: Antibodies          52 
Table 12: Reagents          53 
Table 13: Kits to generate and purify dsRNA      53 
Table 14: Buffers and Solutions        54 
Table 15: Microscopes         56 
Table 16: Cell count of some mitotic regulators in the primary screen    68 
Table 17: Candidates confirmed in the secondary screen having significantly  
different anillin::GFP intensity at the cell poles      73 
Table 18: Candidates confirmed in the secondary screen having significantly 
different anillin::GFP intensity at the cell equator      76 
Table 22: List of candidate genes showing multinucleation upon knockdown  77 
Table 19: Zone width of anillin::GFP at cell equator during anaphase measured  
for 21 candidates in primary and secondary screen      80 
Table 20: Length of spindle midzone for for 21 candidates in primary and  
secondary screen          81 
Table 21: Perimeter of anaphase cells for 21 candidates in primary and  
secondary screen          82 
Table 23: Anillin::GFP intensity at the cell equator in cells depleted of different  
septin family members was measured on images of the primary screen.   96 
 

 

 

  



 

 12 

 

 

Abbreviations 

General abbreviations  

SAC    Spindle assembly checkpoint 

GAP   GTPase activating protein 

GEF   Guanine Nucleotide Exchange Factor 

GTP   Guanine tri-phosphate 

GDP   Guanine di-phosphate 

PBS   Poly-basic sequence 

PH domain  Pleckstrin homology domain 

RNAi   RNAi interference 

siRNA   Short interfering RNA 

RNA   Ribonucleic acid 

HeLa   Cancer cell line from Henrietta Lacks 

DMEM  Dulbecco’s modified Eagle’s medium 

AZD   Aurora B inhibitor AZD1152-HQPA 

MK5108  Aurora A inhibitor 

DMSO   Dimethylsulfoxide 

GFP   Green fluorescent protein 

HCL   Hydrochloric acid 

UV   Ultraviolet 

TCA   Trichloroacetic acid 

BSA   Bovine serum albumin 

PBS   Phosphate buffer saline 

DNA   Deoxyribonucleic acid 

MosSCI  Mos1-mediated single-copy insertion 

NEBD   Nuclear envelope breakdown 

MTs   Microtubules 

PCR   Polymerase chain reaction 

FACS   Fluorescence activated cell sorting 

GPCRs  G-protein coupled receptors 



 

 13 

BSA   Bovine serum albumin 

Da   Dalton 

DIC   Differential interphase contrast microscopy 

C. elegans  Caenorhabditis elegans 

D. melanogaster Drosophila melanogaster 

E. coli   Escherichia coli 

S. cerevisae  Sacharomyces cerevisae 

X. laevis  Xenopus laevis 

µl   Microlitre 

ml   Millilitre 

min   minutes 

s   seconds 

PAGE   Polyacrylamide gel electrophoresis 

PBS (buffer)  Phosphate buffer saline  

SDS   Sodium dodecyl sulphate 

UTR   Untranslated region 

WT   Wild type  

Gene abbreviations  

Gene Symbol  Gene Name      Species 

ect-2   epithelial cell transforming 2    H. sapiens 

RhoA   ras homolog family member A   H. sapiens 

MgcRacGAP   Rac GTPase-Activating Protein   H. sapiens 

Cyk-4   Cytokinesis defect 4     C. elegans 

MKLP1 or KIF23  Mitotic Kinesin Like Protein 1   H. sapiens 

Rac   Rac family small GTPase     H. sapiens 

RhoB   ras homolog family member B   H. sapiens  

RhoC   ras homolog family member C   H. sapiens 

ROCK   Rho kinase      H. sapiens 

MYPT   Myosin phosphate     H. sapiens 

CPC   Chromosomal passenger complex   H. sapiens 

INCENP  Inner centromere protein    H. sapiens 

MP-GAP  Mitotic phase GTPase activating protein  H. sapiens 

rga-3   Rho GTPase activating protein 3   C. elegans 



 

 14 

rga-4   Rho GTPase activating protein 4   C. elegans 

PRC1   Protein regulator of cytokinesis 1   H. sapiens 

KIF4    Kinesin family member 4A    H. sapiens 

PLK1   Polo like kinase 1     H. sapiens 

PP1    Protein phosphatase 1     H. sapiens 

CENP-E   Centromere protein E     H. sapiens 

ESCRT-III   Endosomal Sorting Complex Required   H. sapiens 

for Transport III 

Sept7   Septin 7      H. sapiens 

PKN2   Protein Kinase N2     H. sapiens 

NuMA   Nuclear mitotic apparatus    H. sapiens 

FRB   FKBP12-rapamycin binding    H. sapiens 

FKBP-12  FK506 binding protein    H. sapiens 

BUB1B  Budding Uninhibited By Benzimidazoles 1B  H. sapiens 

PLK4   Polo like kinase 4     H. sapiens 

AURKA  Aurora A kinase     H. sapiens 

AURKB  Aurora B kinase     H. sapiens 

air-1   Aurora A kinase     C. elegans 

Eg5/KIF11  Kinesin family member 11    H. sapiens 

KIF2A   Kinesin family member 2A    H. sapiens 

KIF18A  Kinesin family member 18A    H. sapiens 

CKS2   CDC28 protein kinase regulatory subunit 2  H. sapiens 

CRHR2  corticotropin releasing hormone receptor 2  H. sapiens 

EIF3H   eukaryotic translation initiation factor 3H  H. sapiens 

POLE3   DNA polymerase epsilon 3    H. sapiens 

PTBP1   polypyrimidine tract binding protein 1  H. sapiens 

DDX6   DEAD box helicase 6     H. sapiens 

DGKG   diacylglycerol kinase gamma    H. sapiens 

ETFA   electron-transfer-flavoprotein A   H. sapiens 

FOXC1  forkhead box C1     H. sapiens 

IHH   indian hedgehog     H. sapiens 

PPP2CB  protein phosphatase 2, catalytic subunit beta   H. sapiens 

PPP4C   protein phosphatase 4, catalytic subunit  H. sapiens 

PRSS38  Serine protease 38     H. sapiens 

SLC18A2  solute carrier family 18 member 2   H. sapiens 



 

 15 

TCEA1   transcription elongation factor A1   H. sapiens  

UBE2L3  Ubiquitin-conjugating enzyme E2L 3   H. sapiens 

TPXL-1  Targeting protein for Xenopus Klp2-like  C. elegans 

NMY-2   Non-muscle myosin II     C. elegans  

HCP-4   CENPC like protein 4     C. elegans 

mTOR   Mammalian target of rapamycin   H. sapiens 

 
  



 

 16 

 
 

 
Abstract 
 

Cytokinesis is the final event of cell division in which the mother cell splits into two daughter 

cells. During cytokinesis, the contractile ring is carefully positioned between the separating 

chromosomes by anaphase spindle. While the spindle midzone, located between segregating 

chromosomes, promotes the accumulation of contractile ring components at the equator, the 

centrosomal microtubule asters prevent the accumulation of contractile ring proteins at the 

cell poles. Despite rigorous research, the identity of aster derived inhibitory molecules(s) 

remains elusive and how cytokinesis regulators like Ect2 and RhoA are activated in a narrow 

equatorial zone is not properly understood. To identify novel regulators of this signalling 

pathway, high-throughput RNAi screen was performed in HeLa cells and cortical localization 

of contractile ring component GFP-tagged anillin was analyzed manually. In total, 7553 

genes comprising druggable human genome were screened and 18 new genes were identified 

to play a role in regulating anillin localization at cell poles or equator. Among the 18 new 

candidate genes, Protein Kinase N2 (PKN2) and Septin 7 were the two most exciting 

candidates as they directly interact with RhoA and anillin, respectively and were further 

characterized. PKN2, a known RhoA effector, inhibited anillin localization on the cell poles 

whereas contractile ring component Septin 7 promoted anillin localization at the cell equator. 

Remarkably, the role of PKN2 and Septin7 in regulating anillin location during anaphase was 

found to be conserved in C. elegans one-cell embryos.  

It was previously shown that TPXL-1 mediated activation of Aurora A during anaphase is 

required for clearing anillin from the anterior pole in C. elegans one-cell embryos. To 

investigate whether Aurora A plays a similar role in clearing other contractile ring proteins 

from the anterior pole, localization of f-actin was analysed in TPXL-1 depleted embryos 

using a f-actin binding probe LifeAct fused to mKate2. Similar to anillin, TPXL-1 was found 

to be involved in clearing f-actin from the anterior pole during anaphase and the clearing 

defect was confirmed not to be a consequence of altered microtubule dynamics. Moreover, 

ectopic localization of Aurora A at the cell cortex induced by inhibiting PP6, a phosphatase 

that negatively regulates Aurora A activation, led to a significant reduction in anillin 

localization at cell equator and poles. Consistent with the observations in C. elegans, 



 

 17 

inhibition of Aurora A in HeLa cells by small molecular inhibitor MK-5108 resulted in 

increased accumulation of anillin on the polar cortex and a wider anillin zone at cell equator. 

Based on these findings, it is proposed that TPXL-1 activates Aurora A on the microtubule 

asters which diffuses to the adjacent cell poles and inhibits localization of contractile ring 

proteins. Finally, a rapamycin-inducible dimerization system was established in C. elegans 

using FRB and FKBP-12 domains of mTOR signaling pathways. In future, this protein 

dimerization tool can be used to target Aurora A and TPXL-1 to the plasma membrane and 

determine whether ectopic localization of TPXL-1 and Aurora A, without inhibiting PP6, can 

result in anillin localization defects. In summary, high-throughput RNAi screen revealed 18 

new regulators of cytokinesis, two of which (Sept7 and PKN2) were further validated in 

HeLa cells and C. elegans one-cell embryos. In addition, Aurora A was shown to restrict the 

localization of contractile ring proteins to the cell equators in both the model systems.      
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1.  Introduction 
 

1.1 Cytokinesis in animal cells 
 

Cell division is essential for reproduction and maintenance of living organisms. The cell 

cycle has two main phases, interphase and mitotic phase (or M-phase). During interphase, 

animal cells grow in size (G1 phase) and DNA is replicated (S-phase). In M-phase DNA is 

condensed into structures called chromosomes (Prophase) which are aligned at the center of 

the cell by the bipolar mitotic spindle (Metaphase; Figure 1). Once all the chromosomes are 

correctly attached to the spindle microtubules, spindle assembly checkpoint (SAC) is 

satisfied and sister chromatids separate along opposite poles of the mitotic spindle (Figure 1). 

This mitotic phase where chromosome segregation occurs is called anaphase. Finally, a 

cytokinetic furrow assembles at the cell equator between the segregated chromosomes which 

ingresses to divide the cell into two daughter cells (Figure 1). Thus, cytokinesis is the last 

phase of mitosis that partitions the contents of mother cell between two daughter cells. For 

successful cell division, it is essential that the cell contents including replicated genomic 

material, organelles and centrosomes are equally distributed between the two daughter cells. 

Thus, precise temporal and spatial regulation of cytokinesis is crucial for maintaining normal 

ploidy of the genome. Early constriction of the contractile ring before complete chromosome 

separation could damage the integrity of the genetic material resulting in aneuploidy. 

Similarly, failure of cytokinesis can lead to accumulation of tetraploid or polyploid cells 

which are genetically unstable and prone to oncogenic transformations (Davoli and de Lange, 

2011; Dewhurst et al., 2014; Ganem et al., 2014). Defects in cytokinesis can also lead to 

other diseases such as Lowe Syndrome, female infertility, and Wiskott-Aldrich syndrome 

(Lacroix and Maddox, 2012). Another outcome of failed cell division is increase in number 

of centrosomes which can lead to formation of multipolar spindles, aneuploidy and 

development of extra cilia (Bettencourt-Dias et al., 2011).  
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To ensure equivalent inheritance of genetic material in the resulting daughter cells, 

contractile ring is assembled and constricted in response to active signalling between mitotic 

spindle and the cell cortex (Verma et al., 2019; Green et al., 2012). During anaphase, 

overlapping bundles of microtubules, referred to as spindle midzone, are formed between the 

segregating chromosomes (Figure 1). Ect2, a RhoA Guanine Nucleotide Exchange Factor 

(RhoA-GEF), is activated and recruited to the spindle midzone in a MgcRacGAP (Rac 

GTPase-Activating Protein) or CYK-4 (in C. elegans) dependent manner (Figure 2; 

Nishimura and Yonemura, 2006; Somers and Saint, 2003; Yüce et al., 2005; Zhao and Fang, 

2005). MgcRacGAP/CYK-4 is a subunit of heteromeric complex called centralspindlin which 

localizes to the spindle midzone (Pavicic-Kaltenbrunner et al., 2007). The other subunit of 

centralspindlin is MKLP1 (Mitotic Kinesin Like Protein 1) and both the subunits are arranged 

in a heterotetrameric complex. Ect2 is then loaded to the plasma membrane where it activates 

the small GTPase RhoA, which in turn directs the assembly of contractile ring at the 

equatorial cortex comprising of actin and septin filaments, the cross-linker protein anillin and 

the motor protein myosin II (Figure 2 and 3A). In parallel to spindle midzone driven RhoA 

activation at the cell equator, inhibitory signal(s) from microtubule asters prevent the 

accumulation of active RhoA and contractile ring proteins at the cell poles (Bement et al., 

2005; Foe and Dassow, 2008; Mangal et al., 2018; Murthy and Wadsworth, 2008; Werner et 

al., 2007; Zanin et al., 2013). As a result, assembly of the contractile ring is confined to the 

equatorial plane between the segregating chromosomes. Finally, the contractile ring 

constricts followed by membrane abscission leading to formation of two daughter cells.  

 

 
 

Figure 1: Schematic representation of cytokinesis in animal cells. During anaphase, 
chromosome segregation is followed by assembly and ingression of a contractile ring at the 
centre of the cell to ensure equal inheritance of the genetic material between the newly 
formed daughter cells. The connection between the two daughter cells is cleaved much later 
in in a process called abscission. Active RhoA, which localizes at the cell equator, directs the 
ring assembly and ingression.  
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1.2 RhoA directs contractile ring assembly 
 

Human genome encodes twenty Rho GTPases but only RhoA, Cdc42 and Rac are intensively 

studied for their roles in cytokinesis (Haga and Ridley, 2016; Hodge and Ridley, 2016; 

Heasman and Ridley, 2008; Sit and Manser, 2011). Rho GTPases regulate cytoskeleton 

during many cellular processes like cell migration and adhesion, polarity establishment and 

cytokinesis (Heasman and Ridley, 2008; D'Avino et al., 2015; Jordan and Canman, 2012). 

RhoA, a small GTPase, is required for contractile ring assembly and constriction by 

regulating actomyosin contractility in many different model organisms and localizes to the 

site of furrow formation (Bement et al., 2005; 2006; Drechsel et al., 1997; Glotzer, 2004; 

Jantsch-Plunger et al., 2000; Kishi et al., 1993; Mabuchi et al., 1993; Prokopenko et al., 1999; 

Takaishi et al., 1995; Yonemura et al., 2004). RhoB and RhoC are closely related to RhoA 

but have roles other than in cytokinesis (Hakem et al., 2005; Liu Ax et al., 2001). Rho 

GTPases cycle between GTP and GDP bound states (Figure 2) which is regulated by GEF 

and GAP (GTPase-activating proteins) proteins. During cytokinesis, Ect2 GEF converts 

RhoA-GDP to active GTP-bound state by exchanging GDP molecule with GTP and MP-

GAP (or RGA-3 and RGA-4 in C. elegans; Figure 2) accelerates conversion of RhoA-GTP 

back to inactive GDP-bound state by inducing the hydrolysis of GTP to GDP. 

 

Upon conversion to GTP-bound state by Ect2 GEF, RhoA directs the assembly of contractile 

ring by promoting accumulation of the constituent proteins to the cell cortex (Figure 2). 

RhoA promotes actin nucleation and polymerization by activation of profilin and diaphanous-

related formins, respectively (Castrillon and Wasserman, 1994; Evangelista et al., 2002; 

Severson et al., 2002; Watanabe et al., 2008). In addition, RhoA activates the motor protein 

myosin through Rho Kinase (ROCK), which directly phosphorylates myosin light chain and 

also inhibits its dephosphorylation by myosin phosphatase (MYPT). Besides actin and 

myosin, contractile ring also contains anillin and septins. Anillin interacts with actin, myosin, 

RhoA, and plasma membrane thereby acting as a cross-linker protein which stabilizes 

cleavage furrow (Sun et al., 2015; D'Avino et al., 2015; Gregory et al., 2008; Piekny and 

Glotzer, 2008; Piekny and Maddox, 2010). Thus, RhoA orchestrates both the formation of the 

cleavage furrow and its constriction, thereby playing a central role in cytokinetic signalling 

cascade. 	
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Figure 2: Cell signalling during cytokinesis. Aurora B of CPC phosphorylates 
centralspindlin subunit MKLP1 and releases 14-3-3 binding, thereby allowing 
oligomerization of centralspindlin and its stable recruitment to the spindle midzone. Plk1 
phosphorylates centralspindlin subunit MgcRacGap which then recruits and activates Ect2 at 
the spindle midzone. Ect2 converts GDP-bound RhoA in to GTP-bound active form. RhoA 
activation is opposed by GTPase activating protein M phase GAP (MP-GAP) or RGA-3/4 (in 
C. elegans) which converts RhoA-GTP back to RhoA-GDP. Active RhoA directs the 
assembly and ingression of the contractile ring by triggering recruitment of anillin and septins 
to the cell cortex, promoting actin polymerization through formins and profilin, and 
activating motor protein myosin II through Rho kinase. GAP activity of CYK-4 inhibits Rac 
which supresses branching of f-actin filaments, thereby, supporting the assembly of the 
contractile ring.  
 
1.3 Mitotic spindle positions the contractile ring 
 

In animal cells, the position of contractile ring assembly is regulated by signalling between 

anaphase spindle and the cell cortex. As early as 1985, Raymond Rappaport, the godfather of 

cytokinesis, showed that changing the position of mitotic spindle induced regression of the 

old cleavage furrow and formation of new furrow near the midplane of displaced mitotic 

spindle in echinoderm eggs (Rappaport, 1985). According to the widely accepted hypothesis 

the spindle midzone promotes the accumulation of contractile ring proteins at the cell equator 

(equatorial simulation by midzone; Cao and Wang, 1996; Kawamura, 1977; Nishimura and 

Yonemura, 2006; Somers and Saint, 2003; Wheatley and Wang, 1996; Yüce et al., 2005; 
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Zhao and Fang, 2005) (Figure 3A), whereas dynamic microtubule asters (polar relaxation) or 

kinetochores provide inhibitory signals that prevent the accumulation of contractile ring 

proteins at the polar cortex (Bement et al., 2005; Foe and Dassow, 2008; Mangal et al., 2018; 

Murthy and Wadsworth, 2008; Rodrigues et al., 2015; Werner et al., 2007; Zanin et al., 2013; 

Zhou and Wang, 2008) (Figure 3C). In addition, a small subset of stable microtubules that 

extend all the way from the asters to the equatorial cortex are also thought to contribute 

stimulatory signals which promote cleavage furrow formation (equatorial simulation by astral 

microtubules; Canman et al., 2003; Foe and Dassow, 2008; Rappaport, 1961; Rieder et al., 

1997; Verma and Maresca, 2019) (Figure 3B). The latter hypothesis was first proposed very 

early based on the experiments of Rappoport (Rappaport, 1961) and Reider (Rieder et al., 

1997), who showed that two asters of independent spindles that are not connected by a 

spindle midzone induced formation of an ectopic furrow between them. Using advanced 

microscopy techniques, Verma et. al. have recently showed in Drosophila cells that 

centralspindlin and Aurora B kinase localize to plus-tips of equatorial microtubule asters 

which locally recruit Ect2 to the equatorial cortex and activate RhoA (Verma and Maresca, 

2019), thereby providing the mechanistic insights for this emerging hypothesis. Aurora B 

kinase is a component of Chromosomal Passenger Complex (CPC) together with, INCENP 

(Inner Centromere Protein), Borealin and Survivin which phosphorylates MKLP1 of 

centralspindlin to induce its oligomerization and stable association with the plasma 

membrane (Basant et al., 2015; Douglas et al., 2010; Hu et al., 2008). Finally, polarity 

proteins have also been shown to specify the position of the contractile ring independent of 

the mitotic spindle in Drosophila neuroblasts (Cabernard et al., 2010) and C. elegans one-one 

cell embryos (Jordan et al., 2016). 

 

 
 

Figure 3: Models showing how mitotic spindle positions the cleavage furrow during 

cytokinesis. (A) Equatorial simulation by spindle midzone. Signals from the spindle 
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midzone promote accumulation of contractile ring proteins at the equatorial cortex. (B) 
Equatorial simulation by stable astral microtubules. A small number of stable 
microtubules from the asters, that reach equatorial cortex, carry stimulatory signals which 
promote contractile ring assembly and ingression. (C) Polar relaxation by dynamic astral 

microtubules. Astral microtubules provide inhibitory cues which prevent accumulation of 
contractile ring proteins on the polar cortex, thereby ensuring correct position for assembly of 
the contractile ring. (Adapted from Oegema and Mitchison, 1997)  
 
 
1.4 Precise regulation of active RhoA flux is critical for cortical 

patterning during anaphase 
 

Active RhoA invariably appears in a narrow zone at the site of contractile ring assembly 

during cell division across different model organisms and directs the assembly of contractile 

ring (Bement et al., 2005; Foe and Dassow, 2008; Murthy and Wadsworth, 2008; Rodrigues 

et al., 2015; Werner et al., 2007; Zanin et al., 2013; Zhou and Wang, 2008). Consistent with 

the notion that spindle and cortex communicate with each other, repositioning of spindle in 

sea urchin embryos led to translocation of zone of active RhoA followed by formation of a 

new cleavage furrow (Bement et al., 2005). In addition, theoretical modelling argues that 

maintenance of RhoA in a narrow equatorial zone also requires a balance between active and 

inactive state of RhoA (Bement et al., 2006). Since RhoA has very low rate of intrinsic GAP 

activity (Zhang et al., 2000), RhoA flux model proposed that maintaining a narrow zone of 

RhoA would be very difficult without a RhoA GAP. The identity of RhoA GAP, however, 

remained elusive for many years. In early days, the GAP domain of CYK-4 was proposed to 

be involved in inactivation of RhoA (Jantsch-Plunger et al., 2000; Miller and Bement, 2009). 

However, other reports argued that the CYK-4 GAP domain inhibits Rac and promots RhoA 

activation, and thus is required for successful cytokinesis (Bastos et al., 2012; Jantsch-

Plunger et al., 2000; Kawashima et al., 2000; Touré et al., 1998; Canman et al., 2008; Loria et 

al., 2012; Miller and Bement, 2009; Yamada et al., 2006; Zavortink et al., 2005). Finally in 

2013, Zanin and co-workers showed in a milestone publication that MP-GAP counteracts the 

activation of RhoA in human cells. Moreover, distantly related orthologs of MP-GAP in C. 

elegans, RGA-3 and RGA-4, were shown to similarly inactivate RhoA during first embryonic 

division (Schmutz et al., 2007; Schonegg et al., 2007; Zanin et al., 2013). MP-GAP inhibition 

(in HeLa cells and C. elegans one-cell embryo) led to ectopic membrane protrusions and 

hypercontractile cortex due to excessive active RhoA (Figure 4E; Zanin et al., 2013). 

Surprisingly, MP-GAP depletion in HeLa cells did not show broader equatorial localization 

of RhoA (Figure 4C). Earlier studies had recorded an increase in the equatorial zone width of 
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RhoA upon elimination of astral microtubules by nocodazole treatment (Figure 4D). 

Interestingly, when microtubule asters were eliminated by nocodazole reatment in MP-GAP 

depleted cells, RhoA localized all around the cortex and a zone of RhoA at the equator ceased 

to exist (Zanin et al., 2013; Figure 4E). Thus, in the absence of astral microtubules MP-GAP 

contributes in regulating the amount of active RhoA on the cell cortex.  

 

 

 
 

Figure 4: Flux of RhoA through the GTPase cycle is crucial for cortical patterning in 

anaphase. (A) RhoA activation is opposed by MP-GAP during anaphase in human cells. (B) 
Schematic representation of a wild type anaphase cell where active RhoA is confined to a 
narrow equatorial zone. (C) Depletion of MP-GAP leads to increased RhoA activation 
resulting in ectopic membrane protrusions but RhoA zone width is not altered. (D) 
Depolymerization of astral microtubules with low-dose nocodazole treatment results in 
broader zone of RhoA accumulation (E) Depletion of active RhoA in absence of microtubule 
asters results in membrane protrusions and broader zone of RhoA accumulation. Part of the 
figure scheme is adapted from Green et al., 2012; Based on findings of Zanin et. al., 2013. 
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1.5 Spindle midzone promotes the accumulation of contractile 

ring proteins 
 

The array of anti-parallel overlapping microtubules that forms between the segregating 

chromosomes at anaphase onset is called spindle midzone or central spindle. Their minus end 

is oriented towards the cell poles and the plus ends are interdigitated at the centre of the array 

(Euteneuer and McIntosh, 1980). Formation of spindle midzone requires microtubule cross-

linker protein PRC1 (Protein Regulator Of Cytokinesis 1), two kinesins – KIF4A (Kinesin 

Family Member 4A) and MKLP1, and kinase activity of Plk1 (Polo like kinase 1) and CPC 

(Glotzer, 2009). PRC1 cross-links antiparallel microtubules enabling them to assemble as a 

bundle (Bieling et al., 2010; Gaillard et al., 2008; Janson et al., 2007; Loïodice et al., 2005). 

PRC1 is also required to recruit KIF4A at the site of microtubule overlap where KIF4A 

supresses the growth of microtubule plus ends, thereby confining the zone of overlapping 

microtubules within the central spindle (Bieling et al., 2010; Kurasawa et al., 2004; Zhu and 

Jiang, 2005). KIF4A inhibition leads to wider spindle midzone with longer zone of 

overlapping microtubules. As a result, midzone microtubules fail to align properly and RhoA 

accumulates in a broader zone at the cell equator (Hu et al., 2011; Kurasawa et al., 2004; Zhu 

and Jiang, 2005). PRC1 depletion in human cells and C. elegans one-cell embryos disrupts 

spindle midzone but does not prevent successful cytokinesis (Mollinari et al., 2005; 

Verbrugghe and White, 2004). Inhibition of CPC in human cells (Zhu et al., 2005), 

Drosophila (Giet and Glover, 2001) and C. elegans  (Severson et al., 2000; Lewellyn et al., 

2010; Speliotes et al., 2000) inhibits cytokinetic furrow ingression ultimately resulting in 

failed division. Similarly, depleting components of centralspindlin (MKLP1 or CYK-4) in 

human cells (Zhu et al., 2005) or C. elegans (Severson et al., 2000; Jantsch-Plunger et al., 

2000; Canman et al., 2008; Severson et al., 2000; Lewellyn et al., 2010; Powers et al., 1998; 

Raich et al., 1998) also inhibits the furrow ingression leading to failure of cytokinesis. 

Inhibition of Plk1 prevents elongation of spindle midzone, contractile ring assembly and ring 

ingression leading to failure fo cytokinesis (Brennan et al., 2007; Burkard et al., 2007; 

Petronczki et al., 2007).  

 

Constitutive phosphorylation of centralspindlin leads to its sequestration by 14-3-3 protein. 

CPC phosphorylates MKLP1 of centralspindlin and releases 14-3-3 binding (Figure 2), 

thereby allowing multimerization of centralspindlin and its stable recruitment to the spindle 

midzone (Douglas et al., 2010; Giet and Glover, 2001; Guse et al., 2005; Hauf et al., 2003; 

Hu et al., 2008; Kaitna et al., 2000; Severson et al., 2000; Verbrugghe and White, 2004; Zhu 
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et al., 2005). Once centralspindlin complex localizes to the spindle midzone, Plk1 

phosphorylates midzone localized substrates, primarily PRC1 and MKLP2 (Neef et al., 2007; 

2003) to promote its own localization to the spindle midzone. In addition, Plk1 

phosphorylates centralspindlin’s CYK-4 subunit on the N-terminus (Burkard et al., 2009; 

Wolfe et al., 2009) which then binds and recruits RhoA-GEF Ect2 to the spindle midzone 

(Figure 2). This binding relieves autoinhibition of Ect2 by its BRCT domains and Ect2 is 

loaded on the adjoining cell membrane where it activates RhoA and triggers contractile ring 

formation (Burkard et al., 2009; Chalamalasetty et al., 2006; Tatsumoto et al., 1999; Wolfe et 

al., 2009). In human cells, Ect2 associates with plasma membrane with the poly-basic 

sequence (PBS) and Pleckstrin homology (PH) domain (Kotýnková et al., 2016; Su et al., 

2011) and in C. elegans C-terminus of Ect2 has been shown to be important for membrane 

binding (Chan and Nance, 2013). Recently, this widely accepted hypothesis was questioned 

by Kotýnková et al. as they showed that Ect2 binding to CYK-4 and subsequent recruitment 

to the spindle midzone is dispensable for contractile ring assembly and constriction 

(Kotýnková et al., 2016). Instead, they showed that Ect2 can localize to plasma membrane 

without interacting with CYK-4 and this membrane-bound pool of Ect2 is critical for 

successful cytokinesis. Consistent with this finding, Ect2 homologs in Drosophila and C. 

elegans localize to the plasma membrane but not on the spindle midzone (Motegi and 

Sugimoto, 2006; Prokopenko et al., 1999). Nevertheless, spindle midzone plays an important 

role in cytokinesis (Glotzer, 2005) and there is substantial evidence which shows that spindle 

midzone provides a diffusible stimulatory signal, Ect2, which triggers the formation of 

contractile ring (Cao and Wang, 1996; Kawamura, 1977; Nishimura and Yonemura, 2006; 

Somers and Saint, 2003; Wheatley and Wang, 1996; Yüce et al., 2005; Zhao and Fang, 

2005). The molecular mechanism of how active Ect2 is loaded on the equatorial membrane is 

yet not properly understood and continues to be an area of active research. 

 
1.6 Astral microtubules confine contractile ring proteins to the 

cell equator  
 
While the spindle midzone provides stimulatory signals for contractile ring assembly, 

simultaneous inhibitory signals from microtubule asters have been proposed to prevent the 

accumulation of contractile ring proteins on the polar cortex. In addition, one recent study has 

implicated a role of kinetochores in clearing contractile ring proteins from the cell poles. It 

was shown that, as the chromosomes move close to the polar cortex during anaphase, 

kinetochore-localized protein phosphatase 1 (PP1) promotes removal of filamentous actin 
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from the polar cortex in Drosophila and cultured human cells (Rodrigues et al., 2015). 

However, this seems not to be the case in C. elegans early embryos which are much bigger in 

size and anaphase kinetochores are farther away from the polar cortex (Mangal et al., 2018). 

Besides, there is accumulating evidence from different model systems, which supports the 

notion that microtubule asters indeed inhibit contractility at the cell poles. For instance, 

selective elimination of dynamic astral microtubule through laser ablation or drug treatments 

led to broader zone of active RhoA in sea urchin embryos (Dassow, 2009; Foe and Dassow, 

2008), X. laevis (Bement et al., 2005) and mammalian cells (Murthy and Wadsworth, 2008; 

Zanin et al., 2013) (Figure 5A-C). Similarly, laser ablation of one centrosome aster in sea 

urchin embryos shifted the zone of active RhoA towards the ablated centrosome (Dassow, 

2009) (Figure 5D). Notably, the wider RhoA zone observed in the absence of asters was not 

caused by an increase in the total amount of active RhoA. Thereby, suggesting that asters 

modulate the distribution of active RhoA or contractile signals rather than generating them 

(Lewellyn et al., 2010). Further support for this notion came from C. elegans embryos and 

grasshopper spermatocytes. In C. elegans, artificial displacement of the mitotic spindle to the 

posterior side of the embryo prevented myosin accumulation on the posterior side and 

restricted myosin localization to the anterior cortex (Werner et al., 2007). Similar positioning 

of asters on one side of the grasshopper spermatocytes resulted in cortical accumulation of 

actin on the opposite side of the cell (Chen et al., 2008). Furthermore, Lewellyn et. al (2010) 

revealed that cleavage furrow formation in C. elegans embryos is inhibited when centrosomal 

asters are positioned too close together regardless of the normal spindle midzone. Similarly, 

studies in anucleate cells have shown that contractile ring can only form when the intra-

centrosomal distance is smaller than the distance between centrosome and the cortex 

(Canman, 2009; Dassow, 2009). In conclusion, dynamic microtubule asters corral active 

RhoA in a narrow zone at the cell equator thereby playing a key role in accurately positioning 

the contractile ring. In spite of plentiful evidence for aster-based inhibitory signal, the 

molecular identity of such signal remains to be unknown.  
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Figure 5: Microtubule asters confine contractile signals to the cell equator. (A) 
Schematic representation of a wild type anaphase cell in which accumulation of active RhoA 
is confined to a narrow equatorial zone by signals from microtubule asters. (B) Upon 
selective disassembly of dynamic astral microtubules by treatment with drugs such as 
Nocodazole, zone of active RhoA broadens. (C) Similarly, disassembly of asters by laser 
ablation of both centrosomes leads to wider zone of RhoA accumulation and (D) laser 
ablation of one centrosome displaces the zone of active RhoA towards the pole having 
ablated centrosome. The figure scheme is adapted from Green et al., 2012. 
 

1.7 Contractile ring ingression and abscission  
 

After the contractile ring assembles in the correct position, the ring must completely constrict 

and two daughter cells must separate from each other by a process called abscission. 

