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Introduction 

 

Neuroblast biology 

The life cycle of the D. melanogaster comprises three major events: embryonic stage, larval stage and 

pupal stage lasting altogether at 25 °C an approximate 10 days1. Embryogenesis is itself divided into 17 

stages2 and the larval stage is divided into 3 different instar stages distinct from each other by a molting 

of the larva. 

 

First wave of neurogenesis- neuroblast delamination  

During embryonic developmental stages 9-11, shortly after gastrulation as the germband elongates and 

starting about 3 hours post fertilization, neuroblasts are born by delamination from the ventrolateral 

neuroepithelium undergoing an epithelial-to-mesenchymal transition3. Before delaminating, neuroblasts 

are specified by a Notch/Delta lateral inhibition signaling mechanism4. Achaete-scute (ac/sc) genes are 

required for ectodermal cells to gain neuroblast fate and in a group of cells (an equivalence group), one 

cell will express ac/sc at the highest level and will become a neuroblast. That cell will initiate Delta ligand 

binding to Notch receptor on neighboring cells leading to a bi-stable switch that will downregulate ac/sc 

in those cells, ensuring proper distribution of cell fate across an equivalence group. Hence, in a 

proneural cluster, the cell with the highest ac/sc or the lowest Notch receptor level will acquire the 

neuroblast fate5,6. The entire larval nervous system will derive from embryonic neuroblasts, but only 

10% of the adult CNS7.  

 Delaminated NBs divide multiple times asymmetrically giving rise to a ganglion mother cell 

(GMC) and a self-renewing NB. Subsequently, the newly formed GMC will divide before differentiating 

into two neurons, two glial cells or a combination of both. At the end of the embryonic stage, embryonic 

NBs stop dividing, become arrested in G1, and thus enter a reversible quiescence (Fig. A).  

 

Larval neuroblast types 

Neuroblasts exit their quiescence, gain size and reenter the cell cycle at the 1st instar larval stage by a 

process that appears to be dependent on multiple factors such as nutrients8,9. This second wave of 

neurogenesis extends until pupariation and is responsible for 90 % of the adult CNS3. Notably, apart 
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from the central brain, a second distinct population of neuroblasts emerges in the brain of first instar 

larvae from the optic lobes from neuroepithelial cells as a response to proneural genes10. 

 There are two types of NBs (type I and type II), which differ by their location, their lineage and in 

their marker expression, but are morphologically indistinguishable. Type I NBs are found in the posterior 

and anterior part of the brain and divide asymmetrically into a GMC and a self-renewing type I 

neuroblast. Type I NBs express the transcription factor (TF) Asense (Ase) and have cytoplasmic Prospero 

(Pros). Type II NBs are only found in the posterior part of the brain, divide asymmetrically by giving rise 

to a self-renewing NB and a self-renewing intermediate progenitor (INP). The INP will then divide 

multiple times, generating a self-renewing INP and a GMC, and subsequently each GMC will divide and 

generate two neural cells. Type II NBs are Ase negative and lack cytoplasmic Pros; due to their mode of 

division Type II NBs have extensive lineages compared to Type I11. 

 

Figure A | Neuroblast delamination and neurogenesis (adapted from12). (1-4) Illustration of 
delaminating neuroblast from the neuroepithelium during embryonic development. (5) Neuroblasts 
enter quiescence after embryonic neurogenesis before re-entering neurogenesis during larval stages. 
Apical polarity is illustrated in green while basal polarity is shown in red. 
 

The Par complex and the establishment of polarity 

In NBs, polarity (already acquired during delamination) is defined as early as prophase, with the initial 

apical localization of a complex formed of 

(Baz; Par-3 in vertebrates) and Partitioning defective 6 (Par-6; Par-6 in vertebrates). The three proteins 

aPKC  (Fig. B). In addition to the Par complex, Inscuteable 
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(Insc), Partner of Inscuteable (Pins) and mushroom body defect (Mud) also localize on the apical cell 

cortex and are necessary for polarity axis establishment and proper spindle orientation. 