Structurally, contractile ring is composed of actin filaments, anillin, filaments of motor 

myosin II and septin filaments (Green et al., 2012). In different model systems, the 

contractile ring has been observed to be 0.1-0.2 µm thin but the ring width is variable 

between less than a micron to approximately 20 µm (Kamasaki et al., 2007; Schroeder, 

1990). To initiate cleavage furrow formation, contractile ring should be linked to the plasma 

membrane. Since anillin binds to all three contractile ring components – actin, septin and 

myosin II and bears membrane binding PH domain, anillin seems to stabilize and link the 



 

 29 

contractile ring with the plasma membrane (D'Avino et al., 2015; Gregory et al., 2008; 

Piekny and Glotzer, 2008; Piekny and Maddox, 2010). The contractile ring ingression is 

induced by RhoA by activating motor protein myosin II through ROCK (D'Avino et al., 

2015) and interestingly, the ring constricts at similar rates across different model organisms 

(Biron et al., 2005; Calvert et al., 2011; Carvalho et al., 2009; Ma et al., 2012; Zumdieck et 

al., 2007). It is assumed that the force required for constriction of the contractile ring is 

generated by sliding of myosin filaments over actin filaments, just like in muscles (Biron et 

al., 2005). However, the organization of actomyosin filaments in sarcomere-like arrays 

(similar to muscles) has not been reproducibly observed in electron micrographs of different 

model systems (Green et al., 2012). Moreover, it was shown in COS-7 cells that myosin II 

filaments incapable of sliding over actin filaments could ingress cytokinetic furrow in 

absence of endogenous myosin II (Ma et al., 2012). Thus, the dynamins of contractile ring 

ingression is not entirely clear.  

 
As the contractile ring constricts, the overlapping microtubules of spindle midzone get tightly 

packed which prevents further ingression of the contractile ring. In addition, the contractile 

ring cannot simply cut through the plasma membrane since it is positioned underneath the 

membrane. Thus, the cells reach a point where the ring cannot constrict any further, leaving 

the two daughter cells connected by an intracellular bridge. This intracellular bridge is wider 

(~1.5 µm) at the centre as compared to the two much narrower outer flanks (~0.2 µm) and is 

referred to as midbody. Thus, the midbody originates from the spindle midzone. During 

furrow ingression, spindle midzone proteins are relocated to three distinct regions of 

maturing midbody in Plk1 dependent manner (Hu et al., 2012). KIF4A and PRC1 stay in the 

microtubule overlap region of the midbody core, Ect2 and centralspindlin translocate to the 

midbody ring to colocalize with RhoA and anillin, and MKLP2, CENP-E (Centromere 

Protein E) and Aurora B concentrate in the two flanking regions of midbody (Hu et al., 

2012). Similar to its role in stabilizing contractile ring, anillin is also required for midbody 

ring assembly and its stable attachment to cell membrane (Kechad et al., 2012; Somma et al., 

2002). The two flanking regions of the midbody core serve as the docking and cleavage sites 

for the Endosomal Sorting Complex Required for Transport III (ESCRT-III). At the end of 

mitosis, Plk1 and Aurora B are degraded which allows ESCRT-III to finally cut the 

intracellular bridge giving rise to two completely separated daughter cells (Green et al., 

2012). ESCRT complexes also play important roles in other processes which also involve 

membrane scission like viral budding and formation of multivesicular bodies (Schmidt and 

Teis, 2012). 
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1.8 Gaps in current understanding of cytokinesis  
 

Despite decades of research, precise regulation of cortical patterning during cytokinesis 

remains inadequately understood (Figure 6). For instance, how Ect2 is loaded on the cell 

membrane and how its activity is controlled to activate RhoA only at the equatorial 

membrane is not clear yet. Furthermore, the molecular identity of aster derived inhibitory 

signal(s), which prevent RhoA accumulation outside equatorial plane, remains to be 

identified. These gaps in the current knowledge may be attributed to the missing regulators of 

cytokinesis that have not been identified yet.  

 

 
 

Figure 6: Major gaps in the current understanding of cytokinesis. Schematic showing 
stimulatory and inhibitory signalling by mitotic spindle and highlights the gaps in our present 
knowledge of cortical patterning during cytokinesis. 
 

In the past, several genome-wide RNAi screens have been conducted in human cells (Kittler 

et al., 2007; 2004; Mukherji et al., 2006; Neumann et al., 2006; 2010), Drosophila (Eggert et 

al., 2004) and C. elegans (Sönnichsen et al., 2005) to identify regulators of cell division. The 

human and Drosophila studies had wider focus on different aspects of cell division. To find 

genes involved in regulation of cytokinesis, binucleated and multinucleated cells were 

counted in these studies. For instance, genome-wide RNAi screen in HeLa cells carried out 

by Kittler et. al. (2007), employed laser scanning cytometry to assess any changes in the 

genome ploidy upon gene silencing. Similarly, the screen performed in Drosophila cells 

exclusively relied on multinucleation assay to identify cytokinesis regulators after inhibiting 

the function of genes by RNAi interference (RNAi) or treatment with chemical compounds 

(Eggert et al., 2004). Importantly, altering cortical contractility does not always result in 

cytokinesis failure. For example, depletion of MP-GAP, which opposes RhoA activation, 

leads to formation of large ectopic protrusions due to uncontrolled RhoA activity but does not 

prevent furrow ingression (Zanin et al., 2013). As a result, MP-GAP was not identified in any 

of the above mentioned screens. A more sophisticated screen conducted by Mitocheck 

consortium scored phenotypes such as cell division, survival and migration by time-lapse 
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imaging of fluorescently labelled chromsosomes in human cells after RNAi treatment 

(Neumann et al., 2006; 2010). However in none of the screens, a contractile ring marker such 

as RhoA or anillin was used to directly analyse contractile ring assembly and localization of 

contractile ring proteins during anaphase. Therefore, it is highly probable that crucial 

regulators of cytokinesis were missed in the previous studies due to their experimental design 

and wider focus on cell division. 
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2. Aim 
 

The current gaps in the knowledge of cytokinesis can be attributed to unidentified signalling 

molecules of the stimulatory and inhibitory pathways that regulate contractile ring assembly. 

Although previous genetic screens have discovered important regulators of cytokinesis 

(Eggert et al., 2004; Kittler et al., 2004; 2007; Mukherji et al., 2006; Neumann et al., 2006; 

2010; Sönnichsen et al., 2005), they may have missed regulators due to their experimental 

design. The aim of my doctoral research was to identify new regulators of cortical patterning 

during cytokinesis. To this end, I carried out a high-content RNAi screen in human cells in 

collaboration with Dr. Marc Bickle and Dr. Martin Stoeter of the Screening Facility at the 

Max Planck Institute of Molecular Cell Biology and Genetics (MPI-CBG) in Dresden, 

Germany. Their contributions in the project are clearly marked in the text. We screened a set 

of 7,553 genes which comprises the druggable human genome library. In our high-content 

RNAi screen, novel regulators of cytokinesis that promote or inhibit cortical accumulation of 

contractile ring protein anillin were identified by cortex-wide analysis of changes in anillin 

localization (Figure 10A) after knocking down expression of each gene in the library.  

 

Previous Work of my thesis advisor Dr. Esther Zanin suggested a role of the kinase Aurora A 

in clearing anillin from the polar cortex in C. elegans one-cell embryos. Therefore, I aimed to 

investigate the similar involvement of Aurora A in polar clearing of another contractile ring 

protein f-actin. Since Aurora-A activity was supressed by depleting TPXL-1, I also measured 

the affects of tpxl-1(RNAi) on microtubule growth and dynamics in C. elegans one-cell 

embryos. Finally, I investigated whether the function of Aurora A in restricting localization 

of anillin on the cell poles is conserved in human cells. 
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3. Material and Methods 
 

3.1 Screening Methodology for high-content screen in HeLa cells 
 

3.1.1 Transfection of siRNAs 
Four different siRNAs targeting each gene were pooled together from Dharmacon 

ON-TARGETplus human druggable-genome library using Biomek FXp (Beckman) liquid 

handling robot. To prepare the transfection mix, 5μl of 100nM control and gene specific 

siRNAs were transferred to 384-well μClear plates using Tecan 384-head liquid handling 

robot and 5μl Opti-MEM containing 0.05μl transfection reagent INTERFERin was added. 

HeLa cells expressing anillin-GFP and mKate2-α-tubulin were trypsinized and re-suspended 

in DMEM supplemented with 10% FBS, 1% Penicillin/Streptomycin. The number of cells in 

the suspension was measured using the CASY Cell Counter. The cell suspension was diluted 

to 62,500 cells/ml and 40μl of this solution containing 2,500 cells was added to the wells 

having transfection mix using Multidrop Combi dispenser (Thermo Fischer Scientific).  

 

3.1.2 Cell cycle synchronization and Fixation 
Cell cycle was synchronized with two consecutive thymidine blocks followed by transient 

MG132 arrest to increase the number of anaphase cells. Twenty-four hours after the 

transfection, cells were incubated with 0.5mM thymidine for 16 hours, released for 8 hours 

by washing out thymidine and treated again with 0.5mM thymidine for 16 hours.  Thymidine 

was again washed off and cells were allowed to continue in cell cycle for 7.5 hours. Finally, 

5μM MG132 was added for two hours to allow accumulation of metaphase cells. MG132 was 

washed off and cells were released for 110 mins followed by fixation with 4% formaldehyde 

for 20 mins at room temperature using Matrix WellMate liquid dispenser (Thermo 

Scientific). To wash out thymidine and MG132, culture medium was exchanged with fresh 

pre-warmed medium (DMEM with 10% FBS and 1% Pen-Strep) four and five times 

respectively using Tecan 384 liquid handling robot which was optimized to prevent washing 

away of loosely attached mitotic cells. After fixation, formaldehyde was removed by 4 
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washes with 1x PBS using Tecan 96-head liquid handling robot integrated with 

PowerWasher 384. Finally, 1x PBS containing 1.5μg/ml DAPI and 0.02% sodium azide was 

added to stain DNA and prevent microbial growth.  

 

3.1.3 Drug Treatments 
Plk1 inhibition and elimination of astral microtubules are known to alter the anillin 

localization during anaphase. Therefore, these two treatments were also included as 

additional controls. For Plk1 inhibition, 100nM BI2536 was added 40 mins before fixation 

and to depolymerize astral microtubules during anaphase 70nM nocodazole was added 10 

mins before fixation. 

 

3.2 Cell Culture Techniques 
 

3.2.1 Maintenance and freezing of HeLa cell lines  
HeLa cell lines used in this study are listed in Table 5 (Section 3). Cells were grown at 37°C 

with 5% CO2 in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented 

with 10% superior fetal bovine serum and 1% Penicillin/Streptomycin. The expression of the 

transgenes was induced by addition of 0.2 μg/mL tetracycline 24-48hrs before starting the 

experiments. For freezing HeLa cell lines, cells were grown in T75 cell culture flask to 90% 

confluency. After trypsinization, cells were re-suspended in fresh medium and centrifuged at 

1000 rpm for 5 mins. The cell pellet was re-suspended in 4ml 1x freezing solution and frozen 

as 1ml aliquots in cryotubes at -80°C and in liquid nitrogen tanks. 

 

3.2.2 siRNA transfection and drug treatments 
To deplete endogenous proteins by RNAi, gene specific siRNA was diluted in 200 µl Opti-

MEM and 2 µl of the transfection reagent INTERFERin was added. Volume of siRNA was 

calculated according to the required final concentration in 1 ml volume. After 15 mins of 

incubation of transfection mix at room temperature, the 200 µl transfection mix was added to 

each well (of 12-well plate or 2 well imaging chambers) having freshly seeded cells in 800 µl 

of the culture medium. To deplete NuMA by RNAi, Lipofectamine RNAiMAX transfection 

reagent was used according to the manufacturer’s instructions. In all cases, control cells were 

similarly treated with an equivalent concentration of the non-targeting siRNA. Cell cycle was 

synchronized with a double thymidine block as described in section 3.1.2 and the cells were 

either fixed or imaged live 8 hours after the release from second thymidine block. To inhibit 
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Aurora A activity, MK-5108 was added to a final concentration of 10 µM just prior to 

filming; ~60% of treated cells arrested in mitosis and ~40% went into anaphase. Cortical 

anillin distribution was measured in cells that entered anaphase between 25-60 mins after 

MK-5108 addition. To inhibit Aurora B activity, AZD1152-HQPA was added to a final 

concentration of 200nM; ~30% of the cells arrested in mitosis and 70% entered anaphase. 

Cortical anillin distribution was measured in cells that entered anaphase between 2 and 3hrs 

after AZD addition. For pH3(Ser28) and pLATS2(Ser83) staining to assess the efficiency and 

specificity of the inhibitor treatments, cells were treated with 10μM MK-5108 for 30 or 

60min and with 200nM AZD for 2 or 3hrs. To investigate the localization of endogenous 

anillin in fixed samples after Aurora A inhibition, the cell cycle was synchronized with a 

double thymidine block to increase the number of anaphase cells and 10μM MK-5108 was 

added 30 or 45min before fixation. To depolymerize astral microtubules during anaphase, 

70nM nocodazole was added 10min before fixation. Stocks of 10mM MK-5180, 10mM AZD 

and 1mg/ml nocodazole were prepared in DMSO and a 100mM stock of thymidine was made 

in 1xPBS. Control cells were treated with an equivalent concentration of DMSO.  

 

3.2.3 Generation of stable cell lines 
To establish a cell line expressing anillin-GFP and mKate2-α-tubulin, previously described 

BAC-integrated mouse anillin-GFP cell line (Zanin et al., 2013) was transfected with a 

plasmid encoding mKate2-α-tubulin (Section 3.4) using X-tremeGENE 9 (by following 

manufacturer’s instructions). Stable integrants were selected by treatment with blasticidin and 

single clones were isolated by fluorescence-activated cell sorting (FACS). Cell lines 

expressing RNAi resistant mNeonGreen PKN2 and Septin-7 (Section 3.4) were generated by 

co-transfecting HeLa Flp-In TRex host cell line, which expresses Tet repressor and has FRT 

integration site, with Flp recombinase expression plasmid pOG44 and pcDNA5/FRT/TO 

vector containing either PKN2 or Septin7 cDNA. Clones having stable integration of the 

transgene were selected by treatment with 300 µg/µl hygromycin for 7-10 days. 

 

3.2.4 Immunofluorescence  
For immunostainings, HeLa cells were grown on 12mm round glass coverslips (Roth, 

P233.1) coated with poly-L-lysine. For coating, glass coverslips were washed in 1M HCL at 

50-60oC for 5 hours, cooled down to room temperature and rinsed in distilled water 5 times. 

Coverslips were then rinsed in absolute ethanol and dried between two sheets of whatman 

paper. These cleaned coverslips were incubated with 15 ml of 1 mg/ml poly-L-lysine solution 

in a 50 ml tube for 1 hour with gentle rocking. Then, coverslips were washed 5 times in 
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distilled water and rinsed with absolute ethanol. Coverslips were dried between two sheets of 

whatman paper and sterilized by UV light in cell culture hood for 1 hour. Prior to fixation, 

cells were washed once in 1x PBS. To stain phosphorylated myosin light chain (pMLCser19), 

histone H3 (pH3Ser28) and LATS2 (pLATS2Ser83) cells were fixed with 4% formaldehyde 

(Thermo Scientific #28908; dilute to 4% in 1xPBS) for 20min at room temperature. To stain 

anillin, Septin-7, PKN2 and Plk-1 cells were fixed with -20°C-cold 100% methanol for 5min. 

To stain RhoA, cells were fixed with ice-cold 10% TCA for 15min on ice and washed three 

times wit 1x PBS containing 30mM Glycine. As a next step in all cases, cells were washed 

with 1x PBS buffer and permeabilized with 1x PBS buffer containing 0.1% Triton X-100 

(PBST) for 2min followed by 1hr blocking with 4% BSA-PBST. Samples were incubated 

with desired primary antibodies listed in Table 11 (Section 3) overnight at 4°C. Coverslips 

were washed 3x in 1x PBST and secondary antibodies (Thermo Fischer) were incubated with 

Hoechst 33258 (Sigma) for 1hr at room temperature. Coverslips were washed 3x in PBST 

buffer and covered by mounting medium (see Table 14 in Section 3). 

 

3.2.5 Image Quantification 
a. Cortical localization of anillin and myosin 

Unprocessed raw images were used for all quantifications in Fiji (Schindelin et al., 2012). To 

measure anillin or myosin accumulation in human cells a line was drawn around the entire 

cell cortex in Fiji (called a linescan) and pixel intensities along the line were recorded (Figure 

10A). After subtracting the cytoplasmic anillin fluorescence intensity from each value, the 

mean polar (0-10%, 40-60%, 90-100% cell length) and equatorial (20-30%, 70-80%) 

fluorescent intensity was calculated for each cell. The anillin zone width was defined as the 

width of peak at half maximum anillin fluorescence intensity (Figure 18A). Mean 

fluorescence intensities at the equatorial and polar cortex, and the mean zone width were 

calculated using data analysis software Knime (Section 3.9) (http://www.knime.org).  

 

b. Spindle midzone length 

To measure the spindle midzone length, a 15-pixel wide line was drawn across the anillin-

GFP channel and the distance between the two minima of the fluorescent intensity was 

defined as midzone length (Figure 38G). In fixed cells, length of the spindle midzone was 

measured by a linescan drawn across the Hoechst (DNA) channel and the distance between 

the two maxima was defined as spindle midzone length (Figure 18B). The data was analyzed 

in Knime.  
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c. Fluorescence intensity of pH3 and pLATS2 

The mean centrosomal pLATS2(Ser83) intensity was measured in a circular region centered 

at the centrosome (Figure 37C). The pH3(Ser28) fluorescent intensity was calculated by 

drawing a region around the chromosome mass in the Hoechst channel and measuring in the 

pH3 channel (Figure 37D). The mean cytoplasmic signal measured in a small box was 

subtracted from the pLATS2(Ser83) and pH3(Ser28) fluorescence intensity. Data analysis 

was performed in Excel. 

 

3.3 C. elegans Techniques 
 
3.3.1 Maintenance and freezing worm strains 
C. elegans strains used in this study are listed in Table 6 (Section 3). Strains were grown on 

NGM plates having a thin lawn of OP50 E. coli at 20°C according to the standard procedures 

(Stiernagle, 2006). Two strains, OD314 and ZAN43, were maintained at 23°C or 25°C due to 

silencing of the GFP-anillin transgene at lower temperatures. To freeze C. elegans strains, 10 

L4 stage worms were transferred to four medium NGM plates and grown until the plates 

were starved of the bacterial food source. These plates mainly having larvae were washed 

with 3.5ml M9 buffer and collected in a 15ml tube. Equal volume of 2x freezing solution was 

added to the tube, mixed and aliquoted in 5 cryotubes. The tubes were stored at -80°C. 

 

3.3.2 Generation of strains by MosSCI 
Single-copy transgenes were integrated at specific chromosomal loci using the Mos1 

mediated single copy gene insertion (MosSCI) method (Frøkjær-Jensen et al., 2008). To 

obtain single-copy insertions on chromosome II or IV, young EG6699 or EG8081 adults 

were injected with pCFJ350 plasmid containing the desired transgene (listed in Table 10 in 

Section 3) together with plasmids encoding co-injection markers (pMA122, pGH8, pCFJ190, 

pCFJ104) and the transposase (pCFJ601). Heat shock was performed at 34°C for 1hr after 7-

10 days, and surviving worms were screened for the absence of the mCherry-tagged array 

markers. The worms thus identified to have stably integrated transgene were singled on fresh 

NGM plates and F1 progenies were screened for homozygosity marked by complete absence 

of progenies showing unc phenotype. 
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3.3.3 dsRNA production, RNAi and Lethality assay 
To generate dsRNAs, the targeting region was amplified from C. elegans cDNA or genomic 

DNA with the primers containing T7 promoter sequence listed in Table 9 (Section 3). PCR 

products were purified and used as template for transcribing dsRNA in vitro with T7 RNA 

polymerase using MEGAscript Kit as per manufacturer’s instruction. dsRNA was purified 

using the MEGAclear Kit by following the manufacture’s instruction. Purified dsRNA was 

injected in to the gut of young adults and their embryos were filmed after 24-28 hours at 

20°C for all genes except nmy-2, rga-3, rga-4, unc-59, unc-61 and pkn-1. Young Adults 

injected with pkn-1, unc-59 or unc-61 dsRNAs were filmed after 40-48hrs at 20°C and those 

injected with nmy-2, rga-3 or rga-4 were imaged 16-20 hours after injection at 20°C. For co-

depletion experiments dsRNAs were mixed at 1:1 ratio. 
 

3.3.4 Immunofluorescence  
For immunostaining of C. elegans embryos, gravid hermaphrodites were cut open in 10μl M9 

buffer on glass slides coated with 0.1% poly-L-lysine. Egg shell of the embryos was freeze-

cracked in liquid nitrogen followed by fixation for 20min in 100% methanol cooled down 

to -20°C. Slides were washed in 1xPBS (0.2% Tween) for 5 mins and incubated with the 

desired primary antibodies listed in Table 11 (Section 3) at 4°C overnight. Slides were 

washed thrice in 1xPBS (0.2% Tween) and incubated with appropriate secondary antibodies 

for 1hr at room temperature and 1μg/ml Hoechst 33258. Embryos were covered by the 

mounting medium (see Table 14 in Section 3) and a coverslips was fixed on the top.  
 

3.3.5 Image Quantification 
a. Cortical localization of anillin and NMY-2 

Anillin or NMY-2 localization in a C. elegans embryo was measured by two linescans along 

the cell cortex, each extending from mid-anterior pole to the mid-posterior pole (Figure 24E). 

The cytoplasmic background intensity was measured in a small box close to the posterior 

pole and subtracted from each value in the linescan. The mean fluorescence intensity at the 

anterior pole (0-10%), posterior pole (90-100%) and equator (45-55%) was calculated over 

time. Anillin or myosin fluorescence intensity was normalized to the mean anterior or 

equatorial fluorescence intensity in controls 180s after NEBD and has been stated in figure 

legends. NEBD was defined as the time point when nuclear mCherry::histone equilibrated 

with the cytoplasm. In absence of mCherry::histone, NEBD was defined as the time point 

when NG::Anillin or GFP::NMY-2 equilibrated with the cytoplasm. In strains without any of 
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the three fluorescence markers, NEBD was defined as the time point when the border of 

nucleus disappeared in DIC images. In few embryos, site of polar body extrusion led to bright 

fluorescent signal at the anterior cortex, therefore, such cortices were excluded from the 

analysis.  

 

b.  Microtubule dynamics  

Microtubule nucleation and growth rates were measured in the C. elegans strain expressing 

microtubule end binding protein EBP-2::GFP as previously described (Srayko et al., 2005). 

EBP-2::GFP images were acquired at 400 msec intervals for 1 min at 25°C of one cell 

embryos during metaphase (50-100s after NEBD) or anaphase (160-220s or 255-315s after 

NEBD) by live-cell imaging. To measure microtubule nucleation rate, an arc (29-30 µm 

long) was drawn 9 µm away from the anterior centrosome and underneath the anterior polar 

cortex in Fiji. Kymographs were generated for the 1 min recording and EBP-2::GFP dots 

were manually counted. To measure microtubule growth rate, Fiji Manual Tracking plugin 

was used to manually track the individual EBP-2::GFP dots originating from the anterior 

centrosome. The position of EBP-2::GFP dot with respect to the centrosome was plotted at 

each time interval and the microtubule growth rate was calculated as the slope of each line in 

Excel. Microtubule growth rate was analyzed in at least three embryos and 8-12 MTs were 

tracked for each embryo. 

 

3.4 Transgene Construction 
To generate pcDNA6 mammalian expression plasmid having mKate2-tagged α-tubulin, 

sequences encoding mKate2, α-tubulin and pcDNA6 plasmid were amplified from Addgene 

plasmids #37132 (Shcherbakova et al., 2012), # 31930 (Subach et al., 2009) and #40201 

(Shuda et al., 2011) respectively, and assembled together by Gibson cloning (NEB, E2611; 

pEZ170). To generate mNeonGreen-tagged PKN2 (pEZ299) and Septin-7 (pEZ292), their 

sequences were amplified from the cDNA of HeLa cells and inserted next to the 

mNeonGreen sequence in pcDNA5/FRT/TO expression plasmid by Gibson cloning. To 

confer RNAi resistance, four and five silent point mutations in the siRNA binding site of 

PKN2 and Septin-7 sequences respectively were introduced in the DNA primers. To generate 

GST-tagged fragment of anillin for production and purification of antibodies, anillin cDNA 

sequence encoding for amino acids 417-687 (Piekny and Glotzer, 2008) was inserted into 

pGEX-4T plasmid next to the GST tag (pEZ154). To generate GST-tagged MP-GAP for 

antibody purification, MP-GAP cDNA was inserted into pGEX-4T bacterial expression 

plasmid next to GST tag (pEZ229). To generate transgene encoding FRB-GFP-PH, FRB 
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sequence was codon-optimized (Redemann et al., 2011) and an intron was introduced 

between amino acids 25(K)-26(G). In addition, ‘threonine’ 2098 was mutated to ‘leucine’ to 

allow binding of rapamycin derivatives to FRB domain. The resulting DNA sequence was 

synthesized by Eurofins. Plasmid backbone pCFJ350 having mex-5 and tbb-2 regulatory 

sequences, GFP-PH and FRB domain were amplified by PCR and assembled together by 

Gibson cloning (pEZ156). To generate transgene encoding mCherry-FKBP12, FKBP12 

sequence was codon-optimized (Redemann et al., 2011) and an intron was introduced 

between amino acids 35(K)-36(K). The resulting DNA sequence of FKBP12 was synthesized 

by Eurofins. FKBP-12 and plasmid backbone pCFJ350 having mex-5 and tbb-2 regulatory 

sequences along with mCherry flurophore, were amplified by PCR and assembled together 

by Gibson cloning (pEZ159). DNA sequencing was performed to confirm the sequences of 

obtained plasmids as dsscribed in section 3.4.7. All clonings were performed by Gibson 

assembly (NEB, E2611) as described in sections 3.4.1-3.4.7. All plasmid used are listed in 

Table 10 (Section 3) and DNA primers are listed in Table 3 (Section 3.4.1). 

 

3.4.1 Amplification of DNA by Polymerase Chain Reaction (PCR) 

All template DNA sequences including gene of interest and plasmid backbone were 

amplified by PCR using the below mentioned reaction composition (Table 1) and thermo-

cycler conditions (Table 2). Phusion polymerase was used in all the PCR reactions. Primers 

used for molecular cloning are listed in Table 3 below. To visualize the PCR products, 2 µl of 

PCR products were mixed with 1x EZ-Vision Loading Buffer (VWR, N472-KIT) and loaded 

on 0.8% agarose gel. DNA bands were allowed to resolve at 120V for 20 mins to 45 mins 

depending on the size of DNA products. 

 

Table 1: Chemical composition of each PCR reaction 

S. 

No. 

Ingredient Volume (for 50 µl reaction) 

1. 5x Phusion buffer 10 µl 

2. 2 mM dNTPs mix 5 µl 

3. 50 pmol/µl forward DNA primer 0.5 µl 

4. 50 pmol/µl reverse DNA primer 0.5 µl 

5. DNA template (1:100 diluted) 1 µl 

6. Phusion Polymerase 0.5 µl 

7. MilliQ water 32.5 µl 
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 Table 2: Thermo-cycler temperature settings  

Step Name of Step Temperature Duration 

1. Initial denaturation 98oC 30 sec 

2. Denaturation 98oC 10 sec 

3. Annealing Annealing Temperature 

(see Table 3) 

30 sec 

4. Elongation 72oC 1 min for 2 kb 

5. Repeat steps 2-4, 29 times 

6. Final elongation 72oC 10 min 

7. Cooling down 12oC 20 min 

 

Table 3: List of DNA primers (synthesized by Eurofins) and their annealing 

temperature 

Name Sequence (5’ to 3’) Used for Annealing 

Temp. 

Resulting 

Plasmid 

EZ569 CGGAATTCCCGTCTTCATC

TACTACCCATTTAGCAC 
Amplifying a part of anillin 

sequence 

55oC 

pEZ154 
EZ570 ATCGTCAGTCAATTGAGTT

CCTGCATTTTCTGTTTGA 

EZ571 AGGAACTCAATTGACTGA

CGATCTGCCTCGC 
Amplifying pGEX-4T 

plasmid backbone 

58oC  

EZ572 GTAGATGAAGACGGGAAT

TCCGGGGATCCAC 

EZ657 GACCCAAGCTGGCCACCA

TGGTGAGCGAGC 
Amplifying mKate2 sequence 61oC 

pEZ170 

EZ658 CTGAGTCCGGATCTGTGC

CCCAGTTTGCTAGG 

EZ659 GAGGAATACTAAAAACCC

GCTGATCAGCCTC 
Amplifying pcDNA6 plasmid 

backbone 

54oC 

EZ660 ACCATGGTGGCCAGCTTG

GGTCTCCCTATAG 

EZ661 TGGGGCACAGATCCGGAC

TCAGATCTCGAG 
Amplifying α-tubulin 

sequence 

54oC 

EZ662 CAGCGGGTTTTTAGTATTC

CTCTCCTTCTTCCTC 

EZ947 CGGAATTCCCGGCTACTTC

ATGTGAACTCACC 
Amplifying MP-GAP 

sequence 

54oC 

pEZ229 
EZ948 ATCGTCAGTCACATTTGTG

AACTTTCAGAAACTG 

EZ949 GTTCACAAATGTGACTGA

CGATCTGCCTCGC 
Amplifying pGEX-4T 

plasmid backbone 

60oC 

EZ950 CATGAAGTAGCCGGGAAT

TCCGGGGATCCAC 
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EZ1217 

 

CCAGATTCACCCACTACC

ATTAAAGTAAATTCAAAA

CCTCTCTTCACCG 

Amplifying the plasmid 

pcDNA5 having Sept7-NG to 

with primers having point 

mutations to confer RNAi 

resistance to PKN2.  

60oC 

pEZ292 EZ1218 
CGGTGAAGAGAGGTTTTG

AATTTACTTTAATGGTAGT

GGGTGAATCTGG 

EZ1096 GCATGGCGTCCAACCCCG

AACG 
Amplifying part of NG and 

PKN2 with primers having 

point mutations to confer 

RNAi resistance. 

58oC 

pEZ266 

EZ1101 AGAACCTAGGGTATCTAA

CTTCATCATTTACAATACT

GTCAAAAAC 

EZ1097 CGCGGCCGCTTAACACCA

ATCAGCAATGTAGTC 
Amplifying part of NG and 

PKN2 with primers having 

point mutations to confer 

RNAi resistance to PKN2. 

55oC 

EZ1100 
GAAGTTAGATACCCTAGG

TTCTTATCTACAGAAGCC 

EZ1098 TGATTGGTGTTAAGCGGC

CGCGGGCCCGTTTAA 
Amplifying plasmid backbone 

pcDNA5 

63oC 

EZ1099 CGTTCGGGGTTGGACGCC

ATGCTGCCGCTGCCCTTGT

AC 

EZ575 GGCAGAAGTAAATGCAAG

ATCCTTTCAAGC 
Amplifying plasmid backbone 

of pCFJ350 and mex-5 

promoter sequence 

54oC 

pEZ156 

EZ576 GCCAGAGGATCATTCTCT

GTCTGAAACATTCAATTG 

EZ577 AGACAGAGAATGATCCTC

TGGCACGAGATGTG 
Amplifying FRB sequence 58oC 

EZ578 CTCATAGTACCTCCACCTC

CCTTGGAGATACGACGGA

AGACG 

EZ579 AGGGAGGTGGAGGTACTA

TGAGTAAAGGAGAAGAAC

TTTTCAC 

Amplifying GFP-PH 

sequence 

55oC 

EZ580 GGATCTTGCATTTACTTCT

GCCGCTGGTCC 

EZ591 CAAGCTCGAGTAAATGCA

AGATCCTTTCAAGC 
Amplifying plasmid backbone 

of pCFJ350 having mex-5 

promoter, mCherry and tbb-2 

sequence 

54oC 

pEZ159 

EZ594 
TAGTACCTCCACCTCCCTT

ATAC 

EZ592 TATAAGGGAGGTGGAGGT

ACTATGGGAGTCCAAGTC

GAGACC 

Amplifying FKBP12 

sequence 

60oC 

EZ593 ATCTTGCATTTACTCGAGC

TTGAGGAGCTCGAC 

  



 

 43 

3.4.2 Purification of PCR products 
Before purifying the PCR products, plasmid template was cleaved with DpnI restriction 

enzyme (1 µl in 50 µl PCR products) for 1 hour at 37oC. PCR products were purified using 

the Macherey-Nagel NucleoSpin Gel and PCR Clean-up kit (#740609250) according to the 

manufacturer’s instructions. 

 

3.4.3 Gibson assembly 
PCR products were mixed together with 2x Gibson Assembly master-mix (NEB, #4767707) 

in an Eppendorf tube according to the manufacturer’s instructions (NEB, E2611) and 

incubated at 50oC for 1 hour.  

 

3.4.4 Transformation of chemical competent E. coli DH5α 
Chemical competent DH5α cells were thawed on ice for 20 mins. 6 µl of the Gibson reaction 

mix from previous step was added to 50 µl of DH5α cells and incubated on ice for 20 mins. 

Then, this mix of cells and gibson reaction was incubated at 42oC for 45 seconds and 

immediately transferred to ice for 2 mins. Cells were then allowed to recover from the heat 

shock in 1 ml LB broth at 37oC for 1 hour and were plated in LB-plates containing 

appropriate antibiotic for selecting positive clones. The plates were incubated at 37oC 

overnight. 

 

3.4.5 DNA purification from bacterial colonies 
Few of the bacterial colonies growing on the LB-plates (with antibiotic selection marker) 

were picked and cultured at 37oC overnight in 2 ml LB broth containing appropriate 

antibiotic for selection. Bacteria were pelleted at 10,000 rpm for 5 mins and the pellet was 

resuspended in 100 µl solution-1 having 100 µg/ml RNase A, followed by addition of 200 µl 

of solution-2. Tubes were incubated at room temperature for 5 mins and 150 µl of solution-3 

was added. Tubes were then incubated on ice for 10 mins. Afterwards, tubes were centrifuged 

at 13,000 rpm for 10 mins at 4oC and supernatant was transferred to new Eppendorf tubes. 1 

ml ice-cold absolute ethanol was mixed with the supernatant and centrifuged at 13,000 rom 

for 10 mins. Supernatant was discarded and pellet was rinsed with 70% ethanol followed by 

centrifugation at 13,000 rpm for 10 mins. Supernatant was again discarded and the pellet was 

air dried for about 15 mins. Finally, the pellet was dissolved in 30 µl TE buffer and stored at -

20oC 
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3.4.6 DNA sequencing to identify positive clones 
The DNA purified from the positive bacterial clones were screened by DNA sequencing. 