 An initial complex of Par6, lethal (2) giant larva (Lgl) and aPKC is localized on the apical cortex 

but remains inactive. A shift is introduced when AuroraA kinase phosphorylates Par6 triggering a 

cascade of phosphorylation where phosphorylated Par6 activates aPKC, which in turn phosphorylates 

Lgl, triggering its delocalization and replacement by Baz13 (Fig.B, upper panel).  Additional levels of 

regulation of the Par complex have been discovered: the RhoGTPase Cdc42 which also localizes Par6 to 

the apical cortex (Fig. B, lower panel); the Dynamin-associated protein 160 (Dap160)14; the phosphatase 

PP2A ensuring proper apical aPKC localization and Par6 by basal exclusion15 17; and 
18.  

 

 

Figure B | Establishment of polarity (adapted from12). Apical localization of the Par complex (aPKC, 
Par6, Baz) is promoted by the phosphorylation of Par6 by AurA. Phosphorylated Par6 activates aPKC 
which excludes Lgl by phosphorylation. Bazooka replaces Lgl in the complex and Insc binds to Pins which 

 is also activated by Dap 160 and Cdc42 further promotes the 
localization of the Par complex.    
 

Basal cell fate determinant localization 

Proteins localizing to the basal cortex of the NBs include: Miranda (Mira), Prospero (Pros, in Type I NBs 

only), translational inhibitor Brain tumor (Brat), Numb and Partner of Numb (Pon). All basal cell fate 

determinants segregate into the newly formed GMC upon mitosis completion. Of particular interest are 
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Pros and Brat, both of which limit self-renewal capabilities and promote differentiation. The 

transcription factor Pros enters the nucleus of the GMC and reduces the expression of cell cycle genes 

and promotes the activation of genes responsible for terminal differentiation; similarly Brat has been 

shown to reduce cell proliferation19,20. 

 Two main mechanisms are responsible for correct targeting of basal cell fate determinants: (1) 

Miranda (Mira) is dephosphorylated on one residue (T591) by PP4 making its distribution uniformly 

cortical before being excluded from the apical cortex by aPKC mediated phosphorylation on 5 N-

terminal residues. Cargo basal Mira thus localizes Brat and the transcription factor Pros by direct binding 
21; (2) Phosphorylation of Pon by Polo localizes Pon to the basal cortex22 and phosphorylation of Numb 

by aPKC excludes Numb from the apical cortex13. Phosphorylated Pon then forms a complex with 

phosphorylated Numb. Once segregated in the GMC, Numb inhibits Notch activity reducing proliferation 

in the GMC23,24. It is worth noting that exclusion of both Mira and Numb from the apical cortex is aPKC 

phosphorylation-dependent.  

 

Figure C | Basal polarity establishment (adapted from12). Basal determinants localize by direct targeting 
or exclusion from the apical cortex. Mira is targeted to the cortex by PP4 dephosphorylation on T591 but 
excluded from the apical cortex by phosphorylation of 5 N-terminal residues. Brat and Pros directly bind 
to Mira. Pon is targeted to the basal cortex by Polo phosphorylation and binds to phosphorylated Numb 
(by aPKC) which will inhibit Notch signaling and induce differentiation in the GMC.  
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Spindle orientation 

Spindle orientation and polarity are intimately linked25. Localization of Insc on the apical cortex is 

mediated by Baz and Pins making Pins, Insc and Baz localization interdependent26,27. Mud can bind Pins 

via a region of seven tetratricopeptide repeats (TPRs) and  can bind Pins on three GoLocos sites (1-3). 

However, , Pins is in a closed conformation caused by the 

repressive interaction between the NH2-terminal TPRs and the COOH-terminal of GoLocos making Mud 

unable to interact with Pins (Fig. D). , but is 

/3 creates a 

conformational change in the Pins protein  will allow Mud binding28. 

Additionally, it was later shown that the scaffolding protein Canoe (Cno) directly binds the TPR domain 

of Pins and is required for Mud recruitment29.  

Finally, spindle orientation is achieved by Mud binding to the Dynein Dynactin Complex (DDC) 

and active pulling from the DDC towards the minus end of the microtubules. Alternatively, Pins spindle 

orientation can also be achieved by the binding of Discs large (Dlg) to Pins and the action of the kinesin 

Khc-73 (Fig D). In this pathway (the PinsLINKER pathway), the orientation is initiated by the 

phosphorylation of a residue (S436) in the linker region of Pins by AuroraA (between the the NH2-

terminal TPRs and the COOH-terminal GoLocos) freeing the interaction between Dlg and Pins. Spindle 

orientation activity of the PinsLINKER domain has also been shown to be improved by the addition of the 

PinsTPR domain alone, demonstrating the complementarity of the two pathways in orientating the 

spindle30. 
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Figure D | Apical polarity is coupled to spindle orientation (adapted from12). Pins links the spindle to 
the apical cortex via Dlg and Mud. Mud interacts with Pins TPR motif and is bound the Dynein-Dynactin 
exerting minus end pulling forces and orientating the spindle; Cno supports Pins and Mud interaction. 
Dlg interacts with the phosphorylated domain of Pins and Khc-73 and supports centrosome anchoring. 