Samples for DNA sequencing were prepared in 200 µl PCR tubes (Table 4) and sequenced at 

in-house ‘Genomics Service Unit’ of Faculty of Biology, LMU Munich. The protocol used 

for DNA sequencing was called ‘Cycle, Clean, Run’. DNA primers having annealing 

temperature in the range of 52oC to 60oC and bind 100bp upstream of the region to be 

sequenced were chosen.   

 
Table 4: Sample preparation for DNA sequencing 

S. No. Ingredient Volume (7 µl) 

1. DNA template 1 µl (having 150-300 ng) 

2. Sequencing Primer 1 µl (having 2-10 pmol) 

3. 10 mM Tris/Cl, pH 8.5 (no EDTA) 5 µl 

 
3.4.7 DNA purifications by commercial kits 
Correct bacterial clones identified by DNA sequencing were cultured again, either in 3 ml LB 

broth containing selection antibiotic to obtain smaller quantities of purified plasmid (mini-

preps) or in 25 ml LB broth having selection antibiotic for getting higher plasmid yields 

(midi-preps). Plasmid purifications were performed by following manufacturer’s instructions. 

Mini-preps to obtain plasmids for microinjection in C. elegans gonads were performed by 

using PureLink Quick Plasmid Miniprep Kit (Invitrogen, K2100-01). Midi or mini-preps to 

purify plasmids for transfection in HeLa cells were carried out using Qiagen Plasmid Mini 

Kit (#12125) or Qiagen Plasmid Midi Kit (#12145).  

 

3.5 Immunoblotting 
For immunoblotting, cells were washed with 1x PBS, scratched off the surface, collected in 

an eppendorf tube and pelleted by spinning at 4000 rpm for 5 mins at 4oC. Cell pellet was 

resuspended in 1x Laemmli sample buffer and incubated at 95°C for 10min. For 

immunoblotting adult worms, 30-40 worms were picked and washed multiple times in M9 

buffer. Sample buffer was added and worms were incubated at 95°C for 5 mins and sonicated 

for 20 mins. All protein samples were resolved by SDS-PAGE under reducing conditions and 

were immobilized to PVDF membrane (Merck Millipore, PVH00010) by wet transfer 

method. Membranes were blocked with 4% milk powder-PBST solution for 1 hour at room 

temperature and incubated with desired primary antibodies listed in Table 11 (Section 3) 
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overnight at 4°C. Membranes were washed four times with PBST and incubated with 

appropriate HRP-conjugated secondary antibodies listed in Table 11 (Section 3) for 1hr at 

room temperature. After four washes with PBST, protein bands were visualized using 

enhanced chemiluminescence (ECL) and imaged with BioRad ChemiDoc XRS+ system.  

 

3.6 Fluorescence Microscopy  
HeLa cells were filmed live in NuncTM Lab-TekTM (Thermo Scientific) or ibidi treat-well 

(ibidi) chambered coverglass dishes at 37°C. Culture medium was replaced with CO2 

independent medium supplemented with 10% FBS and stable 2mM L-glutamine prior to 

imaging. During live-cell imaging the temperature was maintained at 37°C using a heated 

microscope chamber.  To image C. elegans embryos, adult hermaphrodites were dissected in 

4μl M9 buffer on a coverslip (18x18mm) which was inverted onto a glass slide having 2% 

agarose pad. rga-3/4∆ mutant embryos, being partially osmosensitive, were imaged in L-15 

blastomere culture medium (Edgar and Goldstein, 2012) without the pressure of a coverslip 

(Zanin et al., 2013). Adult worms were dissected in a 4μl drop of L-15 medium on a coverslip 

(24x50mm) which was mounted on a metal slide (Monen et al., 2005) having a small hole in 

the center. A thin Vaseline ring was created around the drop to act as spacer and a smaller 

coverslip (18x18mm) was placed on the Vaseline ring. All details of the microscopes used 

and images acquired by them are summarized in Table 15. All images were processed in Fiji 

and Adobe Photoshop Element, graphs were plotted in Prism and figures were prepared in 

Affinity Designer. 

 

3.7 Generation of Antibodies 
To generate a polyclonal antibody against human anillin protein, sequence encoding anillin 

amino acids 417-687 (Piekny and Glotzer, 2008b) was cloned into pGEX-4T plasmid 

containing a GST tag. Expression of GST-anillin417-687 fusion protein was induced in BL21 

cells for 4hrs at 37°C and GST-anillin417-687 was purified over glutathione-sepharose column 

by affinity chromatography (Figure 7B). The purified antigen was used to immunize rabbits 

by Davids Biotechnology GmbH. The serum obtained from the immunized rabbits was 

incubated with GST-coupled SulfoLink resin overnight at 4°C to deplete anti-GST antibodies 

(Figure 7A and C). The depleted of anti-GST antibodies was then incubated with GST-

Anillin417-687-coupled SulfoLink resin to trap and purify anti-anillin antibodies. Antibodies 

bound to the SulfoLink resin were eluted in 0.2M glycine pH 2.5 and immediately 

neutralized by 1M TrisHCl pH 8.5. The eluted antibodies were concentrated and the buffer 
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was exchanged to 1xPBS by using Pierce Protein Concentrator (10K MWCO; Life 

Technologies, 88527). The purified antibodies were mixed with equal volume of glycerol and 

stored at -20°C. Purified anti-anillin antibodies were tested and found to be suitable for 

Western Blotting and Immunofluorescence applications (Figure 7D and E). The specificity of 

the purified antibody can be seen on the western blot shown in Figure 9B, where immune-

reactive band of anillin is nearly absent upon depletion of anillin by RNAi in HeLa cell 

extracts. Immunofluorescence analysis, similarly, showed absence of anillin signal in cells 

treated with anillin siRNA but not in control cells (Figure 7D).  
 

 

 
 

Figure 7: Purification of anti-anillin polycolonal antibodies from serum of immunized 

rabbits. (A) Workflow showing major steps of antibody purification. (B) Purification of 
anillin polypeptide to serve as an antigen to facilitate antibody purification. GST-tagged 
human anillin polypeptide (amino acids 417–687) was expressed in BL21 cells and purified 
with glutathione-sepharose beads. (C) Western Blot showing strong depletion of GST-
antibodies from the rabbit serum. (D) Fluorescence images of control and anillin depelted 
HeLa cells stained with anillin antibodies and Hoechst. (E) Immunoblots of parental HeLa 
cells or cells expressing anillin::GFP to test the purified anillin antibodies. 
 
To generate a polyclonal anti-MP-GAP antibody, MP-GAP cDNA was cloned into 

pGEX-6P1. The expression of GST-MP-GAP was induced from pGEX-6P1 in BL21 cells for 

4hrs at 37°C and purified antigen was injected into rabbits by Thermo Scientific (antigen was 

expressed and purified by Dr. Shirin Bahmanyar). To purify MP-GAP antibodies from the 



 

 47 

serum, MP-GAP cDNA was again cloned in to pGEX-4T plasmid as the previous pGEX-6P1 

was not available in the lab stock. GST and MP-GAP antigens were purified by inducing 

pGEX-4T in BL21 cells for 4 hrs at 37°C and purified using glutathione-sepharoase column 

(Figure 8A). Purified antigens were coupled with SulfoLink resin by following the 

manufacturer’s instructions. The serum containing anti-GST and anti-MP-GAP antibodies 

was run through GST-coupled SulfoLink resin to deplete anti-GST antibodies (Figure 8B). 

The serum, thus, depleted of anti-GST antibodies was passed through GST-MP-GAP-coupled 

SulfoLink resin (expressed using pGEX-4T plasmid) to trap and purify anti-MPGAP 

antibodies. Antibodies bound to the SulfoLink resin were eluted in 0.2M glycine pH 2.5 and 

immediately neutralized by 1M TrisHCl pH 8.5. The eluted antibodies were concentrated and 

the buffer was exchanged to 1xPBS by using Pierce Protein Concentrator (10K MWCO; Life 

Technologies, 88527). The purified antibodies were mixed with equal volume of glycerol and 

stored at -20°C. Purified anti-MPGAP antibodies were tested and found to be suitable for 

Western Blotting (Figure 8C). The specificity of the purified antibody can be seen on the 

western blot shown in  Figure 8C, where immune-reactive band of MP-GAP is nearly absent 

upon depletion of MP-GAP by RNAi in HeLa cell extracts. 

 

 
 
 

Figure 8: Purification of anti-MP-GAP polycolonal antibodies from serum of 

immunized rabbits. (A) Purification of GST-tagged MP-GAP to serve as an antigen to 
facilitate antibody purification. GST-tagged human MP-GAP polypeptide was expressed in 
BL21 cells and purified with glutathione-sepharose beads. (B) Western Blot showing strong 
depletion of GST-antibodies from the rabbit serum. (C) Immunoblots of control and MP-
GAP RNAi treated HeLa cells. ⍺-tubulin	was	used	as	a	loading	control.	
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3.8 Statistical Analysis 
Statistical analysis for the RNAi screen was performed in Knime using two-tailed student’s 

t-test. For all other experiments appropriate statistical test was performed in Prism as 

indicated in the figure legend and normal distribution of the data was checked by Shapiro-

Wilk test. Mean values are shown with error bars representing either SEM or SD as indicated 

in the figure legends. 

 

3.9 Data analysis with Knime 
Knime (http://www.knime.org) is a free and open-source software that utilizes graphical user 

interface and modular data pipeline for data analysis. I used knime to calculate mean anillin 

or myosin fluorescence intensity in HeLa cells and C. elegans early embryos as well as 

anillin, myosin and RhoA zone width in HeLa cells. Knime was also used to analyse all the 

data of RNAi screen and check statistical significance by student’s t-test. Raw pixel 

intensities measured by drawing cortical linescans in Fiji were imported in to Knime and fed 

into a data analysis pipeline to calculate mean fluorescence intensities on equatorial and polar 

cortex as well as zone width. Before calculating mean fluorescence intensities, cytoplasmic 

fluorescence intensity was subtracted from each value to account for slight variations in 

expression of fluorescent proteins and immunostainigs. I established the data analysis 

pipeline with the help of our collaborator Martin Stoeter of MPI-CBG.  

 

Table 5: HeLa cell lines 

Cell Line Background Description 
Reference/ 
Established by 

HeLa 
Parental HeLa "Kyoto" No transgene insertion  

EZ5 HeLa "Kyoto" 
Expression of mouse anillin-FLAP from 
integrated BAC, clonal cell line obtained 
by FACS. 

Zanin et. al. 
2013 

HeLa Flp-
In TRex HeLa No transgene insertion Tighe et al., 

2004 

Generated cell lines 

EZ56 HeLa "Kyoto" 

Expression of mouse anillin-FLAP from 
integrated BAC and mKate2-α-tubulin 
from integrated transgene. Clonal cell 
line obtained by FACS. 

S. Mangal 

EZ88 HeLa Flp-In 
TRex Expression of mNeonGreen-PKN2 S. Mangal 
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EZ101 HeLa Flp-In 
TRex Expression of Sept7-mNeonGreen S. Mangal 

 

Table 6: C. elegans strains  

Strain 
name 

Genotype 
Reference/ 
Generated by 

N2 Wild type (ancestral)  

EG6699 ttTi5605 II; unc-119(ed3) III; oxEx1578 Frøkjær-Jensen et 
al., 2008 

EG8078 oxTi185 I; unc-119(ed3) III Frøkjær-Jensen et 
al., 2014 

EG8081 unc-119(ed3) III; oxTi177 IV. Frokjaer-Jensen et 
al., 2014 

MDX29 ani-1(mon7[mNeonGreen^3xFlag::ani-1]) III Descovich et. al., 
2018 

ZAN23 nmy-2(cp13[nmy-2::gfp + LoxP]) I; unc-119(ed3) III; 
ltIs37 [pAA64; pie-1/mCherry::his-58; unc-119 (+)] IV E. Zanin 

ZAN295 ani-1(mon7[mNeonGreen^3xFlag::ani-1]) III; [mex-
5::mCherry::tubulin] IV E. Zanin 

OD184 ltIs108 [pOD564/pFM005; pie-1::LAP::AIR-1WT 
reencoded; unc-119(+)] F. Motegi 

OD1359 unc-119(ed3) III; ltSi716 [pOD1935/pDC208; Pmex-
5::EBP-2::GFP::tbb-2; cb-unc-119(+)] I Wang et al., 2015 

Generated worm strains 

ZAN286 
estSi71 [pAC257;pmex-5::LifeAct::mKate2:tbb2; cb-
unc-119(+)] IV; rga-4(ok1935) unc-62(e644) rga-
3(ok1988) V/nT1[qIs51](IV;V) 

S. Mangal 

ZAN308 
pkn-1(ok1673) X; ani-
(mon7[mNeonGreen^3xFlag::ani-1]  III; [mex-
5::mCherry::tubulin] IV 

S. Mangal 

ZAN87 
estSi50[pEZ156;pmex-5::frb::gfp::ph::tbb2; cb-unc-
119(+)]I; unc-119(ed3) III  
 

S. Mangal 

ZAN98 
estSi54[pEZ159;pmex-5::mCherry::fkbp12::tbb2; cb-
unc-119(+)]II; unc-119(ed3) III  
 

S. Mangal 

ZAN101 

estSi50[pEZ156;pmex-5::frb::gfp::ph::tbb2; cb-unc-
119(+)]I; estSi54[pEZ159;pmex-
5::mCherry::fkbp12::tbb2; cb-unc-119(+)]II; unc-
119(ed3) III  
 

S. Mangal 
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Table 7: Bacterial strains used from laboratory stock  

Strain name Purpose 

DH5⍺	 Transformation of DNA 

BL21 Expression of recombinant proteins 

OP50 Feeding and culturing C. elegans worms 

 
Table 8: siRNAs to knockdown gene expression 

Gene Sequence Company Cat. No. 

Non-Targeting Sequence not known Dharmacon D-001810-01-20 
PKN2 GAAUGUGAGUGCUGUUCAA Dharmacon J-004612-13 
SEPT7 UGAAUUCACGCUUAUGGUA Dharmacon J-011607-06 

ARHGAP11a 
pool (MP-
GAP) 

AUUACAGGCUGCAGUAGUA, 
GGUAUCAGUUCACAUCGAU, 
GAUCGCAGGAGACAUGAAA, 
AAGCGUACAUUGCCAGUAG 

Dharmacon L-021122-00 

Anillin CGAUGCCUCUUUGAAUAAATT Life 
Technologies 

Custom-made 

Control siRNAs used in the screen 

ECT2 pool 

GCACUCACCUUGUAGUUGA, 
CAGAGGAGAUUAAGACUAU, 
UAACAGCAAUCGCAAACGA, 
GUAAUGAGUCGUCUUUCUA 

Dharmacon J-006450-05 to 
J-006450-08; 
manually pooled 

MP-GAP pool 

AUUACAGGCUGCAGUAGUA, 
GGUAUCAGUUCACAUCGAU, 
GAUCGCAGGAGACAUGAAA, 
AAGCGUACAUUGCCAGUAG 

Dharmacon J-021122-05 to 
J-021122-08; 
manually pooled 

 

Table 9: Primers for dsRNA production for C. elegans 

Gene Oligonucleotide 1 Oligonucleotide 2 Template 
dsRNA conc. 
mg/ml 

pkn-1 
TAATACGACTCACTA
TAGGGATGGACCACC
AAGTAAGCTTG 

TAATACGACTCACT
ATAGGGAGGTGGTT
TTGGGATGAGTCC 

Genomic 
DNA 3.06 

unc-59 
TAATACGACTCACTA
TAGGTGGGAGCCAAT
AGTGAACTAC 

TAATACGACTCACT
ATAGGCGATTCTTC
TCATTCTTCGGC 

Genomic 
DNA 1.0 

unc-61 
TAATACGACTCACTA
TAGGAGCGTGTTAAT
GTGATCCCAG 

TAATACGACTCACT
ATAGGTCCAGTCTC
TCCATCTCCAATC 

Genomic 
DNA 1.0 

tpxl-1 TAATACGACTCACTA
TAGGACGTCGGTGAG

TAATACGACTCACT
ATAGGTGTACACAT cDNA 0.58 
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CAAATTGAC ATGATGGCACAGG 

nmy-2 
TAATACGACTCACTA
TAGGAATTGAATCTC
GGTTGAAGGAA 

TAATACGACTCACT
ATAGGACTGCATTT
CACGCATCTTATG 

cDNA 0.36 

hcp-4 
TAATACGACTCACTA
TAGGGGAAATGTAC
GGAGCGAAAAC 

TAATACGACTCACT
ATAGGGTTGGTGGG
TCCAATATTAC 

cDNA 0.64 

rga-3 
rga-4 

TAATACGACTCACTA
TAGGGCAACGCGTCG
AAACATCG 

TAATACGACTCACT
ATAGGGTTGGAGTG
GCAGTTGGAGTG 

Genomic 
DNA 2.9 

saps-1 
TAATACGACTCACTA
TAGGGACTCAAAATA
GCAAGCAACTTCTG 

TAATACGACTCACT
ATAGGGGAAGGTTG
TCCCGCCGAGG 

cDNA 2.8 

pph-6 
TAATACGACTCACTA
TAGGGGTATTCGACG
TTCTTCCAATTGG 

TAATACGACTCACT
ATAGGGTTAGAGGA
AATACGGAGCAACG 

cDNA 2.0 

T7 sequences are underlined. 

 

Table 10: Plasmids 

Plasmid Name Plasmid backbone Description 

Addgene Plasmid 
#37132 

pN1 Used to amplify mKate2 sequence 

Addgene Plasmid 
#40201  

pcDNA6 Used to amplify pcDNA6 plasmid backbone  

Addgene Plasmid 
#31930  

pEGFP Used to amplify α-tubulin sequence 

EZ76 pGEX-6P1 Encodes for GST::MP-GAP  and used for anillin 
antibody generation 

pAC257 pCFJ151 Encodes for LifeAct-mKate2 
pEZ299 pcDNA5/FRT/TO Encodes for RNAi resistant NG-PKN2 

MosSCI co-injection plasmids 
pCFJ601 - Encodes Peft-3::transposase.  
pMA122 - Encodes Phsp::peel-1 
pGH8 - Encodes prab-3::mcherry (pan-neuronal) 
pCFJ90 - Encodes pmyo-2::mcherry (pharynx-muscle) 
pCFJ104 - Encodes pmyo-3::mcherry (body-muscle) 

Generated plasmids 

pEZ154 pGEX-4T Encodes for GST::anillin417-687 and used for anillin 
antibody generation  

pEZ170 pCDNA6 Encodes mKate2::α-tubulin 
pEZ229 pGEX-4T Encodes for GST::MP-GAP  and used for anillin 

antibody generation 
pEZ292 pCDNA5/FRT/TO Encodes for RNAi resistant Sept7-NG 
pEZ266 pCDNA5/FRT/TO Encodes for RNAi resistant PKN2 



 

 52 

pEZ156 pCFJ350 Encodes for FRB-GFP-PH 
pEZ159 pCFJ350 Encodes for mCherry-FKBP12 

 

Table 11: Antibodies 

Antibody Raised in 
Dilution Supplier and Cat. 

No. 
Fixative 

W.B. I.F. 

Primary Antibodies 

Septin-7 Rabbit 1:1000 1:100 Tecan, JP18991 Methanol 

pMLC (Ser19) Rabbit - 1:100 Cell Signaling 
Technology, 3671 4% formaldehyde 

Anillin Rabbit 1:3000 1:3000 Self-generated Methanol 
PKN2 Rabbit 1:1000 1:100 Abcam, ab138514 Methanol 
α-Tubulin Mouse 1:10000 1:250 Sigma, T6199 4% formaldehyde 
RhoA (26C4) Mouse 1:250 1:50 Santa Cruz, sc-418 10% TCA 

Ect2 Mouse 1:250 - Santa Cruz, sc-
514750 - 

Plk1(F-8)  Mouse 1:250 1:50 Santa Cruz, sc-
17883 Methanol 

pH3 (Ser28) Rat - 1:1000 Sigma, H9908 4% formaldehyde 
pLATS2 
(Ser83) Mouse - 1:1000 Cyclex, CY-M1020 4% formaldehyde 

AIR-1 Rabbit - 1:100 Hannak et. al., 2001 Methanol 
Secondary Antibodies 

Alexa Fluor 
488 anti-
mouse 

Goat - 1:1000 Thermo Fischer - 

Alexa Fluor 
488 anti-rabbit Goat - 1:1000 Thermo Fischer - 

Alexa Fluor 
568 anti-rabbit Goat - 1:1000 Thermo Fischer - 

Alexa Fluor 
568 anti-rat Goat - 1:1000 Thermo Fischer - 

Alexa Fluor 
594 anti-rabbit Goat - 1:1000 Thermo Fischer - 

Rabbit-HRP Goat 1:20000 - Biorad - 
Mouse-HRP Goat 1:20000 - Biorad - 
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Table 12: Reagents 

Reagent Supplier Cat. No. 

384-well μClear plates Greiner Bio-one 781097 
Opti-MEM Thermo Fischer 31985070 
INTERFERin Polyplus 409-10 
Lipofectamine RNAiMAX Life Technologies 13778030 
DMEM Thermo Scientific 61965059 
FBS (screening) PAN Biotech P30-3306 
FBS Thermo Scientific 10270106 
Penicillin/Streptomycin Merck A2212 
Thymidine Sigma T1895 
MG132 Calbiochem 474790 
Formaldehyde (screening) Roth 4979.1 
Formaldehyde Thermo Scientific 28908 
Plk1 inhibitor BI2536 Selleckchem S1109 
Nocodazole Cayman 13857 
X-tremeGENE 9 Roche 06365779001 
Blasticidin InvivoGen ant-bl-1 
Hygromycin Sigma H3274 
Tetracycline Sigma T7660 
AURKA inhibitor MK5108 Selleckchem S2770 
AZD1152-HQPA Sigma SML0268 
poly-L-lysine Sigma P1524 
CO2 independent medium Thermo Scientific 18045054 
L-glutamine A&E Scientific M11-004 
SulfoLink Resin Thermo Scientific 20401 
Propyl-gallate Sigma P3130 
Leibovitz L-15 Medium Thermo Scientific 11415-049 
Inulin Sigma I3754 
6x EZ-Vision VWR N472-KIT 
DpnI NEB R0176L 
Gibson Mix NEB 4767707 
Phusion Polymerase NEB M0530L 
Phusion Buffer NEB - 

 

Table 13: Kits to generate and purify dsRNA 

Kit Name Supplier Cat. No. 

MEGAscript T7 Transcription  Thermo Scientific AM1334 

MEGAclea Transcription Clean-Up  Thermo Scientific AM1908 
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Qiagen Plasmid Mini Kit  Qiagen 12125 
Qiagen Plasmid Mini Kit  Qiagen 12145 
PureLink Quick Plasmid Miniprep Kit  Invitrogen K2100-01 
Nucleospin Gel and PCR cleanuo Macherey and Nagel 740609250 

 
Table 14: Buffers and Solutions 

Solution Composition 

10x PBS 25.6g Na2HPO4·7H2O  
80g NaCl 
2g KCl 
2g KH2PO4.  
Adjust to 1L with ddH2O 
 

10x TBS 2g KCl 
80g NaCl 
30g Tris-Base 
Adjust the pH to 7.4 with HCl 
Adjust to 1L with ddH2O 
 

4x Resolving buffer 18.17g Tris 
24 ml 1M HCl 
0.4g SDS 
Adjust to pH 8.8 with HCl 
Adjust to 100ml with ddH2O 
 

4x Stacking buffer  6g Tris 
38.5ml 1M HCl 
0.4g SDS 
Adjust to pH 6.8 with HCl 
Adjust to 100ml with ddH2O 
 

10x Running buffer 30.3g Tris 
144g Glycine 
Adjust to 1L with ddH2O 
 

Transfer buffer 200ml 100% Ethanol 
100ml Running buffer 
Adjust to 1L with ddH2O 
 

Coomassie staining solution 100ml 100% Methanol 
50ml Glacial Acetic Acid 
0.5g Brilliant Blue 
Adjust to 500 ml with ddH2O 
 

Coomassie destaining 
solution 

250ml 100% Ethanol 
50ml Glacial Acetic Acid 
Adjust to 500 ml with ddH2O 
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2x Sample buffer 2ml 4x stacking buffer 
4ml 10% SDS 
140µl β-Mercaptoethanol 
4ml 50% Glycerol 
100µl Saturated Bromophenol blue solution 
 

2x Freezing solution for C. 
elegans 
(Prepared by Lab 
Technicians) 

5.58g NaCl  
6.8g KH2PO4 
300ml Glycerol 
0.56ml NaOH to pH 6.0 
MilliQ H2O to 1 L 
Add 60μL of 1M MgSO4 to 200 ml before use 
 

M9 
(Prepared by Lab 
Technicians) 

6g Na2HPO4 
3g KH2PO4 
0.5g NaCl 
1.0g NH4Cl 
Adjust to 1L with ddH2O 
 

Mouting medium 4% n-Propyl-Gallate 
90% Glycerol  
Prepare in 1x PBS 
 

2x Freezing solution for 
HeLa cells 

1.5ml DMEM medium 
2.5ml FBS 
1ml DMSO 
 

L-15 blastomere culture 
medium 

6ml Leibovitz L-15 media 
1ml of HEPES (0.25M pH 7.4) 
1ml Inulin Solution 
2ml FBS 
 

NETN Extraction buffer 4ml 1M Tris HCL pH 8.0 
4ml 5M NaCl 
10ml 10% NP-40 
Adjust to 200ml with ddH2O 
 

LB Broth 
(Prepared by Lab 
Technicians except when 
required in large quantities) 

10g Tryptone 
5g Yeast extract  
10g NaCl 
800ml MilliQ H2O 
 

Solution-1 
(Prepared by Lab 
Technicians) 

9ml 20% Glucose 
5ml 1M Tris-HCl pH 8.0 
8ml 0.25M EDTA 
adjust volume to 200ml with ddH2O 
 

Solution-2 
(Prepared by Lab 
Technicians) 

200µl 10M NaOH 
1ml 10% SDS 
MilliQ H2O to 10ml 
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Solution-3 
(Prepared by Lab 
Technicians) 

29.5ml glacial acetic acid  
KOH pellets to pH 4.8  
MilliQ H2O to 100ml 
 

TE Buffer 
(Prepared by Lab 
Technicians) 

10 mM Tris-HCL 
1 mM EDTA 
adjust pH to 8.0 with HCl 
adjust volume to 1 L with ddH2O 

 
Table 15: Microscopes 

Microscope Equipment Manufacturer 

UltraVIEW VoX spinning 
disk confocal microscope 
 
(Used for Figure 9C, 19D, 
25B, 26F, 38B-C, 43A) 

Lasers: 
405 nm, 442 nm, 488 nm, 514 nm, 561 nm, 
640 nm 
Objective: 
63x 1.4 NA Plan-Apochromat oil immersion  
Camera: 
Hamamatsu EMCCD C9100-50 
Software: 
Volocity 6.1.1 software 

Perkin Elmer 

Nikon eclipse Ti spinning 
disk confocal microscope 
 
(Used for Figure 24B, 
24D, 24G, 27A, 30A, 
31A, 31D, 32A, 33B, 
36A, 36C, 40C, 40D) 

Lasers: 
405 nm, 488 nm, 561 nm, 640 nm 
Objective: 
100x 1.45 NA Plan-Apochromat oil 
immersion objective 
Camera: 
Andor DU-888 X-11056  
Software: 
NIS Elements 4.51 

Nikon 

Leica TCS SP5 
microscope 
 
(Used for Figure 9A 
(right), 20B, 20D, 22A, 
22E, 26B, 26D, 33A, 
36B, 37B, 39A, 39F, 41, 
42B) 

Lasers: 
Diode laser 405 nm (25 mW) 
Argon Laser 458 nm, 476 nm, 488 nm and 
514 nm (5mW) 
DPSS Laser 561 nm (10 mW) 
HeNe Laser 594 nm (2.5 mW) 
Objectives: 
HCX PL APO Lambda Blue 63x 1.4 oil 
Software: 
Leica Application Suite Software 2.7.2 

Leica 

CV7000 high-throughput 
spinning disk confocal 
microscope 
 
(Used for Figure 9A 
(left), 10B, 12D, 15-17) 

Lasers: 
405 nm, 488 nm, 561 nm, 640 nm 
Objevtive: 
40x 0.95 NA air  
10x NA 0.4 
Camera: 
Andor Neo sCMOS  

Yokogawa 
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4. Results 
 

4.1 RNAi Screen to discover novel regulators of cytokinesis 
 

4.1.1 Establishing screening methodology 
To identify the new regulators of cytokinesis in our RNAi screen, we analysed the cortical 

patterning of anillin at the cell cortex during anaphase in HeLa cells. Anillin is known to bind 

active RhoA and mimic its localization (Sun et al., 2015; Piekny and Glotzer, 2008). Anillin 

was visualized by using a previously established HeLa cell line expressing mouse 

anillin::GFP (Zanin et al., 2013) which was simply fixed and imaged (Figure 9A), thereby 

serving as a faster alternative to lengthy and time-consuming immunofluorescence assay. 

Since mitotic spindle plays a crucial role in regulating the cortical localization of anillin 

during anaphase (Section 1.3; Green et al., 2012), I introduced a stable integration of 

mKate2::α-tubulin in the cell line expressing anillin::GFP (Figure 9A). Visualizing mitotic 

spindle could help to identify overt spindle abnormalities (if present) in the shortlisted 

candidates. To obtain a cell line with homogenous expression of anillin::GFP and mKate2::α-

tubulin single clones were generated by Fluorescence-activated cell sorting (FACS) and a 

colony having homogenous expression of the fluorescent proteins was identified, amplified 

and used in our experiments (named as EZ56, see Section 3, Table 5). 

 

To assess whether the mouse anillin::GFP is functional, I depleted endogenous human anillin 

using a siRNA that selectively targets human anillin but not the mouse transgene. Anillin is 

required to link different components of the contractile ring and anillin depletion results in 

cytokinesis failure which causes an accumulation of bi- and multi-nucleated cells (Piekny and 

Glotzer, 2008). Consistent with the previous reports, anillin knockdown in HeLa cells led to a 

dramatic increase in the number of bi- (51% as compared to 6% in control) and multi-

nucleated cells (27% as compared to 2% in control) (Figure 9C). Importantly, the increase in 

the number of bi- and multinucleated cells was rescued by the mouse anillin::GFP (15% 
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binucleated cells and 2% multinucleated cells), suggesting that the mouse transgenes is 

functional (Figure 9C). Furthermore, the Western Blot analysis showed that the expression 

level of mouse anillin::GFP was similar to that of the endogenous anillin (Figure 9B). 

Finally, mouse anillin::GFP localized to the cell equator during anaphase similar to the 

endogenous anillin (Figure 9A). Together, these three characteristics features of our cell line 

make it an excellent tool to study the cortical patterning of anillin in anaphase.  

 

In non-synchronized cell populations, the number of anaphase cells is about 1% (Figure 9E). 

To analyze the cortical accumulation of anillin in adequate number of cells, it was crucial to 

increase the number of cells in anaphase in our fixed samples. To this end, I tested various 

cell cycle synchronization protocols such as single thymidine block, double thymidine block 

and MG132-induced metaphase arrest either in isolation or in different combinations. 

Concentrations of thymidine and MG132 were also optimized to achieve higher synchrony in 

the cell cycle. The resulting optimized synchronization workflow that was used in our 

experiments is shown in Figure 9D. Briefly, 24 hours after cell plating and siRNA 

transfection, cells were incubated with 0.5mM thymidine for 16 hours, released for 8 hours 

by washing out thymidine and treated again with 0.5mM thymidine for 16 hours. Thymidine 

was again washed off and cells were allowed to continue in cell cycle for 7.5 hours. Lastly, 

5μM MG132 was added for two hours to allow accumulation of cells in metaphase followed 

by MG132 wash out and release of cells in to anaphase. Cells were fixed with formaldehyde 

110 mins after MG132 washout and DNA was stained with DAPI. Using this procedure, we 

increased the number of anaphase cell to 15% percent (Figure 9E) from 1% in non-

synchronous cells.  
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Figure 9: Characterization of anillin::GFP cell line and experimental workflow for the 

RNAi screen. (A) Confocal images of HeLa cells showing localization of transgenic 
anillin::GFP, mKate-⍺-tubulin,	 DNA	 (left) and stained endogenous anillin, ⍺-tubulin	 and	
DNA	 (right) during anaphase. (B) Immunoblots of parental HeLa cells or cells expressing 
anillin::GFP after treatment with control or anillin siRNA. α-tubulin was used as loading 
control. (C) Confocal images (left) of parental HeLa and anillin::GFP expressing cells that 
were treated with control or anillin siRNA and stained with α-tubulin antibody and Hoechst. 
Graph (right) showing percentage of mono, bi and multi-nucleated cells for different 
treatment conditions. (D) Schematic showing experimental workflow of the screen. HeLa 
cells expressing anillin::GFP and mKate2::α-tubulin were seeded and cell cycle was 
synchronized by combination of double thymidine and MG132 treatments. Cells were fixed 
and DNA was stained with DAPI. (E) Plot showing percentage of cells in interphase, 
metaphase, anaphase and telophase with or without cell cycle synchronization. Scale bar is 
5μm. Error bars are SD and n = number of cells. 
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4.1.2 Controls for the RNAi screen 
 

To identify cytokinesis regulators, we wanted to analyse changes in patterning of anillin 

during anaphase upon knockdown of different genes. In control anaphase cells, anillin is 

enriched at the cell equator and is nearly absent from the cell poles (Figure 9A). To examine 

our ability to detect the expected phenotypes, I induced abnormal localization of anillin by 

depleting or inhibiting known regulators of cytokinesis like Plk1, Ect2, MP-GAP (Figure 2) 

using the procedure we developed for the RNAi screen (Section 3.1). Cells were plated and 

transfected in 384-well plates (Figure 12A) using automated plate dispensers and washers as 

described in material and methods (Section 3.1). The automation and optimization of plate 

washers and dispensers was carried out by Martin Stoeter at MPI-CBG. The cell cycle was 

synchronized as shown in Figure 9D and imaging was performed as shown in Figure 12D.  

Accumulation of anillin::GFP was quantified at the cell equator and poles by drawing a line 

around the entire cell cortex (Figure 9A). These positive controls can be broadly categorized 

into following two categories: 

 

4.1.2.1 Reduced anillin accumulation at cell equator  

Cortical localization of anillin is dramatically reduced upon depletion of RhoA-GEF Ect2 

(Tatsumoto et al., 1999), or by Polo-like kinase 1 (PLK1) inhibition with small-molecule 

inhibitor BI2536 (Petronczki et al., 2007). As shown in Figure 10B and C, depletion of Ect2 

led to substantial reduction in anillin::GFP accumulation at the cell equator. Similarly, PLK1 

inhibition during anaphase using 100nM BI2536 caused significant decrease in the mean 

anillin::GFP intensity at the cell equator.   

 

4.1.2.2 Increased anillin accumulation at cell poles 

It is known that the microtubule asters prevent accumulation of anillin at the cell poles 

(D'Avino et al., 2015; Dassow, 2009; Green et al., 2012). Consistent with this, elimination of 

astral microtubules by treating anaphase cells with low dose of nocodazole (70nM) for 10 

minutes resulted in significantly higher accumulation of anillin::GFP at the cell poles (Figure 

10B and D). MP-GAP, a RhoA GTPase-activating protein, inactivates RhoA by converting it 

back to its GDP-bound state from GTP-bound state, thereby, acting as a negative regulator of 

RhoA signalling during cytokinesis. Depletion of MP-GAP in the absence of microtubule 

asters has been shown to result in polar accumulation of anillin (Zanin et al., 2013), 

suggesting that MP-GAP plays a role in restraining anillin localization to the cell equator. 

However, in my experiments depletion of MP-GAP alone was sufficient to cause a 
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significant increase in polar accumulation of anillin::GFP (Figure 10B and D), which is 

consistent with the role of MP-GAP in the inhibitory signalling but defies the notion that this 

inhibitory function is crucial only in the absence of microtubule asters. Since the depletion 

efficiency of MP-GAP in the earlier study was only shown for the GFP-tagged transgene and 

not for endogenous protein, it is possible that residual endogenous MP-GAP accounted for 

the lower penetrance of the observed phenotype. To investigate this possibility, I compared 

the depletion level of endogenous MP-GAP attained by the published older RNAi treatment 

with the newly optimized RNAi conditions of our screen on a Western Blot using MP-GAP 

antibodies that were purified by myself. The differences in the two experimental conditions 

are summarized in Figure 11A. Indeed, the comparison showed that while MP-GAP was 

nearly completely depleted using the new RNAi conditions, a significant amount of the 

protein was present after RNAi knockdown using the old treatment conditions (Figure 11B). 

Thus, the observed discrepancy in the penetrance of MP-GAP phenotype can be explained by 

the better knockdown of MP-GAP in my experiments. Regardless, these results show that 

abnormalities in anillin localization during anaphase in the positive controls can be reliably 

detected in our screening assay. 
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Figure 10: Quantification of cortical anillin::GFP in controls for the screen. (A) 
Anillin::GFP localization was analysed at the cell cortex by drawing a linescan (8 pixels 
wide) around the cell (start 0% and end 100%) and subtracting the mean cytoplasmic 
background intensity from the linescan. Mean fluorescence intensity was calculated for the 
polar (0-10%, 40-60%, and 90-100%) and equatorial (20-30%, 70-80%) cortex. (B) 
Schematics and representative images illustrating possible anillin localization defects 
expected to occur in the RNAi screen after knockdown of genes regulating cortical patterning 
of anillin. (C) Graphs plot the normalized mean anillin::GFP intensity at the cell equator in 
control, Ect2 depleted and Plk1 inhibitor-treated (BI2536) cells. p-values were calculated by 
Student’s t test (****, P < 0.0001). (D) Graphs plot the normalized mean anillin::GFP 
intensity at the cell poles in control, MP-GAP depleted and nocodazole treated cells. p-values 
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were calculated by Kolmogorov-Smirnov test (****, P < 0.0001).  All error bars are SEM 
and n = number of cells. All values were normalized to the mean anillin::GFP intensity at the 
cell equator in control. Scale bar is 5μm. 

 

 

 
 
Figure 11: Comparison of MP-GAP knockdown efficiency with two different siRNA 

transfection protocols. (A) Table summarizing key differences in old and new experimental 
conditions for RNAi-mediated knockdown. (B) Immunoblots comparing MP-GAP 
knockdown efficiency achieved by the two siRNA transfection methods new and old. In the 
old method, 200nM siRNA was mixed with oligofectamine in optimem and added to the cells 
24 hours after seeding. Cells were incubated for 48 hours at 37oC. In the new method used in 
our RNAi screen, 10nM siRNA was mixed with INTERFERin in optimem and cell 
suspension was added. Cell cycle was synchronized and total duration of RNAi treatment 
was 72 hours at 37oC. α-tubulin was used as a loading control. 
 

4.1.3 Performing the primary screen 
After establishing the screening workflow, I performed the RNAi screen at the Screening 

Facility of Max Planck Institute of Molecular Cell Biology and Genetics (MPI-CBG) with the 

help of Dr. Martin Stoeter. We transfected the HeLa cells expressing anillin::GFP and 

mKate2::α-tubulin with Dharmacon druggable human genome library, where four different 

siRNAs were pooled to target one gene. The library covers 7,553 genes that are considered to 

be potential targets for drugs and includes kinases, phosphatases, proteases, GPCRs (G-

protein coupled receptors), ubiquitin ligases etc. and therefore serve as an excellent collection 

of genes for RNAi screen. After siRNA transfection, cells were synchronized in cell cycle 

and fixed by following the workflow depicted in the Figure 9D. DNA was stained with DAPI 

and cytoplasm was stained with CellMask Blue, so that it could be used for segmenting cells 

in automated image analysis. In total, 7,553 genes were knockdown which were distributed 

on thirty-three 384-well plates (Figure 12A). Positive controls (MP-GAP, Ect2, nocodazole 

and BI2536), negative control (mock) and siRNA transfection controls (Eg5 and GFP) were 

included on every screening plate. Eg5 or kinesin-like protein 11 (KIF11) is a plus-end-
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directed motor protein which is required for assembly of bipolar mitotic spindle (Blangy et 

al., 1995). Eg5 depletion leads to pronounced cell death after cells arrest in mitosis due to 

formation of monopolar spindles (Blangy et al., 1995; Chin and Herbst, 2006; Mayer et al., 

1999; Tao et al., 2005). Eg5 RNAi phenotype is so strong that it can be visualized simply by 

observing samples under a compound microscope equipped with 10x objective. Thus, Eg5 

serves as an excellent control to monitor RNAi transfection efficiency while performing the 

experiments.     

 

To assess the RNAi knockdown efficiency, Martin Stoeter imaged the screening plates using 

10x objective of high-throughput imaging microscope Yokogawa CV7000 and performed 

automated image analysis using Cell Profiler and Knime. He segmented individual cells in 

the images of Eg5, Ect2, and GFP siRNA-treated wells by using fluorescence signal of 

cytoplasmic stain CellMask blue, DAPI-stained nuclei, and nuclear anillin::GFP. Then he 

measured the number of cells as well as integral anillin::GFP intensity on these images. The 

numeric raw data was exported into Knime, where Z scores were calculated by using an 

automated data analysis workflow. Z-score is the number of standard deviations a given data 

point lies from the mean and Z-scores are a way to compare ‘experimental’ population to a 

‘control’ population.  If a Z-score is 0, it indicates that the data point is identical to the mean. 

Z-scores may have positive or negative values, with a positive value indicating the score is 

above the mean and a negative score indicating it is below the mean. In the screening 

controls, Eg5 knockdown was expected to result in pronounced cell death phenotype (Blangy 

et al., 1995; Chin and Herbst, 2006; Mayer et al., 1999; Tao et al., 2005). Indeed, Eg5 RNAi 

led to a marked decrease in the cell count as compared to the controls (Figure 12B). 

Similarly, GFP RNAi led to a strong decrease in the integrated nuclear anillin::GFP intensity 

as compared to the controls (Figure 12C). Ect2 RNAi, however, resulted in an increase in the 

integrated nuclear anillin::GFP intensity due to accumulation of multinucleated cells formed 

as a result of failed cytokinesis (Figure 12C). After ensuring high knockdown efficiency, 

screening plates were imaged on CV7000 (Yokogawa) spinning disk confocal microscope 

using 40x air objective. Six positions were imaged for each well and ten Z-planes were 

acquired for each channel namely anillin::GFP, mKate2::α-tubulin and DAPI (Figure 12D). 
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Figure 12: Workflow of the RNAi screen. (A) Gene specific and control siRNAs were 
transferred to 384 well assay plates and mixed with the transfection reagent. HeLa cells 
expressing anillin::GFP and mKate2::α-tubulin were seeded and cell cycle was synchronized 
as shown in Figure 9D. (B, C) Distribution of Z scores for cell count and integrated nuclear 
GFP intensity for positive controls on the screening plates. (D) Six fields of view were 
imaged for every well using a high-throughput confocal microscope equipped with 40x 
objective, acquiring ten optical sections for each channel. The example image on the right 
shows merge of anillin::GFP (green), mKate2::α-tubulin (red) and DNA (blue). Scale bar is 
50μm. (E) Maximum Z-projection images were generated for anillin::GFP channel which 
were manually inspected to identify anillin localization defects. Genes were further 
shortlisted by inspecting individual planes of Z-projections and linescans were manually 
drawn to quantitatively analyze the localization of anillin::GFP in anaphase cells. Mean 
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anillin::GFP fluorescence intensity at the equatorial and polar cortex was calculated in Knime 
and compared to negative controls to identify statistically significant changes.  

 

There were a few known regulators of cell division among the genes that were knockdown in 

the primary screen. To check whether the phenotypes caused by inhibiting these genes could 

be reproduced in the primary screen, I compared their published phenotypes to that observed 

in the primary screen (Table 16). Total number of cells in six 40x images of each well were 

manually counted and classified as interphase, prometaphase/metaphase and anaphase cells. 

In addition, percentage of mono-, bi- and multinucleated cells was measured on 10x images 

where elevated numbers multinucleated cells were seen. Plk1 is involved in regulating 

different steps of cell division like mitotic checkpoints, centrosome maturation, bipolar 

spindle assembly, and cytokinesis (Colicino and Hehnly, 2018). Depletion of Plk1 in HeLa 

cells was previously reported to inhibit cell proliferation, induce G2/M arrest and apoptosis 

(Liu and Erikson, 2003b; 2003a; Liu et al., 2006). Consistently, Plk1 depletion in the primary 

screen led to a strong reduction in the number of surviving cells after 72 hours of transfecting 

Plk1 siRNA (39 cells  as compared to >450 cells in control; Table 16). Due to insufficient 

number of mitotic cells, it is not possible to comment on whether Plk1 depletion also induced 

bipolar spindle formation. Another group of microtubule-based motor proteins called 

Kinesins play crucial role in chromosome alignment, formation and elongation of bipolar 

spindle (Zhu et al., 2005). In HeLa cells, Eg5 and KIF2A RNAi increased the proportion of 

cells with monopolar spindles, whereas KIF18A and CENP-E (Kinesin 7 family member) 

RNAi led to misaligned chromosomes at the metaphase plate. In addition, KIF2A depletion 

was reported to inhibit cell proliferation in MDA-MB-231 breast cancer cell line (Wang et 

al., 2014). Depletion of Eg5 (Blangy et al., 1995; Chin and Herbst, 2006; Mayer et al., 1999; 

Tao et al., 2005), KIF18A (Janssen et al., 2018; Zhang et al., 2010) and inhibition of CENP-E 

(Qian et al., 2010; Schaar et al., 1997) were also shown to result in increased cell death. In 

the primary screen, depletion of all the four kinesins (Eg5, KIF18A, KIF2A and CENP-E) led 

to increased cell death (>120 cells survived as compared to more than 450 cells in control; 

Table 16). Again, as very few mitotic cells were found (Table 16) in Eg5 and KIF2A 

depleted wells, it is not possible to comment on the spindle abnormality phenotype. Also, the 

high throughput imaging conditions in the primary screen were optimised for quantification 

of anillin::GFP and are not suitable to detect small changes in chromosome misalignment. 

Therefore, whether CENP-E and KIF18A RNAi caused errors in chromosome alignment 

cannot be addressed. Next, Polo-like kinase 4 (Plk4) is mainly involved in centriole 

duplication and its depletion leads to progressive reduction in the number of centriole within 
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a cell (Bettencourt-Dias et al., 2005; Habedanck et al., 2005). As centrioles were not 

fluorescently-tagged or immunostained, this phenotypes could not be investigated. However, 

in the screen, a marked decrease in the number of anaphase cells (and not metaphase) was 

observed after Plk4 RNAi (4 anaphase cells as compared to 22-23 in control; Table 16), 

indicating towards abnormalities in cell cycle progression. Depletion of another cell cycle 

regulator BUB1B (Budding Uninhibited By Benzimidazoles 1B), which inhibits progression 

into anaphase until all the kinetochores are properly attached to the mitotic spindle 

(Cleveland et al., 2003), led to a strong reduction in the number of metaphase and not 

anaphase cells (51 metaphase cells compared to >200 in controls; Table 16). This seems to be 

consistent with the findings of Meraldi et. al., who showed that depletion of BUB1B in HeLa 

cells accelerated the mitotic progression into anaphase (Meraldi et al., 2004). Also, BUB1B 

RNAi resulted in mild multinucleation phenotype (20% multinucleated cells compared to 3% 

to 8% in controls; Table 16). Finally, phenotypes of two related-kinases, Aurora A and 

Aurora B, which have many regulatory roles from interphase to abscission were also 

investigated in the primary screen. Aurora A is required for entry into mitosis, maturation and 

separation of centrosomes, bipolar spindle assembly, chromosome alignment and cytokinesis 

(Marumoto et al., 2005). Aurora B is involved in chromosome alignment at metaphase plate, 

satisfying spindle assembly checkpoint (SAC), sister chromatid separation and cytokinesis 

(Marumoto et al., 2005; Willems et al., 2018). Depletion of both Aurora A (Marumoto et al., 

2003) and Aurora B (Delaval et al., 2004) was reported to result in accumulation of 

multinucleated cells. Consistently in the primary screen, Aurora A and Aurora B depletion 

resulted in 18% and 30% multinucleated cells respectively as compared to 3% to 8% 

multinucleated cells in control (Table 16). Aurora B depletion also led to reduced number of 

mitotic cells (anaphase and metaphase; Table 16) as compared to controls, which could be 

due to apoptotic fate of polyploid cells. In addition to the multinucleation phenotype, Aurora 

A depletion was expected to increase the number of cells having multipolar spindles and 

decrease the number of anaphase cells due to mitotic arrest in G2M (Marumoto et al., 2003). 

But, these two phenotypes were not observed in the primary screen, indicating that Aurora A 

was not properly depleted. Overall, the phenotypes observed after knocking down these cell 

cycle genes were similar to that published in previous reports.  
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Table 16: Cell count of some mitotic regulators in the primary screen  
 

   Number of Cells   
Gene 

Symbol 
Plate Interphase Prometa & 

Metaphase 
Anaphase Total Observation 

PLK1 301 26 13 0 39 Increased cell death 
KIF2A 319 95 17 0 112 Increased cell death 
KIF18A 319 95 17 0 112 Increased cell death 
Eg5 312 100 19 0 119 Increased cell death 
CENP-E 313 92 45 4 141 Increased cell death 
PLK4 308 221 133 4 358 No overt phenotype 

BUB1B 308 308 51 15 299 
19.8%  
Multinucleated cells 

AURKA 301 255 145 17 417 
18% Multinucleated 
cells 

AURKB 308 236 73 6 315 
30%  Multinucleated 
cells 

Control 312 242 217 23 482 

3% to 8% 
multinucleated cells 

Control 313 315 276 30 621 
Control 301 208 238 22 468 
Control 319 262 202 23 487 
Control 308 266 236 19 521 

 

To identify the candidate genes, we had initially planned for our collaborator Martin Stoeter 

to perform automated image analysis in Cell Profiler. The image analysis workflow was 

envisioned to consist of two main parts: (a) segmentation and identification of anaphase cells 

and (b) measuring cortical anillin localization in the identified anaphase cells. To segment 

individual cells and classify them into anaphase or metaphase, fluorescent signals of DAPI, 

mKate-tubulin, cytoplasmic cell mask blue and cell membrane (stained by wheat-germ 

agglutinin) were used in a workflow having over 40 modules. However, when the 

classification obtained using this pipeline was compared with manual classification, Martin 

Stoeter found that many anaphase cells were not recognized and more worryingly, about 40% 

of the cells were wrongly classified into anaphase. To determine errors committed by the 

automated analysis, he manually classified more than 3700 cells in the images bearing 

segmentation boundaries overlaid by the software. The nature of these errors prompted him 

to use unique morphological characteristics of anaphase cells to exclude wrongly identified 

anaphase cells. Cells in anaphase are elongated with progressive indentation at centre of the 

cell. Notably, the two segregating DNA masses are largely parallel to each other and are 

similar in area and intensity. This strategy of filtering out wrong anaphase cells during data 

analysis increased the accuracy of automated image analysis to 87 percent. However, the 
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anaphase cells missed by the image analysis program could not be recovered. This analysis 

was performed on maximum intensity Z-projections of 10 confocal planes. This is because 

anaphase cells were present in different Z planes and it was not possible to automatically 

identify and select best Z-planes from every stack. Generating maximum z-projection solved 

these problems, but, it led to other difficulties in image segmentation. Cells originally not in 

the same Z-plane, frequently appeared sticking together in a Z-projection image. Such closely 

lying objects were extremely difficult to segment and led to high error rate or contributed to 

the proportion of anaphase cells that were not recognized by the program. We lowered the 

cell density in our samples to minimize cell clumping. But, it led to decrease in the number of 

anaphase cells in the samples. One solution could be to identify and remove undesired objects 

(round cells, bright objects etc.) from each image in a stack and then create z-projection for 

further analysis, but this approach would increase the image processing time by many folds. 

Alternatively, 3D-segmentation (in Fiji) could be used on the entire stack to segment and 

identify the anaphase cells. However, we were unable to test the latter two approaches due to 

complexities involved. Overall, we were unsuccessful in developing an automated image 

analysis program for the RNAi screen. As a result, I had to carry out manual image analysis 

to identify the candidates controlling anillin localization in anaphase cells.  

 

First, I generated maximum Z-projections of anillin channel by collapsing ten anillin::GFP 

planes into one image (Figure 12E). This resulted in six anillin::GFP images for each gene 

corresponding to the six positions that were imaged within a well. In total, 45,318 images 

were generated for 7,553 genes and I visually inspected all the images to identify candidates 

causing an increase in anillin::GFP at the cell poles or decrease in anillin::GFP at the cell 

equator. In this way, 737 candidates were shortlisted which appeared to have changes in 

anillin::GFP localization during anaphase. For these 737 candidates, I repeated the visual 

inspection on the single planes of anillin::GFP images that were previously used to generate 

the Z-projections (44,220 images) and further shortlisted 528 candidate genes. Then, I 

linescaned all the anaphase cells present for each candidate in Fiji (6,887 cells) and calculated 

the mean anillin::GFP intensity at the equator and at the cell poles in Knime using an 

automated data analysis workflow. Manual calculation of mean anillin fluorescence 

intensities at equator and poles is very tedious, repetitive and time-consuming task. It was 

nearly impossible to perform manual calculations for more than 6000 cells. Therefore, with 

the help of Martin Stoeter, I established a data analysis workflow in Knime to calculate 

different parameters like mean anillin fluorescence intensity at equator and poles, anillin zone 
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width at equator, and distance between two DNA masses in anaphase cells using the raw 

pixel values obtained from linescans in Fiji.  

 

On an average, 12±5 anaphase cells for control and 11±5 anaphase cells for shortlisted genes 

were measured (genes having less than 5 anaphase cells were excluded from the analysis). 

Quantitative and statistical analysis (student’s t-test; p-value cut-off for significance 0.03 or 

less) revealed 208 candidates having significant changes in anillin localization at the poles 

and/or equator (Figure 12E). Out of 208 candidates, 139 genes resulted in an increase in 

anillin::GFP at cell poles, 38 genes caused an increase in anillin::GFP at cell equator and 52 

genes led to decrease in anillin::GFP at the cell equator (Figure 13). Out of 38 genes that led 

to increased anillin::GFP at the cell equator, 20 genes also resulted in increased anillin::GFP 

at the cell poles (Figure 13). On the other hand, out of 52 genes that led to decreased 

anillin::GFP at the cell equator, only 1 gene led to an increase in anillin::GFP at the cell poles 

(Figure 13). Please note that the list of all 208 candidates is not shown in my thesis as many 

of these genes are under further investigation in the laboratory.  

 

 

Figure 13: Summary of candidates identified in the primary. (A) Schematic showing 
classification of genes identified in the primary screen into three phenotypic categories. (B) 
Venn Diagram illustrating the overlap of identified genes in different phenotypic classes. 
 

4.1.4 Performing the secondary screen 
To further confirm the 208 candidate genes identified in the primary screen, a secondary 

screen was performed. Cells were transfected with pool of four siRNAs targeting a gene from 

Dharmacon library and cell cycle was synchronized as in the primary screen. Screening 
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plates were imaged on CV7000 (Yokogawa) spinning disk confocal microscope using 40x air 

objective. Eleven positions were imaged for each well and ten Z-planes were acquired for 

anillin::GFP, mKate2::α-tubulin and DAPI. The experiment was performed by Cordula 

Andree a senior technician at the Screening Facility of MPI-CBG and imaging was carried 

out by Martin Stoeter. To measure the cortical localization of anillin::GFP during anaphase, I 

linescaned 12±5 anaphase cells for each candidate in Fiji (3,334 cells) and calculated the 

mean anillin::GFP intensity at the equator and at the cell poles using automated data analysis 

workflow in Knime (Figure 14A). Among 208 candidate genes, two could not be analysed as 

they had less than two anaphase cells. Quantitative and statistical analysis (student’s t-test; 

p<0.05) revealed 21 candidates having significant changes in anillin localization at the poles 

or equator (Figure 14A-C; Table 17-18) and showed same trend as in the primary screen. Out 

of 21 candidates, 7 genes resulted in an increase in anillin::GFP at cell poles (Figure 14E and 

15; Table 17), 2 genes caused an increase in anillin::GFP at cell equator (Figure 14D and 17; 

Table 18) and 12 genes led to decrease in anillin::GFP at the cell equator (Figure 14D and 16; 

Table 18).  

 

 
 

Figure 14: Summary of outcome of the secondary screen. (A) Flow chart depicting 
procedure for confirming the candidates genes identified in the primary screen. (B) 
Schematic representation of genes confirmed in the secondary screen into three phenotypic 
classes. (C) Venn Diagram illustrating the overlap of identified genes in different phenotypic 
classes. Graphs showing mean anillin::GFP intensity at (D) the cell equator and (E) at the cell 
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poles after RNAi knockdown of 21 candidate genes. Pixel intensities were measured by 
drawing a linescan (8 pixels wide) around the cell cortex in Fiji and mean values were 
calculated in Knime. All the differences are statistically significant and were tested by 
Student’s t-test (****, P < 0.0001; ***, P < 0.001; **, P <0.01; *, P < 0.05). p-values are 
reported in Tables 17 and 18. All error bars are SEM. Scale bar is 5μm.  
 

 
 

Figure 15: Example images of candidate genes having increased anillin::GFP 

localization at cell poles. Confocal images of HeLa cells expressing anillin::GFP (inverted 
grayscale image), mKate2::⍺Tubulin	 (grayscale	 image)	 and	 DAPI-stained	 DNA	 (cyan)	
treated	with	(A)	control	or	(B)	gene-specific	siRNAs.	Scale bar is 5μm. 
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Table 17: Candidates confirmed in the secondary screen having significantly different anillin::GFP intensity at the cell poles 
    

Secondary Screen Primary Screen 
S. 
No. 

Gene Name Gene 
Symbol 

n Mean  
Intensity 

Mean  
Intensity 
of Mock 

Trend p-value n Mean  
Intensity 

Mean  
Intensity 
of Mock 

Trend p-value 

1 CDC28 protein kinase 
regulatory subunit 2 

CKS2 14 -0.010 -37.4 increase 0.0006 13 3.6 -47.5 increase 0.0026 

2 corticotropin releasing 
hormone receptor 2 

CRHR2 15 -10.6 -37.4 increase 0.0125 12 5.9 -28.7 increase 0.0183 

3 eukaryotic translation 
initiation factor 3, 
subunit H 

EIF3H 10 -13.0 -37.4 increase 0.0462 9 -16.8 -49.0 increase 0.0120 

4 kinesin family member 
23 

KIF23 12 23.2 -37.4 increase 0.0000 9 42.5 -48.8 increase 0.0000 

5 protein kinase N2 PKN2 10 12.2 -37.4 increase 0.0001 12 6.7 -47.5 increase 0.0014 
6 polymerase (DNA 

directed), epsilon 3, 
accessory subunit 

POLE3 22 -3.9 -37.4 increase 0.0002 9 10.8 -57.7 increase 0.0003 

7 polypyrimidine tract 
binding protein 1 

PTBP1 21 -17.9 -37.4 increase 0.0421 13 -30.8 -48.8 increase 0.0142 
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Figure 16: Example images of candidate genes having decreased anillin::GFP 
localization at cell equator. Confocal images of HeLa cells expressing anillin::GFP 
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(inverted grayscale image), mKate2::⍺Tubulin	 (grayscale	 image)	 and	DAPI-stained	DNA	
(cyan)	treated	with	(A)	control	or	(B)	gene-specific	siRNAs.	Scale bar is 5μm. 
 

 
 
Figure 17: Example images of candidate genes having increased anillin::GFP 
localization at cell equator. Confocal images of HeLa cells expressing anillin::GFP 
(inverted grayscale image), mKate2::⍺Tubulin	 (grayscale	 image)	 and	DAPI-stained	DNA	
(cyan)	treated	with	(A)	control	or	(B)	gene-specific	siRNAs.	Scale bar is 5μm. 
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Table 18: Candidates confirmed in the secondary screen having significantly different anillin::GFP intensity at the cell equator 
    

Secondary Screen Primary Screen 
S. 
No. 

Gene Name Gene 
Symbol 

n Mean  
Intensity 

Mean  
Intensity 
of Mock 

Trend p-value n Mean  
Intensity 

Mean  
Intensity 
of Mock 

Trend p-value 

1 DEAD box helicase 6 DDX6 12 111.6 189.9 decrease 0.0051 8 149.3 235.1 decrease 0.0096 
2 diacylglycerol kinase, gamma 

90kDa 
DGKG 18 256.2 189.9 increase 0.0062 23 411.9 298.2 increase 0.0161 

3 epithelial cell transforming 2 ECT2 4 -75.7 189.9 decrease 0.0000 7 -67.8 210.2 decrease 0.0000 
4 electron-transfer-flavoprotein, 

alpha polypeptide 
ETFA 15 292.5 189.9 increase 0.0000 11 343.3 235.1 increase 0.0002 

5 forkhead box C1 FOXC1 19 127.9 189.9 decrease 0.0037 12 103.0 220.2 decrease 0.0002 
6 indian hedgehog IHH 8 107.6 189.9 decrease 0.0124 22 239.2 373.6 decrease 0.0000 
7 protein phosphatase 2, catalytic 

subunit, beta isozyme 
PPP2CB 16 114.9 189.9 decrease 0.0026 8 224.0 373.6 decrease 0.0009 

8 protein phosphatase 4, catalytic 
subunit 

PPP4C 15 119.8 189.9 decrease 0.0086 9 264.3 373.6 decrease 0.0103 

9 protease, serine, 38 PRSS38 18 101.4 189.9 decrease 0.0002 10 253.3 373.6 decrease 0.0026 
10 ras homolog family member A RHOA 16 81.6 189.9 decrease 0.0000 11 164.3 235.1 decrease 0.0102 
11 septin 7 SEPT7 24 62.5 189.9 decrease 0.0000 19 153.7 210.2 decrease 0.0192 
12 solute carrier family 18 

(vesicular monoamine 
transporter), member 2 

SLC18A2 15 123.6 189.9 decrease 0.0091 10 57.4 169.9 decrease 0.0147 

13 transcription elongation factor 
A (SII), 1 

TCEA1 14 130.4 189.9 decrease 0.0204 8 80.9 220.2 decrease 0.0076 

14 ubiquitin-conjugating enzyme 
E2L 3 

UBE2L3 13 104.3 189.9 decrease 0.0021 11 178.6 242.2 decrease 0.0198 
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In set of screened genes were KIF23 (or MKLP1), Ect2 and RhoA that are expected to 

change anillin localization based on the current literature. KIF23 was shown to inhibit the 

RhoA localization on cell poles and thus KIF23 depletion was expected to increase the anillin 

levels at the poles (Yüce et al., 2005). Ect2 and RhoA depletions were expected to reduce 

anillin recruitment to the cell equator. As expected, Ect2 and RhoA knockdown significantly 

reduced anillin::GFP accumulation at the equator (Table 18, Figure 14D and 16) and KIF23 

knockdown increased the anillin::GFP at cell poles (Table 17, Figure 14E and 15), both in 

primary and secondary screens, thereby, confirming the robustness of our screening 

workflow. Further, Ect2 and Kif23 depletion led to 62% and 33% multinucleated cells mainly 

due to failed of cytokinesis, consistent with previous reports (Su et al., 2011; Yüce et al., 

2005). Knockdown of 2 other candidate genes PRSS38 (Serine Protease 38) and PPP2CB 

(Protein Phosphatase 2 Catalytic Subunit B) resulted in 17% and 19% multinucleated cells 

respectively (Table 22). [Here, it should be noted that a comprehensive analysis was not 

performed to identify genes which resulted in multinucleated cells upon their knockdown. 

Instead, images from primary screen were manually inspected and genes that led to overt 

multinucleation defects were shortlisted. 100-200 cells were manually counted for the 

shortlisted genes and classified as mono-, bi-, multinucleated. Separate multinucleation 

analysis was not performed for the genes confirmed in the secondary screen].  

 

Table 22: List of candidate genes showing multinucleation upon knockdown 

S.No Gene Name % Multinucleated cells 

1. ECT2 62 

2. KIF23 33 

3. PRSS38 17 

4. PPP2CB 19 

5 Control 3-8 

 

For the identified 21 candidates, anillin zone width, length of the spindle midzone (Figure 

18B) and cell circumference were also calculated in primary and secondary screen (Tables 

19-21). Length of the spindle midzone was measured to find out if the anillin localization 

defect in 21 candidates was a consequence of changes in the dimension of the spindle 

midzone. Cell circumference was also measured for the same reason to determine whether 

the observed changes in anillin localization were a side-effect of changes in cell size.  
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The zone width of anillin::GFP was defined as the width of peak of anillin::GFP fluorescence 

intensity at half the maximum value (Figure 18A). RhoA and Septin7, having significantly 

reduced anillin::GFP localization at the cell equator, were also found to have significantly 

reduced anillin::GFP zone width as compared to the controls (Table 19). Conversely, KIF23 

or MKLP1 having significantly higher anillin localization on the cell poles, were also found 

to have significantly broader zone of anillin::GFP at the cell equator (Table 19). Remaining 

18 candidate genes did not show any significant difference in anillin::GFP zone at the cell 

equator (Table 19).  

 

 

Figure 18: Quantification of anillin zone width and spindle midzone length. (A) 
Anillin::GFP localization was analysed at the cell cortex by drawing a linescan (8 pixels 
wide) around the cell (start 0% and end 100%). Mean cytoplasmic background intensity was 
subtracted from the linescan. The anillin zone width was defined as the width of peak at half 
maximum anillin fluorescence intensity. (B) The length of the spindle midzone was measured 
by drawing linescans (8 pixel wide) across the center of the cell. Using the pixel intensities of 
DAPI fluorescence signal, distance between the two maxima of DAPI fluorescence intensity 
was calculated in Knime and referred to as spindle midzone length. 
 

To measure the length of spindle midzone, a linescan was drawn across the two masses of 

DNA in Fiji (Figure 18B). The DAPI pixel intensity profiles were imported into Knime and 
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the length of spindle midzone was defined as the distance between two intensity peaks. None 

of the 21 candidates were found to have significant changes in the length of spindle midzone 

as compared to the controls (Table 20). Similarly, 19/21 candidates did not show any 

significant changes in the cell perimeter (Table 21). Knockdown of only two candidate genes 

KIF23 and POLE3, both of which resulted in increased localization of anillin::GFP on the 

cell poles, led to slight decrease and increase in the cell perimeter, respectively (Table 21). 

Next, to determine any abnormalities in the mitotic spindle caused by knockdown of 21 

candidate genes, I attempted to measure mKate2::⍺Tubulin fluorescence intensity in the same 

cells where anillin::GFP was quantified. However, the expression of mKate2::⍺Tubulin was 

quite variable as compared to anillin::GFP and thus not suitable for meaningful 

quantifications. The manual analysis of images did not show any overt abnormalities in the 

mitotic spindle after knockdown of these 21 candidate genes. In addition, abnormalities in 

chromosome segregation and position of metaphase plate were not apparent in the manual 

analysis of images of DAPI channel. Overall, the changes in anillin::GFP localization 

observed for 21 candidate genes do not seem to be a consequence of aberrant mitotic spindle, 

or spindle midzone, but needs to be further validated in future experiments.  
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Table 19: Zone width of anillin::GFP at cell equator during anaphase measured for 21 candidates in primary and secondary screen 
   

Secondary Screen Primary Screen Confirmed Trend 
S. 
No. 

Gene 
Symbol 

n Zone 
width 

Zone 
width of 
Mock 

p-
value 

Trend n Zone 
width 

Zone 
width of 
Mock 

p-value Trend 

1 DDX6 12 0.128 0.130 ns no change 8 0.125 0.108 ns no change no change 
2 DGKG 18 0.148 0.130 ns no change 23 0.154 0.124 0.0220 increase no change 
3 ECT2 4 0.000 0.130 0.0000 decrease 7 0.006 0.123 2.6E-06 decrease decrease 
4 ETFA 15 0.148 0.130 ns no change 11 0.106 0.108 ns no change no change 
5 FOXC1 19 0.125 0.130 ns no change 12 0.098 0.115 ns no change no change 
6 IHH 8 0.141 0.130 ns no change 22 0.106 0.105 ns no change no change 
7 PPP2CB 16 0.107 0.130 ns no change 8 0.115 0.105 ns no change no change 
8 PPP4C 15 0.102 0.130 ns no change 9 0.105 0.105 ns no change no change 
9 PRSS38 18 0.120 0.130 ns no change 10 0.098 0.105 ns no change no change 

10 RHOA 16 0.084 0.130 0.0000 decrease 11 0.087 0.108 0.0088 decrease decrease 
11 SEPT7 24 0.085 0.130 0.0000 decrease 19 0.090 0.123 0.0291 decrease decrease 
12 SLC18A2 15 0.092 0.130 0.0069 decrease 10 0.097 0.115 ns no change no change 
13 TCEA1 14 0.107 0.130 ns no change 8 0.096 0.115 ns no change no change 
14 UBE2L3 13 0.125 0.130 ns no change 11 0.119 0.108 ns no change no change 
15 CKS2 14 0.156 0.130 0.0390 increase 13 0.143 0.124 ns no change no change 
16 CRHR2 15 0.177 0.130 0.0013 increase 12 0.118 0.105 ns no change no change 
17 EIF3H 10 0.155 0.130 ns no change 9 0.149 0.111 ns no change no change 
18 KIF23 12 0.220 0.130 0.0048 increase 9 0.222 0.115 0.0050 increase increase 
19 PKN2 10 0.190 0.130 ns no change 12 0.109 0.124 ns no change no change 
20 POLE3 22 0.157 0.130 ns no change 9 0.112 0.115 ns no change no change 
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21 PTBP1 21 0.146 0.130 ns no change 13 0.136 0.115 ns no change no change 
 
 
Table 20: Length of spindle midzone for for 21 candidates in primary and secondary screen 
   

Primary Screen Secondary screen Confirmed 
Trend S. 

No. 
Gene 
Symbol 

n Mean 
normalized 
spindle 
midzone 
length 

Mean 
normalized 
spindle 
midzone 
length of 
Mock 

p-
value 

Trend n Mean 
normalized 
spindle 
midzone 
length 

Mean 
normalized 
spindle 
midzone 
length of 
Mock 

p-
value 

Trend 

1 DDX6 8 0.572 0.515 0.001 increase 12 0.472 0.474 0.985 No change No change 
2 DGKG 23 0.485 0.520 0.039 decrease 18 0.477 0.474 0.762 No change No change 
3 ECT2 7 0.573 0.558 0.632 No change 4 0.421 0.474 0.115 No change No change 
4 ETFA 11 0.495 0.515 0.207 No change 15 0.458 0.474 0.412 No change No change 
5 FOXC1 12 0.584 0.549 0.104 No change 19 0.448 0.474 0.202 No change No change 
6 IHH 22 0.499 0.488 0.339 No change 8 0.481 0.474 0.864 No change No change 
7 PPP2CB 8 0.502 0.488 0.492 No change 16 0.477 0.474 0.785 No change No change 
8 PPP4C 9 0.475 0.488 0.340 No change 15 0.428 0.474 0.233 No change No change 
9 PRSS38 10 0.492 0.488 0.919 No change 18 0.490 0.474 0.257 No change No change 
10 SEPT7 19 0.548 0.558 0.496 No change 24 0.512 0.474 0.010 Increase No change 
11 RHOA 11 0.501 0.515 0.410 No change 16 0.449 0.474 0.175 No change No change 
12 SLC18A2 10 0.556 0.528 0.380 No change 15 0.470 0.474 0.918 No change No change 
13 TCEA1 8 0.562 0.549 0.622 No change 14 0.476 0.474 0.810 No change No change 
14 UBE2L3 11 0.524 0.508 0.489 No change 13 0.492 0.474 0.310 No change No change 
15 CKS2 13 0.473 0.520 0.017 decrease 14 0.498 0.474  0.149 No change No change 
16 CRHR2 12 0.458 0.488 0.020 decrease 15 0.498 0.474  0.160 No change No change 
17 EIF3H 9 0.568 0.549 0.375 No change 10 0.485 0.474  0.556 No change No change 
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18 KIF23 9 0.513 0.549 0.141 No change 12 0.481 0.474  0.655 No change No change 
19 PKN2 12 0.484 0.520 0.073 No change 10 0.444 0.474  0.185 No change No change 
20 POLE3 9 0.562 0.528 0.285 No change 22 0.458 0.474  0.387 No change No change 
21 PTBP1 13 0.568 0.549 0.364 No change 21 0.458 0.474 0.386 No change No change 
 
Table 21: Perimeter of anaphase cells for 21 candidates in primary and secondary screen 
   

Primary Screen Secondary Screen Confirmed 
Trend S. 

No. 
Gene 
symbol 

n Mean cell 
circumfrence 
(AU) 

Mean cell 
circumfrence 
of Mock 
(AU) 

p-value Trend n Mean cell 
circumfrence 
(AU) 

Mean 
normalized 
distance of 
Mock (AU) 

p-
value 

Trend 

1 DDX6 8 4.841 5.123 0.145 No 
change 

12 5.276 5.482 0.203 No change No change 

2 DGKG 23 4.618 4.943 0.000 decrease 18 5.204 5.482 0.054 No change No change 
3 ECT2 7 6.004 5.306 0.000 increase 4 5.323 5.482 0.560 No change No change 
4 ETFA 11 5.488 5.123 0.007 increase 15 5.502 5.482 0.924 No change No change 
5 FOXC1 12 5.224 5.378 0.263 No 

change 
19 5.244 5.482 0.076 No change No change 

6 IHH 22 5.313 5.184 0.367 No 
change 

8 5.057 5.482 0.038 decrease No change 

7 PPP2CB 8 4.865 5.184 4.01E-08 decrease 16 5.765 5.482 0.069 No change No change 
8 PPP4C 9 5.903 5.184 1.66E-05 increase 15 5.397 5.482 0.571 No change No change 
9 PRSS38 10 5.081 5.184 0.313 No 

change 
18 5.251 5.482 0.093 No change No change 

10 SEPT7 19 5.359 5.306 0.610 No 
change 

24 5.299 5.482 0.057 No change No change 

11 RHOA 11 5.265 5.123 0.239 No 
change 

16 5.661 5.482 0.443 No change No change 

12 SLC18A2 10 5.184 5.359 0.412 No 
change 

15 5.550 5.482 0.676 No change No change 
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13 TCEA1 8 4.897 5.378 0.000 decrease 14 5.522 5.482 0.827 No change No change 
14 UBE2L3 11 4.829 5.056 0.074 No 

change 
13 5.395 5.482 0.590 No change No change 

15 CKS2 13 4.927 4.943 0.991 decrease 14 5.501 5.482 0.925 No change No change 
16 CRHR2 12 5.181 5.184 0.779 decrease 15 5.423 5.482 0.696 No change No change 
17 EIF3H 9 4.995 5.279 0.067 decrease 10 5.188 5.482 0.096 No change No change 
18 KIF23 9 5.215 5.378 0.308 decrease 12 5.178 5.482 0.007 decrease decrease 
19 PKN2 12 5.368 4.943 0.051 increase 10 4.259 5.482 0.125 No change No change 
20 POLE3 9 6.042 5.359 0.000 increase 22 5.781 5.482 0.031 increase increase 
21 PTBP1 13 5.185 5.378 0.153 decrease 21 5.385 5.482 0.433 No change No change 
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4.1.5 Brief overview of the candidate genes 

In the RNAi screen, 21 genes were identified to be important for normal localization of 

anillin at the cell cortex. These genes perform different functions in the cell and only 5 genes 

namely RhoA, Ect2, Sept7, PKN2 and KIF23 are known to be directly involved in 

cytokinesis. Six genes are mainly involved in regulating transcription and translation. DDX6 

(DEAD-Box Helicase 6) is involved in capping of mRNA during degradation and depletion 

of DDX6 leads to stabilization of transcripts and activation of translation (Jonas and 

Izaurralde, 2013). FOXC1 (Forkhead Box C1) encodes a transcription factor having DNA-

binding forkhead domain which plays a role in diverse cellular and developmental processes 

(Elian et al., 2018). Some mutations of FOXC1 have also been linked to cancer phenotypes 

(Elian et al., 2018). TCEA1 (Transcription Elongation Factor A1) plays an important role in 

rescuing the transcription when RNA Polymerase is blocked to move forward on the template 

strand (Fish and Kane, 2002; Kettenberger et al., 2003). eIF3h (Eukaryotic Translation 

Initiation Factor 3 Subunit H) is required for stable assembly of eIF-3 complex which is 

involved in the initiation of protein synthesis (Masutani et al., 2007). POLE3 (DNA 

Polymerase Epsilon 3) is a histone fold domain bearing protein which interacts with similar 

protein POLE4 to contribute in proper DNA transcription and replication (Bellelli et al., 

2018). PTBP1 (Polypyrimidine Tract Binding Protein 1) plays role in post-transcriptional 

regulation of processes like mRNA splicing, translational initiation and mRNA stability 

(Romanelli et al., 2013). The list of candidate genes also includes two phosphatases. PPP2CB 

(Protein Phosphatase 2 Catalytic Subunit Beta) is catalytic subunit of Protein Phosphatase 2A 

(PP2A) and is involved in regulating many cellular processes including protein translation, 

stress response, apoptosis and cell cycle (Janssens and Goris, 2001). PP2A can modulate 

activities of many kinases like MAP-kinase, Cyclin-dependent kinases (CDKs), Protein 

kinase A (PKA), Protein Kinase B (PKB) and Protein Kinase C (Janssens and Goris, 2001). 

Similar to PPP2CB, PPP4C (Protein Phosphatase 4 Catalytic Subunit) is also implicated in 

many cellular processes such as maturation of centrosomes, cell migration, apoptosis and 

regulation of Rho GTPases Cdc42 and Rac1 (Cohen et al., 2005; Martin-Granados et al., 

2008). DGKG (Diacylglycerol Kinase Gamma), catalyses phosphorylation of diacylglycerol 

(DAG) to form phosphatidic acid (PA) which is a secondary messenger having many 

downstream targets including protein kinase C (Mérida et al., 2017). DGK family in 

mammals comprises of ten members which are classified into 5 subtypes and DGKA 

(Diacylglycerol Kinase Alpha) is implicated to have a role in tumour progression (Mérida et 

al., 2017). CKS2 (Cyclin-Dependent Kinases Regulatory Subunit 2), binds to catalytic 

subunit of cyclin dependent kinases (Cdk) and is important for their function. CKS2 is 
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required for metaphase/anaphase transition of first meiosis in mice germ cells (Spruck et al., 

2003). In addition, CKS2 has been shown to be upregulated in different malignant tumours 

(You et al., 2015). Remaining genes in the list have miscellaneous functions. ETFA is alpha 

subunit of heterodimeric electron transfer flavoproteins (ETF) which shuttles electrons 

between flavoprotein dehydrogenases (involved in mitochondrial fatty acid and amino acid 

catabolism) and the respiratory chain (Roberts et al., 1996; Salazar et al., 1997). Indian 

Hedgehog Homolog (IHH) is a member of Hedgehog family of proteins and plays broad 

range of roles in developmental processes (Varjosalo and Taipale, 2008). SLC18A2 (Solute 

Carrier Family 18 Member A2) encodes vesicular monoamine transporter 2 (VMAT2). 

SLC18A2 is involved in transport of neurotransmitters like dopamine, histamine, serotonin 

into synaptic vesicles (Rilstone et al., 2013). UBE2L3 (Ubiquitin Conjugating Enzyme E2 

L3) as the name suggests is a member of E2 ubiquitin-conjugating enzyme family and is 

involved in ubiquitinating different proteins in a cell (Moynihan et al., 1996). CRHR2 

(Corticotropin Releasing Hormone Receptor 2) belongs to the G-protein coupled receptor 2 

family, and binds to corticotropin releasing hormone (CRH) thereby coordinating endocrine 

responses (Hillhouse and Grammatopoulos, 2006). PRSS38 (Serine Protease 38) has serine 

endopeptidase activity and not much is known about it.  

 

Two of the most promising candidates confirmed in the screen are Protein Kinase N2 (PKN2) 

and Septin 7 (Sept7). PKN2 depletion resulted in increased anillin::GFP accumulation at the 

polar cell cortex indicating towards a role of PKN2 in restricting anillin localization at cell 

equator during anaphase (Table 17, Figure 14E and 15). PKN2 Ser/Thr Kinase is known to be 

an effector protein in Rho/Rac signalling pathway and it directly binds to active Rho 

GTPases (Amano et al., 1996; Flynn et al., 1998; Maesaki et al., 1999; Shibata et al., 1996; 

Vincent and Settleman, 1997) through the first two N-terminal HR1 domains (Flynn et al., 

1998; Maesaki et al., 1999; Shibata et al., 1996). Protein kinase N (PKN) proteins are 

evolutionarily well conserved and its homologues in Drosophila and C. elegans (PKN-1) 

have also been shown to bind active Rho/Rac (Betson and Settleman, 2007; Lu and 

Settleman, 1999; Qadota et al., 2011). Moreover, PKN2 localizes to the cleavage furrow and 

mid-body during cytokinesis in HeLa cells in Ect2-dependent manner (Schmidt et al., 2007). 

Another interesting candidate is Septin 7 and its depletion led to reduced anillin::GFP 

accumulation at the cell equator (Table 18, Figure 14D and 16). Sept7 is a member of 

conserved Septin family proteins which is required for normal organization of cytoskeleton 

(Kremer et al., 2007). Septin proteins are present in the contractile ring and are known to 

colocalize with actin (Kinoshita et. al., 2002), bind anillin via C-terminal PH domain 
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(Oegema at. al. 2000; Kinoshita et. al., 2002; Field et al., 2005) and directly interact with 

myosin II (Joo et. al., 2007). Since Sept7 directly binds anillin and PKN2 binds RhoA, these 

two candidates were ideal choice to begin further experiments for their characterization in 

more detail.   

  

4.1.6 PKN2 prevents anillin accumulation at the cell poles 

Depletion of PKN2 resulted in increased anillin levels at the cell poles in the primary and 

secondary screens (Table 17, Figure 14E and 15). In addition to PKN2, PKN1 and PKN3 are 

also expressed in HeLa cells (Palmer et al., 1994; Mukai, 2003). To investigate whether 

PKN1 and PKN3 have a similar function in regulating anillin localization in anaphase, I 

measured cortical anillin::GFP levels on the images acquired in the primary screen after 

PKN1 and PKN3 RNAi and found no significant difference as compared to the control 

(Figure 19A). Thus, in the light of this preliminary data PKN2 appears to have a specific role 

in restricting anillin localization to the cell equator. To further confirm this phenotype, I 

depleted PKN2 by using only one siRNA instead of a pool of four siRNAs and performed 

live cell imaging (Figure 19B and C). Similar to findings in the two screens, PKN2 depletion 

resulted in significant increase in the levels of anillin::GFP at the cell poles without any 

change in zone width and equatorial levels of anillin::GFP (Figure 19D-G), all of which were 

measured 8 minutes after anaphase onset. Since PKN2 depletion did not increase overall 

cytoplasmic levels of anillin::GFP as compared to controls (Figure 19H), it seems that PKN2 

specifically inhibits anillin localization on the cell poles. The PKN2 RNAi phenotype was 

also confirmed by depletion of PKN2 using a different siRNA (s1117) from another 

manufacturer (Figure 19I-L). As before, PKN2 depletion by s1117 siRNA resulted in 

significant increase in anillin::GFP levels on cell poles (Figure 19J) without any changes in 

equatorial levels of anillin::GFP (Figure 19K) and its zone width (Figure 19L).   

 

Finally, to verify that the PKN2 RNAi phenotype is specific and not due to an off-target 

effect of siRNAs, inducible RNAi resistant NG::PKN2 transgene was generated and 

integrated into the HeLa-FRT host cell line by flippase-mediated recombination (Figure 

20A). Consistent with a previous report (Schmidt et al., 2007), NG::PKN2 localized at 

equatorial cortex in anaphase cells similar to the endogenous PKN2 (Figure 20B). As 

expected, RNAi knockdown of PKN2  (Figure 20C) resulted in an increase of endogenous 

anillin at the cell poles and this phenotype was rescued by the expression of RNAi resistant 

NG-tagged PKN2 transgene induced upon addition of tetracycline (Figure 20C-E).  
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Figure 19: PKN2 inhibits localization of anillin-GFP at the polar cortex in HeLa cells. 
(A) Mean polar anillin::GFP intensity in control, PKN1 and PKN3 depleted cells that was 

measured in primary screen. (B) Immunoblots of HeLa cells expressing anillin::GFP after 

treatment with control or PKN2 siRNA probed for PKN2 and α-tubulin as a loading control. 
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(C) Schematic illustrating protocol used to transfect and synchronize cells for live cell 

imaging experiments. (D) Time lapse confocal images of HeLa cells expressing anillin::GFP 

treated with control (n=36) or PKN2 (n=28) siRNA. (E,F) Graphs showing mean 

anillin::GFP intensity at the cell poles and equator respectively in control and PKN2 depleted 

cells. (G) Graphs showing mean anillin::GFP zone width in control and PKN2 depleted cells. 

(H) Graph showing the mean cytoplasmic anillin::GFP intensity in control and PKN2 RNAi 

cells. (I) Immunoblot showing depletion of PKN2 with two different siRNAs s1116 and 

s1117. α-tubulin was used as loading control. (J,K,L) Plots showing mean anillin::GFP 

intensity at the cell poles and equator as well as anillin::GFP zone width in control and PKN2 

depleted cells by siRNA s1117. All pixel intensities were measured by drawing a linescan (8 

pixels wide) around the cell cortex in Fiji and mean values were calculated in Knime. All p-

values were calculated by Student’s t test (****, P < 0.0001; ***, P < 0.001), except in (G) 

where statistical significance was checked by Kolmogorov Smirnov Test. All scale bars are 

5μm. All error bars are SEM unless otherwise stated and n = number of cells. 

 

 
 

Figure 20: RNAi resistant NG::PKN2 rescues the phenotype of PKN2 depletion in HeLa 
cells. (A) Schematics showing RNAi resistant PKN2 transgene tagged with mNeonGreen. To 

confer RNAi resistance four silent mutations were introduced in the PKN2 siRNA binding 

site by site-directed mutagenesis. The transgene was inserted in pCDNA5/FRT/TO plasmid 

and integrated into HeLa FRT host cell line for inducible expression of mNG::PKN2RR. (B) 

Confocal images of mNG::PKN2RR cells induced by addition of tetracycline (top) or parental 

HeLa cells fixed and stained with anti-PKN2 antibodies (bottom). (C) Immunoblots of 

induced or non-induced mNG::PKN2RR cells after treatment with control or PKN2 siRNA 

probed for PKN2 and α-tubulin as a loading control. (D) Confocal images of non-induced 

control cells (n=41) or PKN2 depleted cells with (n=37) or without mNG::PKN2RR induction 

(n=41) stained with anti-anillin antibody. (E) Graphs showing mean normalized anillin 

intensity at the cell poles for treatments performed in (D). Pixel intensities were measured by 

drawing a linescan (7 pixels wide) around the cell cortex in Fiji and mean values were 
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calculated in Knime. Values were normalized to the mean anillin::GFP intensity at the cell 

poles. p-values were calculated by Kruskal-Wallis multiple comparisons test (with Dunn’s 

post-hoc test)  (*** P<0.001; **** P < 0.0001). All scale bars are 5μm. All error bars are 

SEM unless otherwise stated and n = number of cells. 

 

In addition to quantifying cortical levels of anillin::GFP, I also used the live-cell imaging data 

to measure the rate and timing of furrow ingression in PKN2 depleted cells. To quantify the 

furrow closure rate, I measured the distance between ingressing fronts of a furrow starting 

from anaphase onset until complete ring closure at 2 minute intervals (Figure 21A). This 

analysis revealed that the rate of furrow closure in PKN2 depleted cells was indistinguishable 

from the control cells (Figure 21B). Also, the total time from anaphase onset to complete 

furrow ingression did not significantly vary between control and PKN2 depleted cells (Figure 

21C). Previously, Schmidt et. al. reported 32% binucleation in PKN2 depleted HeLa-S3 cells 

owing to failure of abscission (Schmidt et al., 2007) after complete furrow ingression. In my 

live-cell recordings of PKN2 depleted cells that varied in duration from 74 minutes to 182 

minutes, only 1/28 cells failed abscission and 27/28 cells did not show an absicision defect 

(Figure 21D). To reproduce the observations of Schmidt et al., I further performed a 

multinucleation assay by depleting PKN2 in HeLa parental cells for 72 hours followed by 

fixation with formaldehyde. Manual counting of mononucleated and multinucleated cells 

revelaed only 9% multinucleation (n = 205 cells) in PKN2 depleted cells as compared to 4% 

in control (n = 263 cells). Thus, the role of PKN2 in abscission could not be confirmed in my 

experiments in HeLa cells, reasons for which are discussed later in ‘Discussion’ section. 

Overall, this data shows that PKN2 inhibits anillin accumulation at cell poles during 

anaphase without affecting timing and rate of cytokinetic furrow closure.  

 

 



 

 90 

 

 
Figure 21: PKN2 depletion does not alter furrow ingression dynamics in HeLa cells. (A) 
Schematic showing the method used to measure cell diameter at the equator in the cells on 

time lapse movies shown in Figure 19D. (B) Graph showing normalized mean equatorial cell 

diameter over time after anaphase onset. Error bars are SD. (C) Graph depicting time (in 

mins) from furrow onset to furrow ingression in control and PKN2 depleted cells. Error bars 

are SEM. Statistical significance was tested by Kolmogorov Smirnov test. (D) Table 

summarizing late cytokinesis defects after control or PKN2 RNAi observed during live cell 

imaging of indicated time duration in cells expressing anillin::GFP.  

 

PKN2 is known to be an effector protein in Rho/Rac signalling pathway and directly binds to 

active Rho GTPases (Amano et al., 1996; Flynn et al., 1998; Maesaki et al., 1999; Shibata et 

al., 1996; Vincent and Settleman, 1997). Therefore, it is possible that PKN2 might directly 

inhibit RhoA accumulation at the cell poles, which in turn could prevent anillin recruitment 

to the cell poles. To investigate this possibility, HeLa cells were treated with PKN2 siRNA, 

fixed and stained with anti-RhoA antibodies. RhoA was not found to be increased at the cell 

poles after PKN2 knockdown (Figure 22A and C), however, the RhoA fluorescence signal at 

the cell poles was rather weak which could compromise the ability to capture small 

differences. Therefore, the possibility of PKN2 inhibiting RhoA accumulation at cell poles 

cannot be ruled out. On the other hand, PKN2 RNAi led to a significant increase in RhoA 

accumulation at the cell equator (Figure 22A and B) without a significant change in RhoA 

zone width (Figure 22D), suggesting that PKN2 inhibits RhoA at the cell equator. Increase in 

active RhoA accumulation at cell equator is expected to result in a rise in active myosin II 

and anillin at the cell equator. To analyze the cortical levels of active myosin II, I depleted 

PKN2 in HeLa cells and immunostained phosphorylated myosin light chain 2, 
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pMLC2(Ser19). Similar to RhoA, equatorial levels of pMLC2(Ser19) were found to be 

significantly increased (Figure 22E and F) in PKN2 depleted cells without any change in 

zone width (Figure 22H) and pMLC2(Ser19) levels at poles (Figure 22E and G). Although, 

anillin::GFP accumulation increased at the cell poles upon PKN2 depletion, it did not 

increase at the cell equator (Figure 19D-F). To resolve this conundrum, I analysed cellular 

levels of anillin after PKN2 RNAi on a Western Blot. Surprisingly, the levels of endogenous 

anillin and anillin::GFP were strongly reduced upon PKN2 knockdown (Figure 23A and B), 

indicating towards a novel role of PKN2 in maintaining anillin protein stability. This 

phenotype was also confirmed by four out of six different siRNAs, each targeting a distinct 

site on PKN2 mRNA (Figure 23C). In addition, cellular levels of other cytokinesis regulators 

like Plk1 and Ect2 was not altered upon PKN2 RNAi (Figure 23D) and RNAi resistant 

NG::PKN2 partially rescued the anillin level in absence of the endogenous PKN2 (Figure 

23E). Conversely, anillin depletion did not change PKN2 levels in parental HeLa cells and 

cells expressing anillin::GFP (Figure 23F), thereby, suggesting that PKN2 is required for 

stable expression of anillin and not vice versa. As a result, an increase in anillin::GFP levels 

could not be detected at the cell equator upon PKN2 depletion and the rise in anillin::GFP at 

the cell poles was probably underestimated. 
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Figure 22: PKN2 inhibits equatorial accumulation of RhoA and phosphorylated myosin 
in HeLa cells. (A) Confocal images of HeLa cells treated with control (n=48) or PKN2 

(n=47) siRNA and stained with anti-RhoA antibody. (B,C,D) Graphs showing normalized 

mean RhoA intensity at cell equator, cell poles and RhoA zone width in control and PKN2 

depleted cells. (E) Confocal images of HeLa cells treated with control (n=55) or PKN2 

(n=51) siRNA and stained with anti-pMLC2 (Ser19) antibody to visualize phosphorylated 

myosin light chain. (F,G,H) Graphs showing normalized mean phosphorylated myosin light 

chain pMLC(Ser19) intensity at cell equator, cell poles and pMLC(Ser19) zone width in 

control and PKN2 depleted cells. All pixel intensities were measured by drawing a linescan 

(4 pixels wide) around the cell cortex in Fiji and mean values were calculated in Knime. p-

values were calculated by Kolmogorov-Smirnov test (**, P < 0.01; ****, P < 0.0001). All 

scale bars are 5μm. 
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Figure 23: PKN2 is required for stable expression of anillin in HeLa cells. (A,B) 

Immunoblots of parental HeLa cells or cells expressing anillin::GFP after treatment with 

control or PKN2 siRNA probed for PKN2 and anillin. (C) Western Blots showing anillin 

levels after PKN2 depletion by six different siRNAs. (D) Immunoblots comparing Plk1 and 

Ect2 levels in PKN2 depleted cells with control. (E) Immunoblots of induced or non-induced 

mNG::PKN2RR cells after treatment with control or PKN2 siRNA probed for PKN2 and 

anillin. (F) Immunoblot showing PKN2 levels in cells treated with control or anillin RNAi. α-

tubulin was used as loading control in all the Blots. 

 

Protein kinase N (PKN) proteins are evolutionarily well conserved and its orthologues in 

Drosophila and C. elegans (PKN-1) have also been shown to bind active Rho/Rac (Amano et 

al., 1996; Betson and Settleman, 2007; Lu and Settleman, 1999; Qadota et al., 2011). Based 

on homology search performd by Qadota et al. in 2011, PKN-1 is the only known orthologue 

of human PKN, and the human and C. elegans PKN proteins are 38% identical comparing the 

overall protein sequences and 71% identical comparing only the kinase domains (Qadota et 

al., 2011). Moreover, human and C. elegans PKN proteins also share structural features like 

RhoA binding N-terminal HR1 repeats, C2-like domain in the middle and a C-terminal 

kinase domain (Qadota et al., 2011; Flynn et al., 1998; Maesaki et al., 1999; Shibata et al., 

1996). Therefore, I set out to investigate whether the function of PKN-1 is conserved in C. 

elegans one-cell embryos during the first cytokinesis. To achieve this, I depleted PKN-1 by 
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injecting dsRNA into young adult worms and performed live-cell imaging on one-cell 

embryos 40-48 hours after dsRNA injections. As shown in Figure 24B and C, PKN-1 

depletion caused excessive membrane blebbing during late anaphase of first cell division. To 

further confirm this phenotype, I ordered a pkn-1 mutant strain from CGC having a 1064 

base-pairs long region between fourth and seventh exon replaced with 18 bp long sequence, 

leading to premature stop inside C2-like domain (Figure 24A). It is not known whether this is 

a null mutant but if a truncated protein would form, it would lack kinase domain. Similar to 

pkn-1(RNAi), pkn-1 mutant also showed excessive membrane blebbing during late anaphase 

of first embryonic division (Figure 24C). Next, I investigated the affect of pkn-1(RNAi) on 

the levels of polar accumulation of Neon-green tagged-anillin during first cell division. PKN-

1 depletion led to a mild increase in NG::Anillin levels on the anterior and posterior poles 

during anaphase but not on the equatorial cortex (Figure 24D-F), similar to the phenotype in 

HeLa cells. To determine if this trend is also true for other contractile ring proteins 

downstream of RhoA, I imaged embryos expressing non-muscle myosin II (NMY-2::GFP) in 

PKN-1 depleted one-cell embryos. Similar to NG::anillin, the cortical levels of NMY-2::GFP 

were also significantly increased on the poles (Figure 24G and H). However, unlike 

NG::anillin, equatorial levels of NMY-2::GFP were also found to be increased in PKN-1 

depleted embryos (Figure 24G and H). These results indicate that PKN-1 inhibits the polar 

accumulation of anillin and NMY-2 during the first division of C. elegans early embryos, 

probably by regulating RhoA activity. Further, the role of human PKN2 in preventing anillin 

accumulation at the cell poles during anaphase seems to be conserved in C. elegans.  
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Figure 24: PKN-1 inhibits anillin accumulation at the polar cortex in first cell division 
of C. elegans embryos. (A) Schematic representation of products of wild-type pkn-1 and 

mutant pkn-1(ok1673) genes. This representation was adapted from Qadota et al., 2011. (B) 

Time-lapse DIC images of the first cell division in C. elegans embryos in control (n=22) and 

PKN-1 depleted (n=13) embryos. (C) Graph shows percentage of embryos having blebs at 

cell equator during first division in control, pkn-1(RNAi) and pkn-1(ok1673) mutant. (D). 

Time-lapse confocal images of control (n=12) or PKN-1 depleted (n=13) embryos expressing 

endogenously-tagged NG-anillin. (E) Schematic showing the linescan method used to 
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quantify NG-anillin fluorescence at the anterior, posterior and equatorial cortex. The mean 

cytoplasmic background (BG) was subtracted and the mean fluorescence intensity was 

normalized by dividing by the mean anterior intensity in control at 180s. (F) Graphs show 

normalized NG-anillin fluorescence intensity over time at the equator as well as anterior and 

posterior poles. (G) Time-lapse confocal images of control (n=9) or PKN-1 depleted (n=10) 

embryos expressing endogenously-tagged NMY-2::GFP. (H) Graphs show normalized 

NMY-2::GFP fluorescence intensity over time at the anterior and posterior poles, and at the 

cell equator. In all the graphs, anillin fluorescence intensity was normalized to the mean 

anterior fluorescence intensity in controls 180s after NEBD. All pixel intensities were 

measured by drawing a linescan (8 pixels wide) around the cell cortex in Fiji and mean 

values were calculated in Knime. All time points are seconds after NEBD and all scale bars 

are 5μm. All error bars are SEM and n = number of linescans. All p-values were calculated 

by student’s t-test (* p<0.05; ** p<0.01; *** P < 0.001). 

 

4.1.7 Septin 7 promotes anillin recruitment at the cell equator 

Depletion of Septin 7 resulted in strong reduction of anillin levels at the cell equator in the 

primary and secondary screens (Figure 14D and 16, Table 18). Sept7, a member of conserved 

Septin family proteins, is required for normal organization of cytoskeleton (Kremer et al., 

2007). To investigate whether other members of Septin family proteins have a similar 

function in regulating anillin localization in anaphase, I measured cortical anillin::GFP levels 

on the images acquired in the primary screen after Sept1, Sept3, Sept4, Sept5, Sept6, Sept9 

and Sept11 RNAi and found no significant difference when compared to the control (Table 

23). This preliminary data indicates a specific role of Sept7 in recruiting anillin at the cell 

equator.  

 

Table 23: Anillin::GFP intensity at the cell equator in cells depleted of different septin 
family members was measured on images of the primary screen. 
 

RNAi Mean GFP 
Intensity  

n RNAi Mean GFP 
Intensity  

n p value 

SEPT1 319.37 9 Control 258.95 28 0.272815 
SEPT3 199.27 8 Control 227.84 37 0.631648 
SEPT4 278.19 5 Control 227.84 37 0.503405 
SEPT5 162.99 2 Control 171.54 22 0.917513 
SEPT6 293.90 5 Control 227.84 37 0.405312 
SEPT9 178.96 2 Control 215.46 35 0.706409 
SEPT11 236.54 13 Control 202.26 29 0.148962 
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The Sept7 phenotype was further investigated in live-cell imaging experiments after ensuring 

nearly complete depletion of Sept7 by Western Blotting (Figure 25A). Similar to the screen, 

Sept7 depletion led to a significant reduction in the level of anillin::GFP at the cell equator 

and equatorial anillin zone width, 8 minutes after anaphase onset (Figure 25B-D). 

Importantly, cytoplasmic (Figure 25E) and cellular (Figure 25A) levels of anillin did not 

change after Sept7 depletion suggesting that Sept7 promotes anillin recruitment to the 

equatorial cortex. 
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Figure 25: Septin 7 is required for localization of anillin::GFP at the equatorial cortex 
in HeLa cells. (A) Immunoblots of HeLa cells expressing anillin::GFP after treatment with 

control or SEPT7 siRNA probed for anillin, SEPT7 and α-tubulin as a loading control. (B) 

Time lapse confocal images of HeLa cells expressing anillin::GFP, treated with control 

(n=17) or SEPT7 (n=23) siRNA. (C) Graph showing mean anillin::GFP intensity at the cell 

equator in control and SEPT7 depleted cells. p-values were calculated by Student’s t test 

(****, P < 0.0001). (D) Graph showing anillin::GFP zone width at the cell equator in control 

and Septin 7 depleted cells. Pixel intensities were measured by drawing a linescan (6 pixels 

wide) around the cell cortex in Fiji and mean values were calculated in Knime. (E) Graph 

showing mean cytoplasmic anillin::GFP intensity in control and SEPT7 depleted cells. (F) 

Graphs showing time (min) from anaphase onset to furrow initiation in control (n=17) and 

SEPT7 depleted (n=23) cells. (G) Graphs showing time (min) from anaphase onset to 

complete furrow ingression in control (n=17) and SEPT7 depleted (n=15) cells. p-values in 

(E) and (F) were calculated by Kolmogorov-Smirnov test (**** P < 0.0001; *** p<0.001). 

Error bars are SD. (H) Graph showing different cytokinesis defects observed after SEPT7 

RNAi as compared to controls. (I,J) Plots showing dynamics of furrow closure in control and 

SEPT7 depleted cells. Graph in (H) shows mean values with SD and graph in (I) shows traces 

for individual cells. All pixel intensities were measured by drawing a linescan (8 pixels wide) 

around the cell cortex in Fiji and mean values were calculated in Knime. All scale bars are 

5μm. All error bars are SEM unless otherwise stated and n = number of cells. 

 

 

To confirm that the reduction of cortical anillin was due to depletion of Sept7 and not an off-

target effect, I generated and integrated an RNAi resistant NeonGreen-tagged Sept7 

transgene into the HeLa-FRT host cell line (Figure 26A). Septin proteins are present in the 

contractile ring and are known to colocalize with actin and anillin (Kinoshita et. al., 2002, 

Oegema at. al. 2000, Joo et. al., 2007). Similar to these reports, live-cell imaging of 

NG::Sept7 and immunostaining of endogenous Sept7 revealed cortical localization of Sept7 

during anaphase (Figure 26B). RNAi knockdown of Sept7 resulted in decreased recruitment 

of endogenous anillin at the cell equator which was rescued by the expression of RNAi 

resistant NG::Sept7 transgene induced by tetracycline addition (Figure 26C-E). Thus, this 

data shows that Sept7 is required for anillin recruitment to the equatorial cortex and that the 

phenotype is not caused by an off-target effect of the siRNA. To further test whether the 

decrease in anillin accumulation at the cell equator in Sept7 depleted cells is a consequence 

of reduced Ect2 localization to the spindle midzone, Sept7 was depleted in HeLa cells 

expressing Ect2::GFP followed by live-cell imaging. No change was detected in the mean 

fluorescence intensity of Ect2::GFP at the spindle midzone (Figure 26F), suggesting that 

Sept7 plays a direct role in recruitment and/or maintenance of anillin at the cell equator.  
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Figure 26: RNAi resistant SEPT7::NG rescues the phenotype of Septin 7 depletion in 
HeLa cells. (A) Schematics showing RNAi resistant SEPT7 transgene tagged with 

mNeonGreen. To confer RNAi resistance five silent mutations were introduced in the SEPT7 

siRNA binding site by site-directed mutagenesis. The transgene was inserted in 

pCDNA5/FRT/TO plasmid and integrated into HeLa FRT host cell line for inducible 

expression of SEPT7RR-mNG. (B) Confocal images of SEPT7RR-mNG cells induced by 

addition of tetracycline or parental HeLa cells fixed and stained with anti-SEPT7 antibodie. 

(C) Immunoblots of induced or non-induced SEPT7RR-mNG cells after treatment with 

control or SEPT7 siRNA probed for SEPT7 and α-tubulin as a loading control. (D) Confocal 

images of non-induced control cells (n=34) or SEPT7 depleted cells with (n=36) or without 

mNG-PKN2RR induction (n=37) stained with anti-anillin antibody. (E) Graphs showing mean 

normalized anillin intensity at the cell equator for treatments performed in (D). Pixel 

intensities were measured by drawing a linescan (7 pixels wide) around the cell cortex in Fiji 

and mean values were calculated in Knime. Values were normalized to the mean anillin 

intensity at the cell equator and p-values were calculated by Kruskal-Wallis multiple 

comparisons test (with Dunn’s post-hoc test; **** P < 0.0001). (F) Graph showing mean 

Ect2::GFP intensity at the spindle midzone in control and Septin 7 depleted cells measured 8 

minutes after anaphas onset. All scale bars are 5μm. All error bars are SEM unless otherwise 

stated and n = number of cells. 
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Sept7 depletion was previously shown to result in incomplete cytokinesis and multinucleation 

in fibroblasts (Menon et al., 2014), however, the dynamics of furrow formation and the cause 

of this phenotype remains elusive. Indeed, live-cell imaging of Sept7 depleted cells revealed 

that 5/27 cells (18%) showed full furrow ingression followed by regression and 8/27 cells 

(30%) formed partially ingressing furrows (Figure 25H). Then, I measured the time taken 

after anaphase onset to form and ingress the cleavage furrow and found that Sept7 depletion 

strongly delayed the cleavage furrow formation and ingression (Figure 25F and G). This 

finding was corroborated by measuring rate of furrow ingression and regression (Figure 25I 

and J) as depicted in Figure 21A. Rate of furrow ingression was notably slower in Sept7 

depleted cells as compared to the controls (Figure 25I and J), thereby, suggesting that Sept7 

promotes furrow ingression by binding and stabilizing anillin at the cytokinetic furrow.  

 

Next, I investigated whether septins have a similar function of anillin recruitment to the cell 

cortex during first embryonic division of C. elegans. Depleting UNC-59 and UNC-61, the 

only septins expressed in C. elegans, led to a significant reduction in cortical accumulation of 

NG::Anillin, both at equator and polar cortex (Figure 27A and B). In addition, time taken 

from furrow intiation to complete furrow closure was signififcantly increased in UNC-59 and 

UNC-61 depleted embryos as compared to the controls. Similarly, the rate of cleavage furrow 

ingression was also slower in UNC-59 and UNC-61 depleted embryos (Figure 27C and D), 

just like in HeLa cells. These findings suggest that Sept7 promotes furrow formation and 

recruits anillin to the cell equator in HeLa cells and C. elegans.  
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Figure 27: C. elegans septins UNC-59 and UNC-61 promote anillin accumulation at the 
cell cortex during first cell division. (A) Time-lapse confocal images of control (n=6) or 

unc-59 & unc-61 (RNAi) embryos (n=9) expressing endogenously-tagged NG::anillin. For 

the embryo 180s after NEBD, magnified images are shown of anterior pole (yellow), equator 

(green) and posterior pole (magenta). (B) Graphs plot normalized NG::anillin fluorescence 

intensity over time at the anterior and posterior poles, and at the cell equator. NG::anillin 

intensity was measured as shown in Figure 24E. Mean fluorescence intensity was normalized 

by dividing by the mean anterior intensity in control at 180s. Error bars are SEM and n = 

number of linescans. (C) Graph showing time (in sec) from furrow initiation to furrow 

ingression in control and unc-59(RNAi);unc-61(RNAi) embryos. p-value was calculated by 

Student’s t-test (**, P < 0.01). Error bars are SEM and n = number of embryos. (D) Plot 

showing dynamics of furrow closure in control and unc-59(RNAi);unc-61(RNAi) embryos. 

All pixel intensities were measured by drawing a linescan (8 pixels wide) around the cell 

cortex in Fiji and mean values were calculated in Knime. In all the graphs, anillin 

fluorescence intensity was normalized to the mean anterior fluorescence intensity in controls 

180s after NEBD. Error bars are SD and n = number of embryos. All time points are seconds 

after NEBD and all scale bars are 5μm. 
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4.2 Aurora A inhibits anillin localization on the polar cortex 
during cytokinesis in C. elegans one-cell embryos and HeLa cells 
[A portion of data presented in this section has already been published by us in the Journal of 

Cell Biology. The detailed citation is as follows: 

Mangal, S., Sacher, J., Kim, T., Osório, D.S., Motegi, F., Carvalho, A.X., Oegema, K., and 
Zanin, E. (2018). TPXL-1 activates Aurora A to clear contractile ring components from the 
polar cortex during cytokinesis. The Journal of Cell Biology 217, 837–848. 

Figures have been reproduced or modified with the permission of Rockefeller University 
Press and the permission email is attached in the Appendix.] 

 
4.2.1 TPXL-1 clears the contractile ring protein anillin and f-actin from the 

polar cortex independent of its function in regulating spindle length 

During cytokinesis formation of contractile ring is regulated by the anaphase spindle. While 

the central spindle promotes the accumulation of contractile ring proteins like anillin on the 

equatorial cortex (D'Avino et al., 2015; Dassow, 2009; Green et al., 2012), inhibitory signals 

of unknown molecular identity arising from astral microtubules prevent the accumulation of 

these proteins on the polar cortex (Figure 28A) (D'Avino et al., 2015; Dassow, 2009; Green 

et al., 2012).  

 

 

 
Figure 28: Anaphase spindle regulates the assembly of contractile ring. (A) Stimulatory 
signals promote the accumulation of contractile ring proteins at the equatorial cortex and 

unknown signals from astral microtubules prevent accumulation of contractile ring proteins 

on the polar cortex, thereby ensuring correct position for formation of the contractile ring. (B) 

ECT-2 converts RhoA to active GTP bound state and RGA-3/4 (homolog of human MP-

GAP) antagonizes RhoA activation by converting it back to inactive GDP-bound state. 
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To identify the genes involved in the inhibitory signalling cascade in C. elegans, my PhD 

supervisor Dr. Esther Zanin established an assay to monitor the removal of GFP::anillin from 

the polar cortex during the first division (Figure 29A and B). Anillin was chosen because it 

colocalizes with and binds to active RhoA (Piekny and Glotzer, 2008) and its recruitment to 

the cell cortex is independent of myosin II (Maddox et al., 2005), thereby allowing us to 

study the cortical patterning even in absence of cortical contractility. This assay was 

performed in rga-3/4∆ mutant embryos to increase the cortical levels of GFP::anillin. RGA-

3/4 are the two major GTPase activating proteins (GAPs) that oppose RhoA activation during 

cytokinesis, and are homologs of human MP-GAP (Figure 29B) (Zanin et al., 2013). In 

addition, NMY-2 was depleted by RNAi to prevent geometrical rearrangements in the cortex 

due to myosin-based expansion and compression. Using this assay Dr. Zanin discovered that, 

while in controls GFP::anillin was cleared from the anterior cortex during late anaphase 

(Figure 29A and B), tpxl-1(RNAi) prevented GFP::anillin clearing from the anterior pole after 

anaphase onset (Figure 29C), suggesting that TPXL-1 has a role in polar clearing during 

anaphase. 

 

 

 
Figure 29: TPXL-1 is required for polar clearing of anillin in C. elegans one-cell 
embryos. Schematics showing the localization of GFP::anillin during first division in (A) 

control and (B-D) myosin-depleted rga-3/4∆ embryos treated with tpxl-1(RNAi) or hcp-4 & 

tpxl-1(RNAi). Blue and magenta double headed arrows mark the distance between 

centrosome and polar cortex. (Experiments performed by Esther Zanin) 
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TPXL-1 depletion leads to formation of short spindles and thereby increases the anterior pole 

and centrosome distance (Özlü et al., 2005). To restore the distance between the centrosome 

and polar cortex, myosin II, HCP-4 and TPXL-1 were co-depleted in rga-3/4∆ embryos. 

Kinetochore assembly is disrupted in hcp-4(RNAi) embryos which weakens the connection 

between centrosome and chromosomes. As a result, the position of centrosome is restored by 

the cortical pulling forces acting on the centrosome asters (Lewellyn et al., 2010; Özlü et al., 

2005). Despite restoration of the distance between centrosome and polar cortex, GFP::anillin 

was not cleared from the anterior pole in hcp-4 & tpxl-1(RNAi) embryos (experiment 

performed by Dr. Zanin) (Figure 29B-D), suggesting that TPXL-1 plays a direct role in polar 

clearing. To investigate whether TPXL-1 is also involved in clearing of other contractile ring 

proteins from the anterior pole, I repeated the experiments and followed the localization of 

filamentous actin (f-actin) using a f-actin binding probe LifeAct fused to mKate2 (Riedl et 

al., 2008). Imaging myosin depleted & rga-3/4∆ embryos expressing LifeAct::mKate2, 

revealed clearing of f-actin from the anterior pole in hcp-4(RNAi) but not in hcp-4 & tpxl-

1(RNAi) embryos (Figure 30) similar to anillin. Based on these findings, we concluded that 

TPXL-1 plays a direct role in polar clearing of anillin and f-actin during anaphase 

independent of its role in regulating spindle length.  

 

 

 
Figure 30: TPXL-1 is required for polar clearing of f-actin in C. elegans one-cell 
embryos. (A) Time-lapse confocal images of myosin depleted rga-3/4∆ embryos expressing 

LifeAct::mKate2 treated with hcp-4(RNAi) (n=9) or hcp-4 & tpxl-1(RNAi) (n=7). (B) 

Kymographs of embryos shown in (A) starting from 180s after NEBD at 20s time interval. 
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(C) Graph showing normalized mean fluorescence intensity of LifeAct::mKate2 at anterior 

poles over time. LifeAct::mKate2 fluorescence intensity was normalized to the mean anterior 

fluorescence intensity in controls 180s after NEBD. Pixel intensities were measured by 

drawing a linescan (8 pixels wide) around the cell cortex in Fiji as shown in Figure 24E and 

mean values were calculated in Knime. Error bars are SEM and n = number of linescans. 

Scale bars is 5μm. Figure has been reproduced from Mangal et. al. 2018, with the permission 

of Rockefeller University Press. 

 

4.2.2 TPXL-1 localizes to astral microtubules but is dispensable for their 

growth and nucleation  

We analysed the localization of TPXL-1 by immunofluorescence and live cell imaging and 

consistent with a previous report (Özlü et al., 2005), Dr. Zanin showed that TPXL-1 localized 

to pericentriolar material (PCM) and astral microtubules during metaphase. In addition, she 

observed that TPXL-1 localization at the astral microtubules became more pronounced 

during anaphase, coinciding with the timepoint of polar clearing. TPXL-1 and its vertebrate 

homolog TPX2 have been shown to play different roles in regulating microtubule dynamics 

in C. elegans and X. laevis, respectively. In C. elegans, TPXL-1 RNAi led to the formation of 

short spindle without altering microtubule density, nucleation or growth rates in metaphase 

(Srayko et al., 2005) (Greenan et al., 2010). In contrast, TPX2 was shown to promote 

microtubule nucleation from existing microtubule in Xenopus egg extracts (Petry et al., 

2013).  

As already discussed in the previous chapter (Section 1.6), microtubules play an important 

role in regulating cortical accumulation of contractile ring proteins during anaphase. 

Therefore, to rule out the possibility that the observed polar clearing defect (Figure 29C-D 

and 30) was a consequence of altered microtubule dynamics in TPXL-1 depleted embryos, I 

set out to measure microtubule nucleation and growth rates in embryos expressing the 

microtubule plus end-binding protein EBP-2::GFP. The assay was established and carried out 

as described previously (Srayko et al., 2005). Briefly, the metaphase or anaphase embryos 

were filmed live for 2 minutes by exposing them to light for 400 ms without any intervals. A 

half circle of 9 µm radius was drawn centred around the anterior centrosome and kymographs 

were generated along the half circle for 1 minute recording (Figure 31A). To confirm that our 

assay is working reliably, I compared the microtubule nucleation and growth rates of 

metaphase with anaphase in control embryos. Consistent with prior work (Srayko et al., 

2005), the microtubule nucleation increased and growth rate decreased in early (160-220s 

after NEBD) and late anaphase (255-315s after NEBD) as compared to metaphase (Figure 

31A-C). Next, I analysed microtubule nucleation and growth rate in myosin depleted and 
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tpxl-1 & hcp-4(RNAi) embryos during the anaphase interval when polar clearing occurs (255-

315s after NEBD) and found no difference as compared to the control (Figure 31D and E). 

Similarly, the number of microtubules that reached anterior cortex were indistinguishable 

from the control (blue line) (Figure 31D and F). Microtubule growth rate in tpxl-1 & hcp-

4(RNAi) embryos was slightly higher rather than being lower than the control (Figure 31G). 

Finally, the microtubule nucleation and growth rates measured in myosin depleted & rga-

3/4(RNAi) embryos were identical to the control (Figure 31D-G). RGA-3/4 were depleted by 

RNAi because ebp-2::gfp transgene was silenced in the rga-3/4∆ mutant. We confirmed that 

cortical accumulation and subsequent clearing of anillin from the anterior pole in rga-

3/4(RNAi) embryos was similar to rga-3/4∆ mutant (experiment performed by Jennifer 

Sacher and image analysis by myself; Figure 32). These results show that neither TPXL-1 

depletion nor RGA-3/4 inhibition impedes microtubule dynamics which could in turn slow 

down the process of polar clearing. Therefore, we concluded that TPXL-1 is involved in 

polar clearing of anillin independent of its function in regulating spindle length.  
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Figure 31: TPXL-1 is not required for nucleation and growth of astral microtubules in 
C. elegans one-cell embryos. (A) Projections of EBP-2::GFP images (left) acquired at 

400ms intervals for a period of 4s in metaphase (n=9), early anaphase (160-220s after NEBD; 

n=9) and late anaphase (255-315s after NEBD; n=10). Gamma of 1.2 was applied in 

photoshop to visualize the EBP-2::GFP foci without saturating the aster centers. Kymographs 

(right) were generated for the entire 1 min movie along the yellow arc placed 9 microns away 

from the anterior centrosome and were used to quantify the microtubule nucleation. (B-C) 

Graphs show percentage of EBP2::GFP foci crossing the yellow arc in (B) as compared to the 

control (metaphase) and microtubule growth rates respectively. (D) Projections of EBP-

2::GFP images (top) acquired at 400ms intervals for a period of 4s in control (n=10) and 

myosin depleted embryos alongwith hcp-4(RNAi) (n=10), hcp-4 tpxl-1(RNAi) (n=8), rga-

3/4(RNAi) (n=10). Gamma of 1.2 was applied in photoshop to visualize the EBP-2::GFP foci 
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without saturating the aster centers. Kymographs (bottom) were generated along the yellow 

arc placed 9 microns away from the anterior centrosome as well as the blue arc beneath the 

anterior cortex for the entire 1 min movie. (E-F) Graphs show number of EBP-2::GFP foci 

crossing the yellow and blue arc respectively and (G) microtubule growth rates. Error bars 

are SD and p values are two-tailed student’s t-test (***, p < 0.001). n = number of embryos in 

(B, E, F) and N = number of micrtotubles tracked in three or more embryos per treatment. 

Scale bars is 5μm. Figure has been reproduced from Mangal et. al. 2018, with the permission 

of Rockefeller University Press. 

 

 

 
Figure 32: Anillin is actively cleared from polar cortex after anaphase onset in myosin 
depleted rga-3/4(RNAi) embryos. (A) Time-lapse confocal images of myosin depleted rga-

3/4∆ embryos expressing GFP::anillin treated (n=5). (B) Kymographs of embryos shown in 

(A) starting from 180s after NEBD at 20s time interval. (C) Graph showing normalized mean 

fluorescence intensity of GFP::anillin at polar and equatorial cortex over time. GFP::anillin 

fluorescence intensity was normalized to the mean anterior fluorescence intensity in controls 

180s after NEBD. Pixel intensities were measured by drawing a linescan (8 pixels wide) 

around the cell cortex in Fiji and mean values were calculated in Knime. Error bars are SEM 

and n = number of linescans. Scale bars is 5μm. Figure has been reproduced from Mangal et. 

al. 2018, with the permission of Rockefeller University Press. 
 

4.2.3 Aurora A activation by TPXL-1 is required for polar clearing  

TPXL-1 is known to activate and recruit Aurora A (AIR-1 in C. elegans) to microtubules 

where it stabilizes microtubules that connect kinetochores to spindle pole (Özlü et al., 2005). 

Consistent with prior work (Özlü et al., 2005), I confirmed that endogenous Aurora AAIR-1 

(Figure 33A) and GFP::Aurora AAIR-1 (Figure 33B) localized to astral microtubules and 

pericentriolar material (PCM) during metaphase and anaphase, similar to TPXL-1. 

Furthermore, TPXL-1 depletion abrogated the GFP::Aurora AAIR-1 localization to astral 
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microtubules and strongly reduced its localization to the PCM (Figure 33A), confirming that 

localization of Aurora A to astral microtubules and PCM depends on TPXL-1.  

 

 

 

Figure 33: Endogenous and GFP-tagged AuroraAAIR-1 localizes to astral microtubule 
during anaphase in TPXL-1 dependent manner. (A) Representative confocal images of 

fixed metaphase (n=5) and anaphase (n=5) embryos stained for a-tubulin, Aurora AAIR-1 and 

DNA. Gamma of 1.5 was applied in photoshop to visualize the astral microtubules without 

saturating the centrosomes. (B) Confocal images showing GFP::AuroraAAIR-1 in control 

(n=14), tpxl-1(RNAi) (n=10) and myosin depleted hcp-4 tpxl-1(RNAi) (n=11) embryos during 

anaphase. Gamma of 2.0 was applied in photoshop to visualize the astral microtubules 

without saturating the centrosomes. Scale bars is 5μm. This figure is reproduced from my 

published research paper with the permission of the Journal JCB (Mangal et. al. 2018). Figure 

has been reproduced from Mangal et. al. 2018, with the permission of Rockefeller University 

Press. 

 

To determine whether recruitment and activation of Aurora A by TPXL-1 is required for 

polar clearing, Dr. Zanin abolished their interaction by generating a previously described 

TPXL-1 transgene in which phenylalanine 15 and 18 were mutated to aspartic acid (TPXL-

1FD; (Bird and Hyman, 2008; Özlü et al., 2005). Then the transgene was crossed into rga-

3/4∆ worms expressing mKate2::anillin and polar clearing of anillin in myosin, TPXL-1 and 
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HCP-4 co-depleted embryos was analyzed. While mKate2::anillin was cleared from the 

anterior pole in TPXL-1WT embryos after anaphase onset, anillin accumulation continued to 

increase in embryos expressing TPXL-1FD (Figure 34). Thus, we concluded that the 

activation of Aurora A by TPXL-1 is required for polar clearing (Figure 35).  

 

 

 

 
Figure 34: Aurora A activation by TPXL-1 is required for polar clearing of anillin in C. 
elegans one-cell embryos. Schematics showing the polar clearing of mKate2::anillin during 

anaphase myosin-depleted rga-3/4∆ hcp-4 tpxl-1(RNAi) embryos expressing  (A) TPXL-1WT 

or (B) Aurora A binding defective TPXL-1FD. 

 

 

 

 

Figure 35: Model for Aurora A mediated clearing of contractile ring proteins from 
polar cortex. Avtivation of Aurora A on the astral microtubules by TPXL-1 generates a pool 

of diffusible signal that inhibits accumulation of contractile ring proteins on the polar cortex. 
Figure has been reproduced from Mangal et. al. 2018, with the permission of Rockefeller 

University Press. 
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It is possible that TPXL-1 activates Aurora A on the astral microtubules which then diffuses 

to the adjacent polar cortex where it clears the contractile ring proteins either directly or by 

phosphorylating downstream substrates (Figure 35). Consistent with our idea, prior work has 

shown that Aurora A forms a gradient around spindle poles in Drosophila S2 cells (Ye et al., 

2015) and exhibits high centrosomal turnover rates in HeLa cells and C. elegans early 

embryos (Portier et al., 2007; Stenoien et al., 2003). Intriguingly, increased activation of 

Aurora A by inhibiting protein phosphatase 6 (PP6), a negative regulator of Aurora A (Zeng 

et al., 2010), led to ectopic accumulation of Aurora A on the cell cortex (Kotak et al., 2016) 

and reduced cell contractility (Afshar et al., 2009). To confirm these previous findings, I 

depleted PP6 phosphatase catalytic subunit PPH-6 or its associated subunit SAPS-1 in 

embryos expressing GFP::Aurora AAIR-1. As previously shown by Kotak and colleagues, live 

imaging revealed ectopic accumulation of GFP::Aurora AAIR-1 on the cell cortex after 

anaphase onset in pph-6(RNAi) or saps-1(RNAi) embryos (Figure 36A). Although the 

GFP::Aurora AAIR-1 signal was clearly visible on the ingressing furrows where two cell 

membranes were juxta-positioned, the signal was rather weak on the polar cortex. 

Immunofluorescence analysis, however, resolved this issue and ectopic accumulation of 

Aurora AAIR-1 was clearly visible all around the cell cortex in saps-1(RNAi) embryos (Figure 

36B), confirming the notion that increased activation of Aurora A leads to ectopic 

localization on the cell cortex. Based on these findings, I speculate that small amounts of 

Aurora A could localize to the cell cortex in wild-type embryos which are not detected owing 

to its transient nature and technological bottlenecks. If Aurora A is involved in clearing 

anillin from the cell poles, then ectopic localization of Aurora A on the cell cortex should 

lead to lower cortical accumulation of anillin. Indeed, much less GFP::anillin localized to the 

anterior pole in PPH-6 or SAPS-1 depleted embryos (Figure 36C-E) from anaphase (120s 

after NEBD) until complete furrow ingression. The accumulation of GFP::anillin on the 

equatorial cortex was also reduced in PPH-6 or SAPS-1 depleted embryos (Figure 36C-E) 

from anaphase until 220s after NEBD when furrow starts to ingress. Changes in anillin 

accumulation on the posterior pole was not measured as only trace amount of anillin localizes 

on the posterior pole in control embryos. These findings support our hypothesis that TPXL-1 

activates Aurora A on the astral microtubules which diffuses to the adjacent cell poles and 

clears contractile ring proteins from the polar cell cortex. 
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Figure 36: Ectopic accumulation of Aurora AAIR-1 on the cell cortex inhibits Anillin 
localization. (A) Representative confocal images of control, pph-6 (RNAi), saps-1 (RNAi) 

embryos expressing GFP::AIR-1 in metaphase, anaphase and telophase. Green boxes on the 

right enclose magnified section of equator region during telophase. Gamma of 2.0 was 
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applied in photoshop to visualize the astral GFP::AIR-1 signal without saturating the 

centrosomes. (B) Representative confocal images of fixed wild-type and saps-1(RNAi) 

embryos in metaphase and anaphase stained for Aurora AAIR-1. Gamma of 0.8was applied in 

Fiji to visualize the astral GFP::AIR-1 without saturating the centrosomes. (C) Timelapse 

confocal images showing GFP::anillin localization in control (n=12), pph-6(RNAi) (n=6) and 

saps-1(RNAi) (n=11). (D) Kymographs of embryos shown in (C) starting from 80s after 

NEBD at 20s time interval. (E) Graph showing normalized mean fluorescence intensity of 

GFP::anillin at polar and equatorial cortex over time. GFP::anillin fluorescence intensity was 

normalized to the mean equatorial fluorescence intensity in controls 180s after NEBD. Pixel 

intensities were measured by drawing a linescan (8 pixels wide) around the cell cortex in Fiji 

as shown in Figure 24E and mean values were calculated in Knime. Error bars are SEM and 

n = number of linescans. Scale bars is 5μm. 

 

4.2.4 Aurora A inhibits anillin localization at cell poles in human cells  

In vertebrates Aurora A localizes to centrosomes and astral microtubules (Kufer et al., 2002; 

Joukov et al., 2010; Roghi et al., 1998; Gopalan et al., 1997; Kimura et al., 1997) similar to 

Aurora AAIR-1 localization in C. elegans embryos (Özlü et al., 2005). In addition, Aurora A 

localization to astral microtubules, but not on the PCM surrounding centrosomes, is 

dependent on vertebrate homolog of TPXL-1 called TPX2 (Bird and Hyman, 2008). Several 

previous studies have shown that depolymerization of astral microtubules extends the 

equatorial localization of RhoA and other contractile ring proteins towards the cell poles 

(Bement et al., 2005; Foe and von Dassow, 2008; Murthy and Wadsworth, 2008; von Dassow 

et al., 2009, Zanin et al., 2013). In light of these observations, we wanted to investigate 

whether Aurora A plays a similar role in preventing accumulation of contractile ring proteins 

on the polar cortex in human cells as in C. elegans embryos. Since Aurora A has many 

functions in cell cycle like bipolar spindle assembly, spindle midzone formation and 

centrosome maturation (Nikonova et al., 2012), its depletion results in pleiotropic phenotypes 

that hinder the analysis of cortical patterning in anaphase. To overcome this problem, I used a 

highly specific chemical inhibitor of Aurora A to acutely inhibit its kinase activity in mitotic 

cells. As active site of Aurora A is very similar to its closely-related Aurora B kinase which 

is implicated in chromosome segregation and cytokinesis (Carmena et al., 2012), we based 

our choice of chemical inhibitors on a report that analysed selectivity of ten Aurora inhibitors 

(de Groot et al., 2015). Using an immunofluorescence assay that measured phosphorylation 

of Aurora A substrate LATS2 (Ser83) and Aurora B substrate histone H3 (Ser28), de Groot 

and colleagues identified MK-5108 and AZD1152-HQPA (AZD) as most selective inhibitors 

of Aurora A and B respectively (de Groot et al., 2015). Next, we used this published assay to 

optimize the concentration and duration of MK-5108 and AZD treatments in HeLa cells. I 
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confirmed that treatment of HeLa cells with 10μM MK-5108 for 30-60 minutes strongly 

inhibited Aurora A activity evident from significant reduction in centrosome pLATS2 

(Ser83) intensity and had minimal effect on Aurora B as shown by mild decreased in 

chromosomal pH3 (Ser28) intensity (Figure 37A-D). Conversely, treatment with the AZD for 

2-3 hours strongly inhibited Aurora B activity with only mild effects on Aurora A (Figure 

37A-D).  

 

 

 
Figure 37: Establishing conditions for selective Aurora A inhibition in HeLa cells. (A) 

Schematics illustrating the procedures used for inhibitor treatments. Aurora A was inhibited 

by treatment with 10μM MK-5108 for 60 or 30min and Aurora B was inhibited by treatment 

with 200 nM AZD for 2 or 3hrs. (B) Maximum intensity projections of confocal 

immunofluorescence images of MK-5108, AZD or DMSO treated HeLa cells stained for 

pLATS2, pH3 and Hoechst (DNA). (C-D) Normalized mean fluorescence intensity of 

pLATS2 at centrosomes (C) and pH3 on chromosomes (D) is plotted for the indicated 

conditions. All values were normalized to the mean value in DMSO-treated control cells and 

error bars are SD. In (C) n = number of centrosomes and in (D) n = number of cells. All p 

values are obtained by student’s t-test (***p<0.001) and scale bars are 5μm. 

 

To investigate the involvement of Aurora A in clearing contractile ring proteins from polar 

cortex in human cells, HeLa cells expressing anillin::GFP were treated with MK-5108, AZD, 

or DMSO as a control and filmed live during anaphase (Figure 38A and B). Treatment with 

MK-5108 and AZD led to mitotic arrest in ~60% and ~30% cells respectively. To ensure 
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strong but selective inhibition of Aurora activity, I analyzed cells that entered anaphase 

between 25 and 60 minutes after MK-5108 addition and between 2 and 3 hours after AZD 

addition. The accumulation of anillin::GFP at the cell cortex was measured by drawing 

linescans 8 minutes after anaphase onset as shown in Figure 10A. We found that Aurora A, 

but not Aurora B, inhibition led to increased accumulation of anillin::GFP on the polar cortex 

(Figure 38B-D) and a wider zone of anillin::GFP at the cell equator (Figure 38F). This 

increase cannot be attributed to a global rise in cortical accumulation of anillin::GFP as its 

levels were slightly reduced at the equatorial cortex in both, Aurora A and B inhibited cells 

(Figure 38E). Alternatively, broader anillin zone at the cell equator could be caused by longer 

spindle midzone as anillin zone width and spindle midzone length are thought to be 

correlated (Hu et al., 2011). However, when I measured the spindle midzone length after 

Aurora A inhibition, it was found to be decreased, rather than increased, consistent with 

previous studies (Reboutier et al., 2013; Lioutas and Vernos, 2013) (Figure 38G and H). To 

ensure that the increase in polar anillin was not caused by a weak spindle midzone in Aurora 

A inhibited cells as reported by few previous studies (Reboutier et al., 2013; Lioutas and 

Vernos, 2013), I analysed localization of Plk1 and endogenous anillin after MK-5108 

treatment. Plk1 was chosen because it is a key cytokinesis regulator that localizes to midzone 

and promotes cell contractility. The analysis revealed that Plk1 localized to the spindle 

midzone in two third of the cells (53/80; Figure 39A) treated with MK-5108 even though the 

length of spindle midzone was significantly reduced as compared to the controls (Figure 

39E). Importantly, in these 53 cells having midzone localized Plk1, anillin formed a wider 

zone at cell equator (Figure 39D) and anillin accumulation at cell poles was increased (Figure 

39B). Similar to live-cell imaging experiments (Figure 38E), increase in polar anillin 

accumulation was not due to a global rise in cortical accumulation of anillin as anillin levels 

were slightly reduced at the equatorial cortex in Aurora A inhibited cells (Figure 39C). Thus, 

this data indicates that Aurora A inhibits anillin localization on cell poles independent of the 

weak midzone phenotype.  
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Figure 38: Aurora A restricts anillin accumulation to a narrow zone at the cell equator 
in HeLa cells. (A) Aurora A localizes to the centrosome and the centrosomal microtubule 

asters and is inhibited by MK-5108. Aurora B localizes to the spindle midzone and is 

inhibited by AZD. (B) Time-lapse confocal images of HeLa cells expressing anillin::GFP that 

were treated with DMSO (control), 10μM MK-5108 or 200nM AZD. (C) More confocal 

images of 8 min after anaphase onset are shown. (D-F) Graphs showing the mean 

anillin::GFP intensity at the cell poles (D), at cell equator (E) and width of the equatorial 

anillin::GFP zone (F) for cells subjected to the indicated conditions. Pixel intensities in (D-F) 

were measured by drawing a linescan (8 pixels wide) around the cell cortex in Fiji and mean 

values were calculated in Knime. (G) The length of the spindle midzone was measured 8 

minutes after anaphase onset from linescans across the center of the cell. Spindle midzone 

length was defined as the distance between the two minima of anillin::GFP fluorescence 

intensity measured by drawing a 15 pixel wide line in Fiji. (H) Graph plotting spindle 

midzone length for the indicated conditions. All error bars are SEM and n = number of cells. 

All p values are calculated with student’s t-test (***p<0.001, **p<0.01, *p<0.05, not 

significant (ns) p>0.05) and all scale bars are 5μm. 
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Selective disassembly of astral microtubules with nocodazole, is known to broaden the 

localization of anillin at the cell equator in HeLa cells (Zanin et al., 2013). To determine if 

broader anillin zone and increased anillin at the polar cortex in Aurora A inhibited cells was 

due to attenuated asters, microtubules were stained and imaged on a confocal microscope. 

Treatment with 70nM Nocodazole for 10 minutes, similar to MK-5108 treatment, led to 

increased anillin accumulation at cell poles (Figure 39B) and a wider zone of anillin (Figure 

39D) at the cell equator despite having a shorter spindle midzone (Figure 39E). However, 

unlike nocodazole treated cells (n=39) where astral microtubules were barely visible, 

microtubule asters in MK-5108 treated cells (n=65) appeared similar to those in control 

(n=46; Figure 39F). Thus, Aurora A seems to inhibit anillin accumulation at cell poles 

without severely affecting the microtubule asters. Overall, I conclude that Aurora A, restricts 

the accumulation of anillin to a narrow zone at the cell equator and inhibits its localization at 

the cell poles, suggesting that the role of Aurora A activity in polar clearing of contractile 

ring proteins in C. elegans embryos is conserved in humans. 

 

 

Figure 39: Aurora A inhibition results in accumulation of endogenous anillin on the 
polar cell cortex in HeLa cells. (A) Confocal images of fixed DMSO, 10μM MK-5108 or 

70M nocodazole treated HeLa cells that were stained for Plk1, anillin and DNA. (B) Graphs 

showing mean anillin fluorescence intensity on the polar cortex in cells treated with DMSO, 

MK-5108 and Nocodazole. (C) Plots showing mean normalized anillin fluorescence intensity 

on the equatorial cortex in cells subjected to indicated conditions and (D) and mean anillin 

zone width. Anillin intensities in (B-D) were measured by drawing a linescan (9 pixel wide) 

around the cell cortex in Fiji and mean intensities were calculated in Knime. Anillin intensity 
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in (C) was normalized to mean anillin intensity in DMSO treated cells. (E) Graph showing 

length of spindle midzone in cells subjected to the indicated conditions. (F) Confocal images 

of HeLa cells treated with DMSO (n = 46), 10μM MK-5108 (n = 65) or 70M nocodazole (n = 

39) and stained for α-tubulin and DNA. All error bars are SEM and n = number of cells. All p 

values are calculated with student’s t-test (***p<0.001, **p<0.01, not significant (ns) 

p>0.05) and all scale bars are 5μm. 

 

4.3 Rapamycin-induced protein dimerization in C. 

elegans  
[Data presented in this section has already been published by us in the microPublication 

Biology Journal. The detailed citation is as follows: 

Mangal, S., Zielich, J., Lambie, EJ., Zanin E. (2018). Rapamycin-induced protein 
dimerization as a tool for C. elegans research. Micropublication: biology. 
https://doi.org/10.17912/W2BH3H. 

The Figure has been reproduced with the permission of microPublication Biology Journal 
and the permission email is attached in the Appendix.] 

 
To further investigate the role of TPXL-1 and Aurora A in clearing anillin and f-actin from 

the cell poles, I wanted to target TPXL-1 and Aurora A to the cell membrane by inducing 

dimerization with a membrane bound protein or domain. In biological research, especially 

cell culture systems, rapamycin induced protein dimerization has been extensively used 

(DeRose, Miyamoto, & Inoue, 2013; Voß, Klewer, & Wu, 2015) to regulate expression, 

localization (Boeckeler, Rosse, Howell, & Parker, 2010), stability (Janse, Crosas, Finley, & 

Church, 2004) and activity of proteins including transcription factors (Pollock, Giel, Linher, 

& Clackson, 2002), kinases (Karginov & Hahn, 2011), Cre recombinase (Jullien, Sampieri, 

Enjalbert, & Herman, 2003), and RhoA GTPase signaling (Inoue, Heo, Grimley, Wandless, 

& Meyer, 2005). Rapamycin was first isolated in 1972 from Streptomyces hygroscopicus 

(Vézina, Kudelski, & Sehgal, 1975), and has attracted much attention of researchers owing to 

its immunosuppressant properties. Rapamycin, naturally, binds to FK506 binding protein 

FKBP12, which in turn binds to the FRB (FKBP12-rapamycin binding) domain of 

mammalian target of rapamycin (mTOR). Thus, forming a heterodimer of FRB and FKBP12 

domains containing proteins linked by rapamycin (Choi, Chen, Schreiber, & Clardy, 1996; 

Putyrski & Schultz, 2012). Rapmycin induced protein dimerization seemed to be an 

appealing choice for two reasons. Firstly, I could fuse TPXL-1 or Aurora A with FKBP-12 

domain and cell membrane binding pleckstrin homology (PH) domain with the FRB domain 

of mTOR to target TPXL-1 or Aurora A to the cell membrane in presence of rapamycin. 
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Secondly, I could inject rapamycin into the gonads of the worms to incorporate rapamycin 

into the cytoplasm of newly formed oocytes and the otherwise impermeable embryos. 

However, to my knowledge, rapamycin induced protein dimerization was not previously used 

in C. elegans. 

 

To establish this technique in C. elegans, the cDNA sequences of human FKBP12 

(CR542168) and FRB (NM_004958) domains were codon optimized (Redemann et al., 2011) 

for high expression in C. elegans. In addition, introns were added between amino acids 

25(K)-26(G) in FRB and amino acids 35(K)-36(K) in FKBP12. Since rapamycin binding 

with mTOR kinase may cause pleiotropic phenotypes, I mutated ‘threonine’ 2098 to ‘leucine’ 

in the FRB domain which allows the binding of rapamycin derivatives that do not interact 

with mTOR kinase (Bayle et al., 2006). The resulting DNA sequence was synthesized by 

Eurofins Genomics. Next, the codon-optimized FRB domain was fused with GFP::PH 

(Audhya et al., 2005) to anchor FRB domain to the plasma membrane and FKBP12 domain 

with mCherry on the N-terminus. Both the transgenes, FRB::GFP::PH and mCherry::FKBP-

12, were put under the control of mex-5 promoter and the tbb-2 3′ UTR (Zeiser, Frøkjær-

Jensen, Jorgensen, & Ahringer, 2011) and, were integrated on chromosomes I and II, 

respectively, using the MosSCI method (Frøkjær-Jensen et al., 2008; Figure 40A). 

Imaging of adult worm gonads showed that mCherry::FKBP12 localized to the cytoplasm 

and nucleus, and FRB::GFP::PH localized to the plasma membrane, in both the germ line and 

early embryos (Figure 40C and D) as we expected. However, upon injection of 1mM 

rapamycin into the pachytene region of germ line (by Dr. Jeffery Zielich; Figure 40B), 

mCherry::FKBP12  also localized to the plasma membrane similar to FRB::GFP::PH in all 

analysed germ lines (Figure 40C) and early embryos (Figure 40D). This shift in localization 

of mCherry::FKBP-12 was not seen when DMSO (the solvent used to dissolve rapamycin) 

was injected into the gonads of adult worms (Figure 40C and D). These findings suggest that, 

rapamycin successfully induced heterodimerization of FRB and FKBP12 domain containing 

transgenic proteins at the plasma membrane, as FRB domain was anchored there by 

pleckstrin homology domain (PH). In my experiments, injection of rapamycin into the germ 

line did not cause any embryonic lethality (DMSO, n = 281 progenies; rapamycin, n = 302 

progenies). Further, rapamycin did not seem to alter in gonad morphology (n = 29 gonads) 

and early embryonic divisions (n = 17 embryos), however, this needs to be further tested and 

quantified.  
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In summary, we established a rapamycin-inducible dimerization system in C. elegans which 

can be used to target, theoretically, any protein including TPXL-1 and Aurora A to the 

plasma membrane. This method could also be further adapted to control activity and stability 

of proteins. However, due to lack of time, I was not able to employ this method for targeting 

TPXL-1 and Aurora A to the cell membrane and observing changes in anillin localization. 

 

 

Figure 40. Rapamycin mediated dimerization of cytosolic mCherry::FKBP12 and 
FRB::GFP::PH at the plasma membrane in C. elegans gonad and early embryos. (A) 
Schematic representation of mCherry-tagged FKBP12 and GFP-PH-tagged FRB transgenes 

that were integrated into chromosome II and chromosome I respectively by single copy 

MosSCI insertion. The transgenes were kept under the control of the mex-5 promoter and tbb-

2 3′ UTR. (B) Schematic illustration of rapamycin-induced dimerization of FRB::GFP::PH 
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and mCherry::FKBP12 in C. elegans gonad. In the absence of rapamycin, mCherry::FKBP12 

is present in the cytoplasm and FRB::GFP is tethered to the plasma membrane by FRB 

domain. Injection of 1 mM rapamycin into the gonad, induces heterodimerization of FKBP12 

and FRB domains, resulting in translocation of mCherry-FKBP12 from cytoplasm to the 

plasma membrane. (C) Representative confocal images of gonad of an adult C. elegans worm 

expressing FRB and FKBP12 fusion proteins that were injected with DMSO (n=19) or 1 mM 

rapamycin (n=29) and imaged 2-3 hours after injection. n = number of gonads. Yellow and 

magenta insets show magnified view of two regions of the gonad, germ cells and oocytes 

respectively. Scale bar 10 μm. (D) Confocal images of 2-cell and 4-cell C. elegans embryos 

excised from adult worms that were injected into the gonad 2-3 hours before imaging either 

with DMSO (2-cell embryo n = 10; 4-cell embryo n = 9) or with 1 mM rapamycin (2-cell 

embryo n = 8; 4-cell embryo n = 9). Magenta inset shows magnified view of the plasma 

membrane between the two adjacent cells in the embryo. Scale bar 5μm. The figure has been 

reproduced with the permission of microPublication Biology Journal. 
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5. Discussion and Outlook 
 

Precise temporal and spatial regulation of cytokinesis is key to successful cell division and 

maintaining the genome integrity. This robust control over contractile ring assembly and 

ingression is facilitated by active signalling between mitotic spindle and the cell cortex 

(Green et al., 2012). Based on experimental evidences, it is widely believed that spindle 

midzone stimulates the localization of contractile ring proteins at the cell equator (Cao and 

Wang, 1996; Kawamura, 1977; Nishimura and Yonemura, 2006; Somers and Saint, 2003; 

Wheatley and Wang, 1996; Yüce et al., 2005; Zhao and Fang, 2005) (Figure 3A), whereas 

microtubule asters deliver inhibitory signal(s) that prevent the localization of contractile ring 

proteins at the cell poles (Bement et al., 2005; Foe and Dassow, 2008; Mangal et al., 2018; 

Murthy and Wadsworth, 2008; Rodrigues et al., 2015; Werner et al., 2007; Zanin et al., 2013; 

Zhou and Wang, 2008) (Figure 3C). However, the identity of such aster derived inhibitory 

molecules(s) remains elusive. In addition, regulation of cortical patterning during cytokinesis 

is not properly understood and insights on how Ect2 and RhoA are activated in a narrow 

equatorial zone have just begun to emerge. For example, a recent study in Drosophila S2 

cells showed that Plk1, Aurora B and centralspindlin localize to plus-tips of equatorial 

microtubule asters which recruit Ect2 to the equatorial cortex and activate RhoA (Verma and 

Maresca, 2019). The aim of my thesis was to identify signalling molecules that play a role in 

promoting and inhibiting localization of contractile ring proteins at cell equator and poles, 

respectively. I chose to investigate this question in two model systems, the human HeLa cell 

line and the one-cell embryos of the nematode C. elegans using a variety of genetic, 

biochemical and fluorescence microscopy techniques. These two model systems have well 

annotated genomes, established tools for genetic manipulations, and are amenable to 

quantitative confocal microscopy. Using these two model systems together offers many 

advantageous as the main components of their cell cycle machinery are largely conserved and 

the observations from one model system can be validated in the other.  

 

 



 

 123 

5.1 RNAi Screen identified 18 new regulators of cytokinesis in human cells 

 

To identify novel regulators of cortical patterning during cytokinesis high-throughput RNAi 

screen was performed in HeLa cells in collaboration with Dr. Marc Bickle and Dr. Martin 

Stoeter of MPI-CBG, Dresden. HeLa cells were chosen over C. elegans worms due to their 

easier handling, convenient RNAi protocol, permeability to chemical compounds and 

amenability to high-throughput imaging. Previous screens have mainly relied on 

multinucleation phenotype to identify regulators of cytokinesis (Eggert et al., 2004; Kittler et 

al., 2004; 2007; Mukherji et al., 2006; Neumann et al., 2006; 2010; Sönnichsen et al., 2005). 

For example, Eggert et al. treated Drosophila cells with 19,470 dsRNAs and 51,000 chemical 

molecules but only analysed number of binucleated and multinucleated cells to identify 

cytokinesis regulators (Eggert et al., 2004). Similarly, Kittler et al. treated HeLa cells with 

endoribonuclease-prepared siRNAs (esiRNAs) library covering 17,828 genes and performed 

DNA content analysis by laser scanning cytometry to analyse ploidy after gene knockdown 

(Kittler et al. 2007). Mukherji et al. treated U2OS cells with siRNA library covering the 

entire human genome and analysed phenotypes like total number of cells, cells in G1, S, 

G2/M phases, percentage of cells with altered ploidy etc. Since the drastic changes in ploidy 

mainly result from cytokinesis failure, latter two screens only revealed regulators which are 

required for successful completion of mitosis. It should be noted that abnormal cortical 

patterning of contractile ring proteins does not always result in cytokinesis failure. Depletion 

of MP-GAP, the only known RhoA GTPase which counteracts RhoA activation during 

cytokinesis, does not lead to increased multinucleation (Zanin et al., 2013). Thus, cytokinesis 

failure is not always a good terminal readout to identify regulators of cytokinesis. A more 

comprehensive genome-wide RNAi screen was performed in C. elegans by Sönnichsen et al. 

to identify genes regulating first two embryonic cell divisions (Sönnichsen et al., 2005). 5000 

genes that led to embryonic lethality were further tested by differential interference contrast 

(DIC) time-lapse microscopy to link genes with various abnormal phenotypes. For example, 

polar body extrusion, pronuclear migration, spindle assembly and elongation, sister 

chromatid separation, asymmetry of division, cytokinesis etc. Although DIC time-lapse 

microscopy proved to be very useful for assessment of different processes during cell 

division, subtle defects in cortical dynamics and changes in cortical patterning of contractile 

ring proteins could not be investigated. Moreover, knockdown of genes that do not result in 

embryonic lethality can still play a role in regulating contractile ring assembly and 

ingression. A similar genome-wide RNAi screen was also performed in HeLa cells 

expressing H2B-GFP where epifluorescence time-lapse microscopy was performed to 
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identify phenotypes like chromosome segregation errors, premature nuclear assembly and 

cytokinesis failure (Neumann et al., 2010). Again, cytokinesis failure was largely judged on 

the basis of number of binuclear cells. Importantly, a contractile ring marker such as RhoA or 

anillin has never been used in any of the previous screens to analyse cortical patterning 

during anaphase when contractile ring is assembled. The reasons behind this can only be 

speculated. Firstly, anaphase lasts for very short duration of approximately 15 minutes in 

HeLa cells, which makes it extremely challenging to have high number of anaphase cells in 

fixed samples (Figure 19D, 38B). Secondly, most RNAi screens employ automated image 

analysis to obtain quantitative phenotypic data from the acquired images. Identifying 

anaphase cells with >95% accuracy and measuring fluorescence intensity of contractile ring 

proteins on cell cortex with automated workflows is very difficult. Thirdly and most 

importantly, RNAi screens are financially expensive as large quantities of expensive 

reagents, latest microscopes and multi-disciplinary experienced research team are required. 

Thus, laboratories prefer to investigate several aspects of a process to get maximum value out 

of their investment and enhance the probability of finding interesting candidates. We 

overcame some of these challenges and developed a semi-automated high-throughput 

screening workflow to analyse the cortical localization of contractile ring marker anillin 

during anaphase (Figure 9D, 10A and 12). The number of anaphase cells were increased by 

synchronizing cell cycle using a combination of thymidine and MG132 treatments (Figure 

9D). Since mitotic cells are loosely attached to the well surface and can be detached merely 

by a shake off, Martin Stoeter developed a gentler wash protocol on liquid handling robot 

Tecan 384. This liquid handling station is different from conventional plate washers which 

cannot be programmed for gentler wash cycles. We used this workflow to screen a set of 

7,553 genes, which comprises the druggable human genome library, in HeLa cells expressing 

anillin::GFP and mKate2::α-tubulin (Figure 12). This subset of Dharmacon genome-wide 

siRNA library was interesting to test as it includes kinases, phosphatases, proteases, GPCRs 

(G-Protein coupled receptors), ubiquitin ligases etc. Anillin was chosen because it binds to 

active RhoA and mimic RhoA localization (Piekny and Glotzer, 2008), thereby, serving as a 

proxy marker for active RhoA. To identify the candidates that altered anillin localization 

upon gene knockdown, Martin Stoeter made rigorous efforts to establish an automated image 

analysis workflow. But all the attempts in this regard failed to achieve desired results and 

images were analysed manually. It is worth noting that anillin localization in anaphase cells 

has never been investigated on such a large scale and this makes our RNAi screen stand out 

from all the previous screens. In the primary screen, 45,318 images were manually inspected 

and 6,887 cells for 528 shortlisted genes were manually quantified by drawing linescans as 
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shown in Figure 10A. Data analysis performed using automated workflow in Knime, led to 

identification of 208 candidates having significant changes in anillin localization at the poles 

and/or equator (Figure 12E and 13). These 208 candidates were further validated in 

secondary screen by following the same procedure as in the primary screen. In the secondary 

screen, 21 candidate genes (10%) caused the same anillin localization defects as in the 

primary screen. Previous RNAi screens performed in HeLa cells by Neumann et al. and 

Kittler et al. confirmed 46% and 78% of the genes, respectively, that were identified in the 

primary screen. Considering that the pool of four siRNAs used for RNAi-mediated gene 

knockdown in primary and secondary screens had identical sequence, catalogue and lot 

numbers, it is surprising to have such a low number of confirmed candidates. The individual 

siRNAs were mixed again for the secondary screen and therefore, this pool cannot be said to 

be identical to that in the primary screen. However, unless, major pipetting errors occurred 

while pooling the siRNAs for the secondary screen, it cannot be speculated as a cause of low 

reproducibility. Further, it is not reasonable to believe that low or poor transfection efficiency 

led to reproducibility problems in the secondary screen as RhoA, Ect2, KIF23 and MP-GAP 

depletion lead to expected phenotypes. But, the probability of well-to-well variation in 

transfection efficiency cannot be ruled out. The influence of off-targets effects on 

reproducibility can be eliminated as same siRNAs were used in primary and secondary 

screen. In the primary screen, variations in expression level of anillin::GFP were observed 

between different batches of the screening plates that were processed on different days. To 

take this into consideration, siRNA treated library wells were always compared to the 

controls of the same batch. Thus, batch to batch variations in anillin::GFP levels cannot be 

accounted for the issue of low reproducibility. In both screens, anillin::GFP was measured in 

early and late anaphase cells having not more than 50 percent (approximately) furrow 

ingression. Since the accumulation of anillin::GFP increases from early anaphase to late 

anaphase, it is possible that this contributed to some variability in our assay which in turn 

negatively impacted the reproducibility rate. Another factor affecting reproducibility could be 

the low number of analysed cells. For 53/208 candidates genes shortlisted in the primary 

screen, only 5-10 anaphase cells could be analysed by linescans.   

 

To further investigate reasons for low reproducibility, I turned back to the list of 208 

candidates identified in the primary screen. While 14/90 (or 15%) genes that resulted in 

altered anillin::GFP localization at the cell equator were confirmed, only 7/139 (or 5%) genes 

altering polar anillin::GFP localization were confirmed in the secondary screen (Figure 13, 14 

and 41). This means that rate of reproducibility was much lower for the candidates that 
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showed changes in polar localization of anillin. Here it is important to note that mean 

anillin::GFP fluorescence intensity at cell poles is always negative in controls, as cytoplasmic 

background is subtracted to correct for cell to cell variation in the expression of transgenic 

protein (Figure 14). In the primary screen, 103/139 genes had significantly higher anillin 

accumulation at cell poles yet the mean polar anillin::GFP fluorescence intensities were still 

negative (Figure 41). Out of these 103 genes, only 2 (or <2%) genes were confirmed in the 

secondary screen. Whereas, from remaining 36 genes which had positive mean value for 

anillin::GFP fluorescence, 5 (or 14%) genes were confirmed in the secondary screen (Figure 

41). This comparative analysis shows that applying cut-off solely based on statistical 

significance value was not sufficient for this phenotype and a suitable threshold value should 

have been applied on the data. This observation, however, is not true for the 90 genes that 

were identified to have more (38 genes) or less (52 genes) anillin on equatorial cell cortex 

upon knockdown in the primary screen (Figure 13 and 41). While 12/52 (or 23%) genes 

leading to decreased anillin localization at cell equator were confirmed, only 2/38 (or 5%) 

genes leading to increase in anillin localization at cell equator were confirmed in the 

secondary screen (Figure 41). The magnitude of change in mean anillin::GFP intensity upon 

knockdown of majority of the genes was at least 0.5 folds but still only few of them were 

confirmed. Overall, the cause(s) leading to low reproducibility in the RNAi screen are not 

entirely clear and remain open for further analysis in the near future.  

 

 
 
Figure 41: Analysis of reproducibility between primary and secondary screen. Genes 
confirmed in primary and secondary screen were classified into phenotypic classes and 
percentage of total number of genes confirmed for each phenotype was calculated. 
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Out of 21 candidates, Ect2, RhoA and MKLP1 (or KIF23) are known regulators of 

cytokinesis. Since Ect2 was also used as RNAi control, it was reassuring but not surprising to 

have Ect2 in the list of confirmed candidates. Nevertheless, in total, 19 new regulators of 

cytokinesis signalling were revealed in the RNAi screen. For all the 21 candidates, other 

parameters linked with cortical localization of anillin such as anillin zone width, length of the 

spindle midzone (Figure 18B) and cell circumference were measured in primary and 

secondary screen (Tables 19-21). 18/21 candidate genes did not show any significant changes 

in anillin::GFP zone width at the cell equator upon knockdown (Table 19). RhoA and Sept7 

having reduced anillin::GFP localization at cell equator also had significantly narrower zone 

width, while KIF23 having increased anillin::GFP on cell poles had broader zone at the cell 

equator (Table 19). Thus, the changes in anillin zone width for RhoA, Sept7 and KIF23 are in 

line with the changes observed in anillin localization at cell equator and poles. Length of 

spindle midzone was also measured to investigate abnormalities in its elongation, however, 

none of the 21 candidates were found to have any significant changes in the length of spindle 

midzone as compared to the controls (Table 20). Similarly, cell perimeter for most candidate 

genes (19/21) remained unchanged (Table 21) suggesting that knockdown of 19 genes did not 

affect size of anaphase cells. Overall, the changes in anillin::GFP localization observed for 21 

candidate genes were not caused by altered midzone length or changes in cell size. 

 

The 18 new genes identified to be important for normal localization of anillin at the cell 

cortex during anaphase can be categorized into different classes based on their function. Six 

genes DDX6, FOXC1, TCEA1, eIF3h, POLE3 and PTBP1 regulate transcription, translation 

or stability of mRNA. Briefly, FOXC1 encodes a transcription factor (Elian et al., 2018), 

TCEA1 rescues blocked RNA Polymerase on template strands (Fish and Kane, 2002; 

Kettenberger et al., 2003), eIF3h is involved in initiation of protein synthesis (Masutani et al., 

2007), POLE3 contributes in DNA transcription and replication (Bellelli et al., 2018), PTBP1 

and DDX6 play role in post-transcriptional regulation of mRNA (Romanelli et al., 2013; 

Jonas and Izaurralde, 2013). While DDX6, FOXC1 and TCEA1 depletion led to decreased 

anillin::GFP localization at cell equator, depletion of eIF3h, POLE3 and PTBP1 resulted in 

increased anillin::GFP accumulation at cell poles. The direct role of these six transcription 

and translation regulators in regulating anillin localization is difficult to delineate as their 

depletion can simultaneously change the levels of many cellular proteins and disrupt multiple 

cellular processes. It is possible that these candidate genes directly upregulate or 

downregulate the levels of anillin and other contractile ring proteins. For example, PTBP1 is 

a regulator of alternate splicing of Formin homology 2 domain containing 3 (FHOD3) mRNA 
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which is involved in polymerization of actin filament in cardiomyocytes (Pamela et. al., 

2018). Alternatively, these genes could be involved in regulating the levels of specific 

signaling molecules that in turn control localization or stability of contractile ring proteins 

including anillin. Cellular levels of contractile ring proteins like anillin, actin and septin 7 

should be determined by Western Blotting in cells depleted of DDX6, FOXC1, TCEA1, 

eIF3h, POLE3 and PTBP1 proteins to examine whether the changes in anillin localization 

were caused by changes in overall protein level. Then, thorough literature review and 

bioinformatic analysis is required to identify the role of these six candidate genes in 

regulating transcription and translation of known regulators of cytokinesis. If a downstream 

cytokinesis regulator is found to be controlled by any of these six candidate genes, then 

further studies could be carried out to investigate how this downstream effector controls 

anillin localization at cell cortex during cytokinesis. 

Three candidate genes encode kinases DGKG, PKN2, CKS2. PKN2 is an effector protein of 

RhoA signalling pathway and is known to interact with RhoA (Amano et al., 1996). PKN2 

and its C. elegans orthologue were further studied in HeLa cells and C. elegans, respectively, 

and therefore are discussed in more detail in Section 5.2. DGKG phosphorylates 

diacylglycerol (DAG) to form phosphatidic acid (PA) (Shulga et al., 2011). DAG is produced 

by hydrolysis of phosphatidylinositol-4,5-bisphosphate (PIP2) by phospholipase C (PLC) 

(Shulga et al., 2011). Besides serving as an intermediate for lipid biosynthesis, DAG activates 

protein Kinase C (PKC), which is known to phosphorylate and activate myosin light chain 

(Logan and Mandato, 2012; Varlamova et al., 2001). Since DAG can be synthesized in other 

ways (Eichmann and Lass, 2015), depletion of DGKG may not result in significantly lower 

levels of DAG and reduced PKC signalling. Thus, it is unlikely that reduced PKC activation 

by DAG led to the increase in equatorial anillin::GFP localization in the RNAi screen. 

Interestingly, DGKG has been shown to colocalize and interact with Rac1 and serve as Rac1 

suppressor during lamellipodium formation (Tolias et al., 1998; Tsushima et al., 2004). Rac1 

is a negative regulator of cytokinesis (Jordan and Canman, 2012) and expression of 

constitutively active Rac1 in HeLa cells was shown to result in multinucleated cells 

(Yoshizaki et al., 2004). If DGKG depletion led to increased activation of Rac1 during 

anaphase in the RNAi screen, then an increase in the number of multinucleated cells would 

be expected. Visual inspection of 10x images of DGKG RNAi well did not reveal any 

significant rise in multinucleated cells. It is possible that the increase in Rac1 activation upon 

DGKG depletion was only marginal and could not impede cytokinetic furrow ingression. As 

a result, multinucleated cells were not observed after DGKG depletion in the RNAi screen. It 

should also be considered that active Rac1 is excluded from the cell equator and mainly 
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localizes at cell poles during anaphase (Jordan and Canman, 2012), which makes it difficult 

to implicate a role of increased Rac1 activation in promoting anillin accumulation at cell 

equator. To clear the confusion, active Rac1 localization should be investigated in HeLa cells 

after DGKG depletion. Another possibility is that depletion of DGKG somehow leads to an 

increase in the levels of PIP2, a precursor of DAG. PIP2 is known to localize at ingressing 

cytokinetic furrow and promote anillin localization at the furrow by interact with its PH 

domain (Liu et al., 2012). In addition, PIP2 promotes actin polymerization by uncapping 

actin monomers and inactivating cofilin which depolymerizes actin filaments (Logan and 

Mandato, 2012). Thus, an increase in PIP2 levels upon DGKG depletion would clearly 

explain the reason for increase in anillin::GFP accumulation at cell equator. In future 

experiments, cortical localization of PIP2 and other contractile ring proteins like f-actin, 

septin 7 and myosin II should be investigated in DGKG depleted cells.  

CKS2 is a cyclin dependent kinases (CDK) interacting protein which has been frequently 

observed to be upregulated in different malignant tumours (You et al., 2015). The two 

paralogs CKS1 and CKS2 have redundant function in G2-M phase transition as they promote 

transcription of important cell cycle genes encoding CDK1, cyclin B1, cyclin A (Martinsson-

Ahlzén et al., 2008). In the RNAi screen, CKS2 depletion was found to result in increased 

anillin::GFP localization at the cell poles. Since CKS2 is associated with CDKs, it could be 

involved in phosphorylating cytokinesis regulators downstream of CDKs. But, there is not 

much known about CKS2 phosphorylation sites in proteins that regulate cell cycle or 

cytokinesis. Therefore, it is difficult to speculate how CKS2 inhibits anillin localization at 

cell poles during anaphase.   

Two candidate genes encode phosphatases PPP2CB and PPP4C. PPP2CB is a catalytic 

subunit of Protein Phosphatase 2A (PP2A) that plays an important role during cytokinesis 

and mitotic exit. PP2A, which is inhibited indirectly by CDK1, gets activated in anaphase 

once CDK1 activity decreases (Holder et al., 2019). Depletion of PPP2CB in the RNAi 

screen led to decreased anillin localization at the cell equator. This phenotype can be 

explained on the basis of role of PP2A in triggering localization of PRC1 and CPC to spindle 

midzone. During metaphase, CDK1 phosphorylates INCENP directly and Histone H3 

through haspin kinase which results in docking of CPC to the chromatin. At anaphase onset 

when CDK1 activity declines, PP2A dephosphorylates INCENP directly and promotes 

dephosphorylation of Histone H3 though PP1, thereby, allowing CPC to translocate from 

chromatin to spindle midzone. CPC, then, phosphorylates MKLP1 of centralspindlin and 

releases 14-3-3 binding, thereby allowing multimerization of centralspindlin and its stable 

recruitment to the spindle midzone (Douglas et al., 2010; Giet and Glover, 2001; Guse et al., 
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2005; Hauf et al., 2003; Hu et al., 2008; Kaitna et al., 2000; Severson et al., 2000; 

Verbrugghe and White, 2004; Zhu et al., 2005). In addition, PP2A antagonizes the inhibitory 

phosphorylation of PRC1 by CDK1 and induces PRC1 recruitment to the spindle midzone 

(Holder et al., 2019). PRC1 stabilizes the overlapping microtubules of spindle midzone and 

gets phosphorylated by Plk1 (Neef et al., 2007; 2003), thereby, promoting Plk1 localization 

to the spindle midzone. Plk1 further phosphorylates centralspindlin’s CYK-4 subunit 

(Burkard et al., 2009; Wolfe et al., 2009) which then binds and recruits RhoA GEF Ect2 to 

the spindle midzone. This binding relieves autoinhibition of Ect2 by its BRCT domains and 

Ect2 is loaded on the adjoining cell membrane where it activates RhoA and directs the 

accumulation of contractile ring proteins like anillin, actin and myosin (Burkard et al., 2009; 

Chalamalasetty et al., 2006; Tatsumoto et al., 1999; Wolfe et al., 2009). In addition to 

recruitment of PRC1 to the spindle midzone, PP2A also plays a role in relocalization of CPC 

(containing Aurora B) from chromatin to the spindle midzone (Holder et al., 2019). Thus 

depletion of PPP2CB would compromise spindle midzone assembly and midzone 

localization of CPC, ultimately leading to reduced cortical accumulation of contractile ring 

proteins including anillin. In future experiments, it would be interesting to analyse 

localization of CPC, Plk1, PRC1, Ect2, RhoA and contractile ring proteins in cells depleted 

of PPP2CB. If the hypothesis proposed above is correct, then PPP2CB depletion is expected 

to result in decreased accumulation of Ect2 and RhoA on equatorial cortex and reduced 

localization of Ect2 on spindle midzone.  

The next candidate gene, PPP4C,  is catalytic subunit of Protein Phosphatase 4 and depletion 

of PPP4C in the RNAi screen led to decreased anillin localization at the cell equator. PPP4C 

localizes to the centrosomes in C. elegans and Drosophila and to pericentriolar material in 

human cells (Brewis et al., 1993; Helps et al., 1998; Sumiyoshi et al., 2002). PPP4C in C. 

elegans, Drosophila and human cells was shown to be required for centrosome maturation 

and mitotic spindle assembly (Brewis et al., 1993; Cohen et al., 2005; Han et al., 2009; Helps 

et al., 1998; Martin-Granados et al., 2008; Sumiyoshi et al., 2002). Depletion of PPP4C also 

reduced localization of γ-tubulin on the centrosomes in C. elegans and human cells (Martin-

Granados et al., 2008; Sumiyoshi et al., 2002), thereby, severely affecting nucleation of 

microtubules. It is likely that defective spindle midzone or absence of stable microtubules 

which originate from centrosomes and stimulate RhoA activation at equatorial cortex, leads 

to lower anillin accumulation at cell equator in PPP4C depleted cells (Figure 3A and B). As a 

result less anillin is accumulated at the equatorial cell cortex. However, in the RNAi screen 

no overt spindle defects were seen in PPP4C depleted HeLa cells. This could be due to lower 

RNAi knockdown efficiency of PPP4C which was enough to reduce anillin accumulation at 
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cell equator but not sufficient to induce major spindle assembly defects. In future 

experiments, RNAi knockdown conditions should be optimised to achieve stronger PPP4C 

depletion. Thereafter, immunofluorescence analysis should be performed to analyse mitotic 

spindle, microtubule asters, spindle midzone and localization of Ect2, RhoA and anillin. 

One candidate gene Septin 7 is a component of contractile ring and was investigated in more 

detail in HeLa cells and C. elegans one-cell embryos. Role of Septin 7 in regulating anillin 

localization at cell cortex is discussed below in section 5.3. Two candidate genes encode 

proteins that have enzymatic activity – Ubiquitin conjugating enzyme E2 UBE2L3 and serine 

endopeptidase PRSS38 and remaining four genes play important roles in other miscellaneous 

cellular processes. SLC18A2 encodes a transmembrane transporter of neurotransmitters, IHH 

is a signalling molecule, CRHR2 is a member of G-Protein Coupled Receptors 2 family that 

binds to corticotropin releasing hormone, ETFA shuttles electrons between dehydrogenases 

and the respiratory chain (Roberts et al., 1996; Salazar et al., 1997). Considering the known 

functions of these six candidate genes in cellular processes especially CRHR2, ETFA, and 

SLC18A2 which have roles not related to cytokinesis, it is difficult to speculate how these 

genes control cortical localization of anillin during cytokinesis. Although it is challenging to 

implicate a role of remaining candidates genes in cytokinesis, they present an excellent 

opportunity to link new proteins and signalling pathways with the existing network of 

cytokinesis signalling. As a starting point, anillin levels should be determined after depleting 

UBE2L3, PRSS38, SLC18A2, CRHR2, ETFA and IHH to understand whether changes in 

anillin localization were caused by changes in overall protein level. Immunofluorescence 

analysis should be performed to analyse the localization of these proteins during anaphase as 

it could provide insights on how they could regulate anillin localization. It would also be 

important to analyze localization of RhoA, Ect2 and other contractile ring proteins in cells 

depleted of these six candidate proteins. Finally, in the future it would also be interesting to 

screen rest of the genome if the automated image analysis can be established successfully.  

 

5.2 PKN2 inhibits anillin accumulation at the cell poles 

Depletion of PKN2, but not PKN1 and PKN3, resulted in increased anillin::GFP levels at the 

cell poles in the primary and secondary screens without any change in equatorial localization 

and zone width (Table 17, Figure 14E, 15 and 19A). PKN2 depletion phenotype was further 

confirmed in live-cell imaging experiments by using two different PKN2-targeting siRNAs 

(Figure 19). In addition, endogenous anillin staining in fixed HeLa cells that were treated 

with PKN2 siRNA also showed increased anillin localization on the cell poles (Figure 20). 
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Importantly, expression of RNAi resistant NeonGreen-tagged PKN2 transgene rescued this 

phenotype and restored the polar anillin levels similar to that in controls (Figure 19D and E). 

Thus, PKN2 depletion phenotype was specific and not due to RNAi off-target effects. 

Moreover, this polar increase was not due to global rise in anillin levels as PKN2 depletion 

did not increase mean cytoplasmic anillin::GFP intensity as compared to controls (Figure 

19H). Since PKN proteins are evolutionarily well conserved, the role of C. elegans 

orthologue PKN-1 (Qadota et al., 2011) in regulating cortical anillin localization was 

examined. Indeed, RNAi-mediated depletion of PKN-1 in C. elegans one-cell embryos led to 

an increase in NG::Anillin levels on the anterior and posterior poles during anaphase but not 

on the equatorial cortex (Figure 24D-F). In HeLa cells, PKN2 depletion did not result in any 

other cytokinesis defects. The rate and timing of furrow ingression was similar between 

control and PKN2 depleted cells (Figure 21B). Similarly, the total time from anaphase onset 

to complete furrow ingression was not different between control and PKN2 depleted cells 

(Figure 21C). Schmidt et. al. have previously reported abscission defects in PKN2 depleted 

HeLa-S3 cells which in turn result in 32% binucleated cells (Schmidt et al., 2007). 

Inconsistent with this report, only 9% multinucleated cells were observed after PKN2 RNAi 

in my multinucleation assay and no significant evidence of abscission failure was found in 

long duration live-cell recordings of PKN2 depleted cells (Figure 21D). Schmidt et al. did not 

perform experiments to rescue the abscission defect caused by PKN2 RNAi, therefore the 

contribution of RNAi off-target effects to this phenotype cannot be ruled out. But, there could 

be other reasons underlying this discrepancy such as differences in siRNAs or experimental 

procedures and can only be resolved after thorough investigation.  

PKN2 is effector protein of RhoA signalling pathway and is known to interact with RhoA 

(Amano et al., 1996; Flynn et al., 1998; Maesaki et al., 1999; Shibata et al., 1996; Vincent 

and Settleman, 1997). Shibata et al. showed direct interaction between RhoA and PKN2 

using yeast two-hybrid system and Amano et al. showed binding of PKN2 with RhoA in 

COS7 cells followed by its activation. In addition, genetic and structural studies by Flynn et 

al. and Maesaki et al. have identified RhoA binding domains in the N-terminus of PKN2. 

Specifically, HR1a and HR1b but not HR1c domains in N-terminal region of PKN2 were 

shown to interact with RhoA (Flynn et al., 1998). These observations led to the hypothesis 

that PKN2 could prevent anillin localization at cell poles by inhibiting RhoA. 

Immunofluorescence analysis in PKN2 depleted cells showed significant increase in RhoA 

localization at the cell equator but not at cell poles (Figure 22A-C). But it is noteworthy that 

the RhoA fluorescence signal at the cell poles was rather weak which could compromise the 

ability to capture small differences. These findings suggest that PKN2 inhibits RhoA at least 
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at the cell equator and the notion that PKN2 inhibits RhoA at cell poles remains open for future 

investigation. Since anillin binds to active RhoA and mimics its localization, it was surprising 

to observe increased RhoA levels at cell equator without any change in equatorial anillin 

localization. This conundrum was solved by analysing cellular levels of anillin in PKN2 

depleted cells by Western Blotting. The results showed strong reduction in levels of 

endogenous and GFP-tagged anillin after PKN2 knockdown by six different siRNAs (Figure 

23A-C), thereby, unravelling a novel role of PKN2 in stable expression of anillin. As the global 

anillin levels fell in absence of PKN2, increase in equatorial anillin localization could not be 

observed and perhaps the rise in anillin at cell poles was underestimated. Immunofluorescence 

analysis of myosin II localization carried out by staining pMLC(Ser19) in PKN2 depleted cells 

revealed increased accumulation of myosin II at cell equator but not on cell poles (Figure 22E-

G). In C. elegans one-cell embryos, PKN-1 depletion also led to an increase in equatorial and 

polar levels of NMY-2::GFP (Figure 24G and H). Based on above-mentioned and previously 

published findings, a preliminary model can be proposed to explain how PKN2 plays a role in 

regulating cortical patterning during cytokinesis (Figure 42). At anaphase onset, active RhoA 

induces the assembly of contractile ring by promoting cortical localization of proteins like 

anillin and myosin II. At the same time, PKN2 binding to RhoA induces PKN2 activation either 

by autophosphorylation or by a kinase yet to be identified. PKN2 could either inhibit RhoA 

activity to regulate the cortical levels of anillin and myosin II or control their localization by 

directly or indirectly phosphorylating them. In addition, PKN2 could also control cellular levels 

of anillin independent of RhoA. It should be noted that this is a preliminary model and there is 

not sufficient experimental evidence in my thesis to strongly support this model.  

Future experiments should focus on answering two main questions. First, why does PKN2 

depletion result in substantial drop in cellular levels of anillin. The main reasons behind 

reduced protein levels are decreased transcription or translation and increased protein 

degradation. Levels of anillin mRNA in control and PKN2 depleted cells can be measured by 

performing real-time quantitative PCR (RT-qPCR) and the results will reveal whether anillin 

is transcriptionally regulated by PKN2. Anillin levels are known to peak in mitosis and drop 

significantly during mitotic exit by proteasomal degradation after its ubiquitination by 

anaphase promoting complex/cyclosome (APC/Ccdh1) (Zhao and Fang, 2005b). There is a 

possibility that PKN2 stabilizes anillin by inhibiting ubiquitination which can be checked on 

Western Blot using anti-ubiquitin antibodies. PKN2 could stabilize anillin by directly binding 

with it and/or by phosphorylating downstream targets (possibly including anillin). 

Interestingly, anillin is phosphorylated in mitosis by different mitotic kinases like CDK1, 
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Plk1, Aurora B (Kim et al., 2017). To examine the role of PKN2 kinase activity in stabilizing 

anillin, RNAi resistant kinase-dead PKN2 should be generated (Lim et al., 2008; Udo et al., 

2000) and expressed in cells depleted of endogenous PKN2. If the anillin levels can be 

rescued by kinase-dead PKN2, then the role of PKN2 kinase activity could be ruled out in 

stabilizing anillin. To investigate whether PKN2 binds anillin, PKN2 should be 

immunoprecipitated and samples should be immunoblotted with anti-anillin antibodies. 

Alternatively, immunoprecipitated PKN2 can be analysed by mass spectrometry to identify 

binding partners of PKN2 including anillin.  

Second important question to be investigated in future studies is how does PKN2 inhibit 

cortical localization of anillin and active myosin. Kim et al. have shown that phosphorylation 

of anillin on S635 adjacent to the AH domain is required for recruitment of anillin to the 

equatorial cortex during anaphase (Kim et al., 2017). This leads to the possibility that PKN2 

somehow inhibits the phosphorylation of anillin on S635 and when PKN2 is depleted more 

anillin is phosphorylated on S635. As a result, higher amount of anillin localizes at the cell 

cortex ultimately leading to increase in anillin levels at the cell poles. This hypothesis is 

consistent with the observations that PKN2, anillin and RhoA localize at the equatorial cell 

cortex and that RhoA interacts with both anillin and PKN2. Another possibility is that PKN2 

binds to anillin and this physical binding sequesters anillin away from RhoA. To support this 

notion, it would be essential to show anillin-PKN2 interactions by immunoprecipitation or 

yeast two-hybrid method. In HeLa cells, PKN2 depletion led to increased equatorial 

accumulation of pMLC(Ser19). Similarly, Ferreira et al. have shown that nurse cells of 

Drosophila egg chambers have increased cortical accumulation of phosphorylated (active) 

myosin in pkn mutant flies during the process of nurse cell dumping (Ferreira et al., 2014). 

Based on these observations, it is reasonable to hypothesize a role of PKN2 in inhibiting 

myosin phosphorylation and activation. To investigate the molecular mechanism, Ferreira et 

al. immunoprecipitated myc-tagged Pkn and performed mass spectrometry but failed to 

identify any protein that regulates phosphorylation of myosin (Ferreira et al., 2014). The data 

was not presented in their article and, therefore, it would still be interesting to repeat such an 

experiment in HeLa cells. Lastly, it is possible that PKN2 antagonizes RhoA activity by 

inhibiting cortical localization of RhoA. Since RhoA triggers the accumulation of anillin and 

myosin at the cell cortex, altering cortical levels of RhoA would lead to changes in anillin 

and myosin localization. In support of this hypothesis, equatorial accumulation of RhoA was 

found to be increased in cells depleted of PKN2, but, RhoA could not be properly stained on 

cell poles. Future experiments should try to optimize conditions for RhoA immunostainings 

or establish a tool to track RhoA localization in live-cell microscopy. Finally, the two 
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isoforms of PKN2, PKN1 and PKN3, may alleviate the phenotypes observed in PKN2 

depleted HeLa cells. Although individual knockdown of PKN1 and PKN3 did not lead to 

anillin localization defects, it would be important to co-deplete all three PKNs and analyse if 

this results in stronger phenotypes. Such depletions could be performed in different 

combinations and the outcome would shed light on the functional redundancy of PKN1-3 in 

regulating anillin localization. In summary, a new function of previously known RhoA/Rac 

effector PKN2 was identified in regulating the cortical accumulation of contractile ring 

components during cytokinesis.    

 

 
 
Figure 42: Preliminary model for role of PKN2 in cytokinesis signalling. PKN2 interacts 
with RhoA (Amano et al., 1996) which induces its activation by autophosphorylation or by 
other unknown kinase. PKN2 in turn could inhibit RhoA thereby controlling cortical 
accumulation of anillin and myosin II. In addition, PKN2 regulates anillin by controlling its 
protein stability.  
 

5.3 Septin 7 promotes anillin localization at the cell equator 

Septin 7 is a member of conserved Septin family proteins which are required for normal 

organization of cytoskeleton (Kremer et al., 2007). There are 13 Septin genes in human cells 

which are divided into four groups based on homology in their protein sequences (Valadares 

et al., 2017). Septin 2 group consists of Sept1, 2, 4, 5; Septin 3 group comprises of Sept3, 9, 

12; Septin 6 group has Sept6, 8, 10, 11, 14 and Septin 7 group has only Sept7. Septin proteins 
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oligomerize into heteromeric complexes to form non-polar filaments that become a part of 

cytoskeleton. In the RNAi screen, depletion of Septin 7 resulted in strong reduction of anillin 

levels at the cell equator and significantly narrower anillin zone in the primary and secondary 

screens (Figure 14D and 16, Table 18). However, depletion of other Septin proteins Sept1, 

Sept3, Sept4, Sept5, Sept6, Sept9 and Sept11 did not affect anillin::GFP localization at cell 

cortex (Table 23). Remaining septin genes could not be screened as the siRNAs targeting 

them were not present in the druggable genome library. Since Sept9 and Sept11 are present 

all around the cell cortex in anaphase (Estey et al., 2010), similar to Sept7, it was surprising 

to not see anillin localization defects after their depletion. It should be noted that Sept4,5,6,9 

depleted samples had few anaphase cells (less than 6 cells; Table 23) and therefore, the 

quantitative data obtained from these genes is not very reliable. To draw firm conclusions, 

Sept1, Sept3, Sept4, Sept5, Sept6, Sept9 and Sept11 should be depleted again and their 

depletion should be monitored by Western Blotting. Then, in these samples, anillin 

localization should be analysed by immunofluorescence or by live-cell imaging. Here it is 

important to note that septin filaments in human cells are made of repetitive units of 

hexameric or octameric septin complexes. The configuration of hexameric complex is Sept7–

Sept6–Sept2–Sept2–Sept6–Sept7 and octameric complex is Sept9–Sept7–Sept6–Sept2–

Sept2–Sept6–Sept7–Sept9 where each Septin protein can be substituted by another Septin 

protein of the same group (Ribet et al., 2017; Sellin et al., 2011; Sirajuddin et al., 2007). 

Interestingly, Sept7 is the only member in its group and, therefore, depletion of only Sept7 is 

likely to disrupt the septin filaments. This can explain why Sept7 RNAi, but not others, led to 

a strong defect in anillin localization. In future experiments it would be interesting to see 

whether co-depletion of all septin proteins belonging to the same group can lead to 

phenotypes mimicking that of Sept7. Regardless, Sept7 phenotype was further confirmed in 

live-cell imaging experiments (Figure 25A). In addition, anillin staining in fixed HeLa cells 

that were treated with Sept7 siRNA also lead to decreased anillin localization at cell equator 

(Figure 26C-E). Importantly, expression of RNAi resistant Neon-tagged Sept7 transgene 

rescued this phenotype and restored the equatorial anillin levels similar to that in controls 

(Figure 26C-E). Thus, Sept7 depletion phenotype was specific and not an off-target effect of 

RNAi. This strong decrease in equatorial anillin localization in Sept7 depleted cells was not 

due to global drop in cytoplasmic (Figure 25E) or cellular (Figure 25A) levels of anillin. 

Further, imaging HeLa cells expressing Ect2::GFP after Sept7 RNAi did not affect mean 

fluorescence intensity of Ect2::GFP at the spindle midzone (Figure 26F). However Ect2 

membrane localization could not be analysed as Ect2::GFP did not localize at the cell 

membrane in this particular cell line and remains to be investigated in future. Kremer et al. 
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have shown that Sept7 depletion in interphase HeLa cells leads to increase in microtubule 

stability (Kremer et al., 2007; Valadares et al., 2017). As mitotic spindle plays an important 

role in regulating cortical accumulation of contractile ring proteins (Section 1.3), it will be 

important to analyse the affect of Sept7 RNAi on microtubule stability in HeLa cells. As a 

starting point, ⍺-tubulin should be immunostained after Sept7 RNAi and spindle midzone 

microtubule intensities should be measured on confocal images. Later, more complicated 

experiments like microtubule tip-tracking using fluorescently-tagged EB2 can be performed 

to precisely measure nucleation and growth rates of microtubules. Another interesting 

experiment would be to artificially stabilize the microtubules by Taxol treatment in control 

and Sept7 depleted cells. Nevertheless, the anillin localization defect in Sept7 RNAi cells is 

rather strong and it is likely that Sept7 plays a direct role in recruitment and/or maintenance 

of anillin at the cell equator. Since C. elegans genome encodes for two Septin proteins 

namely UNC-59 and UNC-61, their function in regulating anillin recruitment to the cell 

cortex was examined during first embryonic division. Similar to HeLa cells, depleting UNC-

59 and UNC-61, led to a significant reduction in cortical accumulation of NG::Anillin, both 

at equatorial and polar cortex (Figure 27A and B). In 2004, Menon et al. showed that 

depletion of Sept7 in fibroblasts leads to incomplete cytokinesis and multinucleation (Menon 

et al., 2014). But they did not measure the dynamics of furrow ingression. Consistent with 

this report, depletion of Sept7 in HeLa cells led to furrow regression after partial or complete 

furrow ingression in 48 percent cells (Figure 25H). In addition, the rate of furrow ingression 

rate was much slower (Figure 25I and J) and time taken after anaphase onset to form and 

ingress the cleavage furrow was significantly longer. Similarly in C. elegans one-cell 

embryos, co-depletion of septin proteins UNC-59 and UNC-61 led to significantly slower 

furrow ingression (Figure 27C and D). Together, these findings suggest that Sept7 promotes 

assembly and ingression of contractile ring by recruiting anillin to the cell equator in HeLa 

cells and C. elegans.  

Septin proteins are important component of contractile ring that localize at the equatorial cell 

cortex similar to anillin, myosin II, f-actin and RhoA and also at the cell poles (Figure 26B; 

Estey et al., 2010). Previous reports have shown that septins bind with C-terminus of anillin 

in Drosophila (Field et al., 2005) and human cells (Oegema at. al. 2000; Kinoshita et. al., 

2002). In addition, Septin2 directly binds with myosin II which is important for myosin II 

activation (Joo et. al., 2007). Based on current literature and above-mentioned experimental 

findings, a preliminary model can be proposed to explain how Sept7 plays a role in regulating 

cortical patterning during cytokinesis (Figure 43). At anaphase onset, active RhoA induces 

the assembly of contractile ring by promoting cortical localization of proteins like anillin and 
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myosin II. Sept7 and/or other septins either promote anillin recruitment to the equatorial 

cortex or stabilize its equatorial localization as septin depletion reduces cortical accumulation 

of anillin in HeLa cells (Figure 25B) and C. elegans one-cell embryo (Figure 27A and B). 

Similarly, anillin localization at the cleavage furrows was found to be severely impaired 

during cellularization in developing Drosophila embryos that expressed mutant septin pnut 

(Adam et al., 2000). Conversely, anillin also plays a similar role in recruiting or stabilizing 

sept7 and/or other septins at the equatorial cortex. Indeed, anillin depletion in Drosophila 

cells reduced the localization of septin (Pnut) at the cleavage furrow (D'Avino et al., 2008; 

Hickson and O'Farrell, 2008). Likewise, mutations that modified PH domain of anillin 

resulted in decreased accumulation of septin (Pnut) at the cellularization front of developing 

Drosophila embryos (Field et al., 2005). In this way, anillin and septin promote mutual 

recruitment of each other to the equatorial cortex during anaphase and contribute in building 

a stable contractile ring. In future it would be interesting to perform partial anillin depletions 

in HeLa cells and analyze whether septin localization at the cell equator is reduced. Previous 

studies have shown that anillin RNAi leads to unstable cleavage furrow formation which 

suffers from severe oscillations (Straight et al., 2005; Piekny and Glotzer, 2008). These 

oscillations are probably due to weak cortical cytoskeleton which cannot support the cell 

membrane through the tension that builds up during anaphase. Although depletion of Sept7 in 

HeLa cells substantially reduced the equatorial accumulation of anillin, cleavage furrow 

oscillations were not observed (Figure 25B). It seems that the small amount of anillin which 

is recruited to the equatorial cortex, probably by interaction with PIP2, is enough to stabilize 

the cell membrane-contractile ring interactions during anaphase, thereby, preventing cleavage 

furrow oscillations. Interestingly, chimeric anillin having its PH domain replaced by PH 

domain of PLC localizes to cleavage furrow in PIP2 dependent manner and rescues furrow 

oscillation phenotype without recruiting septin proteins to the cleavage furrow (Liu et al., 

2012). Overall, the data suggests that both septin and anillin play an important role in proper 

assembly and ingression of the contractile ring. 



 

 139 

 
 
Figure 43: Preliminary model for role of Sept7 in cytokinesis signalling. During 
cytokinesis Sept7 binds with anillin and promotes its localization or retention at equatorial 
cell cortex. Conversely, anillin also promotes Sept7 localization at the cell equator. Thus, 
anillin and septin promote mutual recruitment of each other to the equatorial cortex and 
contribute in building a stable contractile ring. 
 

 5.4 Aurora A inhibits anillin localization at cell poles   

In C. elegans one-cell embryos, anillin accumulates at the equator and anterior pole after 

anaphase onset (Figure 29A). While the anillin levels on equatorial cortex stays high until 

furrow ingression, the localization of anillin on the anterior pole decreases over time (Figure 

29A). To identify genes involved in removing anillin and other contractile ring proteins from 

the anterior pole, my PhD advisor Dr. Esther Zanin established an assay to monitor the 

removal of GFP::anillin from the anterior pole during the first division of C. elegans embryos 

(Figure 29B). This assay was performed in rga-3/4∆ mutant embryos depleted of myosin to 

increase the cortical levels of GFP::anillin and prevent geometrical rearrangements caused by 

furrow ingression, respectively (Figure 29A and B). The embryos were imaged live on a 

confocal microscope and the cortical GFP::anillin fluorescence was quantified by performing 

linescans along the cortex from anterior to posterior pole as shown in Figure 24E. It should 

be noted that posterior pole of one-cell embryos was not analyzed because much less anillin 

localized on posterior pole. As expected, much higher amounts of GFP::anillin accumulated 
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at the equator and anterior poles in myosin depleted & rga-3/4∆ embryos as compared to 

control or myosin depleted embryos (Mangal et. al., 2018). Importantly, during anaphase 

GFP::anillin was cleared from the anterior pole similar to control or myosin depleted 

embryos. These results support the hypothesis that decrease in anillin localization on anterior 

poles during anaphase progression is mediated by an active clearing mechanism. Using this 

assay, Dr. Esther Zanin found that TPXL-1 (activator of Aurora A) plays a role in clearing 

anillin from the anterior poles as tpxl-1(RNAi) in myosin and rga-3/4∆ embryos prevented 

GFP::anillin clearing from the anterior pole after anaphase onset (Figure 29C; Mangal et. al., 

2018). The function of TPXL-1 in clearing anillin from anterior pole was independent of 

short spindles that occur after tpxl-1(RNAi) as restoring the centrosome-pole distance by co-

depleting HCP-4 did not rescue polar anillin levels to match that in controls (Figure 29B-D; 

Mangal et. al., 2018). To further investigate whether TPXL-1 also plays a similar role in 

clearing other contractile ring proteins from the anterior pole, I investigated the localization 

of f-actin in myosin depleted & rga-3/4∆ embryos using f-actin binding probe 

LifeAct::mKate2 after hcp-4 & tpxl-1(RNAi). Similar to the role of TPXL-1 in clearing 

anillin, TPXL-1 was also found to be involved in clearing f-actin from the anterior pole 

(Figure 30). Thus, indicating towards a generic role of TPXL-1 in clearing contractile ring 

proteins from the anterior pole and serving as a spatial regulator of contractile ring assembly. 

To ensure that polar clearing defect of tpxl-1(RNAi) was not due to changes in microtubule 

dynamics, microtubule nucleation and growth rates were measured in embryos expressing the 

EBP-2::GFP using a previously established assay (Srayko et al., 2005). Importantly, TPXL-1 

depletion did not change microtubule nucleation and growth rate in myosin depleted and tpxl-

1 & hcp-4(RNAi) embryos during the interval when polar clearing occurs (255-315s after 

NEBD; Figure 31D and E). All these findings cumulatively suggest that polar clearing of 

anillin and f-actin by TPXL-1 was independent of its role in regulating length of mitotic 

spindle. TPXL-1 is known to activate and recruit Aurora A to microtubules (Özlü et al., 

2005). To determine whether activation of Aurora A by TPXL-1 is required for polar 

clearing, Dr. Zanin abolished Aurora A and TPXL-1 interaction by using a previously 

described TPXL-1 transgene (TPXL-1FD; Bird and Hyman, 2008; Özlü et al., 2005) in 

myosin depleted rga-3/4∆ tpxl-1 & hcp-4(RNAi) embryos (Figure 34; Mangal et al., 2018). 

While fluorescently-tagged anillin was cleared from the anterior pole in TPXL-1WT embryos 

after anaphase onset, anillin accumulation continued to increase in embryos expressing 

TPXL-1FD (Figure 29B-D). Thus, activation of Aurora A by TPXL-1 is required for polar 

clearing (Figure 35). Finally, I demonstrated that Aurora A has conserved function in 

restricting anillin localization on the cell poles in human cells. Depletion of Aurora A in the 
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RNAi screen only led to mild multinucleation phenotype and other known defects like 

multipolar spindles and G2M arrest (Marumoto et al., 2003) were not observed. Therefore, it 

seemed that Aurora A was not properly depleted in the RNAi screen. Nevertheless, since 

depletion of Aurora A leads to many pleiotropic effects it would not have been easy to 

analyse anillin localization defects in Aurora A depleted cells. This problem was solved using 

a highly specific chemical inhibitor of Aurora A MK5108 to acutely inhibit its kinase activity 

in mitotic cells. Treatment of cells with MK5108 led to increased accumulation of 

anillin::GFP on the polar cortex (Figure 38B-D) and a wider zone of anillin::GFP at the cell 

equator (Figure 38F). Immunofluorescence analysis of endogenous anillin also confirmed the 

same phenotype in cells having normal spindle midzone visualized by staining Plk1. Thus, 

Aurora A inhibits anillin localization on cell poles in HeLa cells similar to that in C. elegans. 

In future, more experiments should be performed to confirm these findings as the current 

evidence in HeLa cells is solely based on chemical inhibition. Although, treatment condition 

with MK5108 was optimised to specifically inhibit Aurora A, some cross-inhibition of 

closely related Aurora B was still observed. The future experiments should aim to inhibit 

Aurora A specifically without affecting other kinases using analog-sensitive (as) allele of 

Aurora A (Reboutier et al., 2013).  

 

But how does Aurora A inhibit the localization of anillin and f-actin on the polar cortex in 

human cells and C. elegans one-cell embryos? One possibility is that active Aurora A 

diffuses to adjacent polar cortex from astral microtubules and clears anillin or f-actin either 

directly or by phosphorylating downstream effectors (Figure 35). In line with this hypothesis, 

both TPXL-1 and Aurora A localized to astral microtubules and pericentriolar material 

(PCM) during metaphase and anaphase (Figure 33B; Özlü et al., 2005) and their localization 

on asters was enriched upon anaphase onset, coinciding with the phase of polar clearing. 

Prior work has shown activity gradient of Aurora A around spindle poles in Drosophila S2 

cells (Ye et al., 2015) which rectified incorrect kinetochore-MT attachments by 

phosphorylating kinetochore localized Ndc80 complex. Importantly, Drosophila Aurora A is 

not regulated by TPX2 but still forms an activity gradient around the spindle poles (Goshima, 

2011). This implies that C. elegans and human Aurora A can form stronger activity gradients 

with the help of TPXL-1 and TPX2 respectively, which recruit and activate Aurora A on 

spindle microtubules (Ye et al., 2015). Such Aurora A gradients are partly possible due to 

high centrosomal turnover rates of Aurora A in HeLa cells (Stenoien et al., 2003) and C. 

elegans one-cell embryos (Portier et al., 2007). Fluorescence recovery after photobleaching 

(FRAP) experiments in HeLa cells have revealed that centrosomal GFP::Aurora A turns-over 
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faster than NuMA with half time of 3 seconds as compared to 20-30 seconds of NuMA 

(Stenoien et al., 2003). In human cells, NuMA (Nuclear mitotic apparatus protein) mainly 

localizes to spindle poles during metaphase, but undergoes a pronounced enrichment at polar 

cortex during anaphase (Kiyomitsu and Cheeseman, 2013; Kotak and Gönczy, 2013). Since 

Aurora A turns-over much faster than NuMA, it is likely that Aurora A can also localize to 

the adjacent polar cell cortex and facilitate clearing of anillin and f-actin. Indeed, increased 

activation of Aurora A by inhibition of PP6 in C. elegans was reported to cause ectopic 

accumulation of Aurora A on the cell cortex (Kotak et al., 2016) and reduced contractility in 

early embryos (Afshar et al., 2009). Consistent with this report, immunofluorescence analysis 

and live cell imaging of PPH-6 or SAPS-1 (subunits of PP6) depleted embryos confirmed 

ectopic accumulation of endogenous or GFP-tagged or Aurora A on the cell cortex during 

cytokinesis (Figure 36A-B). In addition, anillin accumulation on poles and equator was 

significantly reduced in PPH-6 or SAPS-1 depleted embryos (Figure 36C-E) suggesting that 

increased Aurora A activation inhibits anillin localization at the cell cortex. To further 

investigate the role of TPXL-1 and Aurora A in clearing anillin and f-actin from the cell 

poles, both these proteins should be targeted to the cell membrane by inducing dimerization 

with a membrane bound protein or domain. The targeting must be inducible as constitutive 

membrane targeting of these proteins can lead to pleiotropic phenotypes. For C. elegans, this 

can be easily achieved by using rapamycin induced protein dimerization system established 

and described in section 4.3. TPXL-1 or Aurora A should be fused with FKBP12 and crossed 

into the strain expressing FRB::GFP::PH and mKate2::anillin. In the presence of rapamycin, 

TPXL-1 or Aurora A fusion proteins would dimerize with the membrane bound 

FRB::GFP::PH leading to their ectopic localization on the cell cortex. Following mKate2-

anillin by live imaging in these embryos would reveal whether ectopic localization of TPXL-

1 and Aurora A, without inhibiting PP6, can result in anillin localization defects. A similar 

rapamycin inducible protein dimerization system can be optimised in human cells for 

targeting TPX2 or Aurora A to the cell membrane. In future, it would also be interesting to 

establish a FRET (Fluorescence resonance energy transfer)-based sensor for monitoring 

Aurora A activity in human cells and C. elegans one-cell embryos during anaphase especially 

at the polar cortex. Overall, the above-mentioned findings favour a model in which TPXL-1 

activates Aurora A on the astral microtubules, which then diffuses to the adjacent cell poles 

and clears contractile ring proteins from the polar cell cortex (Figure 35). It is, however, not 

clear whether Aurora A directly inhibits polar localization of contractile ring proteins or this 

inhibitory action is routed through other downstream signalling molecules, and remains to be 

answered in future studies.  
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5.5 Summary   
The thesis aimed to identify new regulators of cytokinesis which promote or inhibit cortical 

localization of contractile ring proteins during cytokinesis. To achieve this goal, high-content 

RNAi screen was performed in human cells and localization of anillin::GFP localization was 

manually inspected or quantified in anaphase cells after knockdown of each gene. The screen 

was performed in collaboration with Dr. Marc Bickle and Dr. Martin Stoeter of MPI-CBG, 

Dresden, Germany. Out of 7,553 genes that were screened 21 genes were identified to play a 

role in regulating anillin localization at cell poles or equator. Two candidate genes PKN2 and 

Sept7 and their C. elegans homologues were further studied by employing confocal live-cell 

imaging and immunofluorescence analysis. While PKN2 inhibited anillin localization on the 

cell poles, Sept7 promoted anillin accumulation at the cell equator. Interestingly, their C. 

elegans homologues PKN-1 and UNC-59/UNC-61 played similar roles in regulating anillin 

location during first embryonic cell division. Precise molecular mechanisms to explain how 

PKN2 and Sept7 regulate anillin localization could not established but preliminary models 

have been proposed based on the experimental data and previously published findings 

(Figure 42 and 43). Besides the RNAi screen, role of Aurora A in preventing localization of 

contractile ring proteins anillin and f-actin on the cell poles was also investigated in human 

cells and C. elegans one-cell embryos. Dr. Esther Zanin, the advisor of this thesis, had 

established a role of TPXL-1 and Aurora A in clearing anillin from the polar cortex in C. 

elegans one-cell embryos. TPXL-1 was found to perform a similar role in polar clearing of f-

actin, suggesting a generic role of Aurora A in removal of contractile ring proteins from polar 

cortex. Measurement of microtubule dynamics in TPXL-1 depleted embryos revealed that 

anillin clearing defect observed in TPXL-1 depleted embryos was not due to altered 

microtubule dynamics. Further, ectopic localization of Aurora A to the cell cortex achieved 

by inhibiting Protein Phosphatase 2A (PP2A) led to a significant reduction in anillin 

localization at cell equator and poles. Consistent with findings in C. elegans, inhibition of 

Aurora A in HeLa cells by small molecular inhibitor MK-5108 resulted in increased 

accumulation of anillin on the polar cortex. Based on these findings, it was proposed that 

TPXL-1 activates Aurora A on the microtubule asters which diffuses to the adjacent cell 

poles and inhibits localization of contractile ring proteins (Figure 35). Overall, the goal of the 

thesis was met in identifying new regulators of cytokinesis, but detailed mechanistic insights 

behind their function remain open for future studies.  
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Appendix 
 

Figure 29-35 in section 4.2 were reproduced or adapted from our recently published research 

paper in the Journal of Cell Biology with the permission of Rockefeller University Press. The 

same has been mentioned in figure legends of the adapted and reproduced figures. The 

detailed citation of the paper is as follows: 

Mangal, S., Sacher, J., Kim, T., Osório, D.S., Motegi, F., Carvalho, A.X., Oegema, K., and 

Zanin, E. (2018). TPXL-1 activates Aurora A to clear contractile ring components from the 

polar cortex during cytokinesis. The Journal of Cell Biology 217, 837–84. 

The permission to reuse the figures was seeked from the Rockefeller University Press as 

shown in the following email thread. 
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Figure 40 in section 4.3 was reproduced from our recently published research paper in the 

micoPublication Biology Journal with their permission. The detailed citation of the paper is 

as follows: 

Mangal, S., Zielich, J., Lambie, EJ., Zanin E. (2018). Rapamycin-induced protein 

dimerization as a tool for C. elegans research. Micropublication: biology. 

https://doi.org/10.17912/W2BH3H. 

The permission to reuse the figures was seeked from the micropublication Biology Journal as 

shown in the following email thread. 
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