Centrosome asymmetry 

In interphase, the younger apical centrosome remains active and has a microtubule organizing activity 

(MTOC) while the older basal centrosome does not. Upon mitosis entry, the basal centrosome gains 

MTOC and by the time of NEB both centrosomes are active and aligned along the apico-basal axis31,32. 

Differences between the apical and basal centrosome have been observed and offer a partial 

explanation for the difference in behavior. The apical centrosome is enriched for Centrosomin (Cnn) and 

Centrobin (Cnb), it contains pericentriolar matrix (PCM), is enriched in Polo and expresses weakly 

Pericentrin-like protein (Plp). The enrichment of Polo is mediated by Wdr6233 and Polo phosphorylates 

Cnb and Cnn. Unlike the apical centrosome, the basal centrosome expresses Polo weakly and is enriched 

in Plp. MTOC activity reduction on the basal centrosome has been shown to be related to Polo and PCM 

shedding and shedding has been shown to be mediated by Plp and Bld10.  

Interestingly, centrosome asymmetry deficiencies only alter spindle orientation and centrosome 

location in early metaphase, but these defects are corrected through mitosis and neuroblasts with such 

deficiencies divide asymmetrically along the polarized apico-basal axis. 



 
 

13 

  

Figure E | Centrosome asymmetry and regulation (adapted from12). Upper panel: Centrosome 
inheritance based on age in NBs. The mother centrosome (red) splits from the daughter centrosome 
(green) in early interphase by loss of connection with the apical cortex from downregulation of MTOC.  
The mother centrosome positions to the basal cortex and gains MTOC activity upon mitosis entry. 
Always; mother centrosome is inherited by the GMC and daughter centrosome is inherited by the NBs. 
Lower panel: regulation of biased centrosome activity and inheritance. Polo plays a central role in 
centrosome asymmetry. Polo is enriched on the apical daughter centrosome; Polo phosphorylates Cnb 
and Cnn, and Wdr62 is required to maintain Polo enrichment. Bld10 and Plp downregulate polo on the 
basal centrosome and contribute to centrosome asymmetry.   
 

Cell cycle regulation 

In metazoan, the cell cycle is classically organized into four phases, G1, S, G2 and M-phase a fifth phase 

corresponding to quiescence is also considered and called G0. Each phase is regulated by a specific set 

of Cyclin-dependent kinases (Cdks) and their associated Cyclins (cyc), which together form stable dimers. 

In this classical view, cells prepare to replicate their DNA during the G1 phase, replicate the DNA in S 

phase, prepare the entry into mitosis in G2 and enter mitosis in M-phase (Fig. F). In Drosophila cyclin D is 

associated with Cdk4/6 during the G1 phase, Cdk2 is associated with CycE in S-phase and CycA in S- and 

G2 phase. From the end of G2 and extending to M-phase Cdk1 is associated with CycA before 

association of Cdk1 with CycB in M-phase.34 Final degradation of CycB at anaphase onset when the SAC 

is met is promoted by the anaphase promoting complex (APC)35,36.  
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Figure F | Cyclins and Cdks cell cycle regulation (adapted from34).  Cell cycle regulation in somatic and 

embryonic cells. Cyclins and associated kinases for each phase of the cell cycle are shown (mammalian in 

black and D. melanogaster in light grey).   

 

Regulation of mitosis entry 

Studies in mammalian cells have revealed the importance of level changes of key regulators of mitosis. 

Using a FRET biosensor it was revealed that gradual activation of CyclinB-Cdk1 is determinant in 

controlling the entry into mitosis37. Cdk1 is activated by Polo-like kinase 1 (PLK1), Polo in D. 

melanogaster38. Studies in various model organisms have shown that PlK1 itself is activated by direct 

phosphorylation on a conserved threonine residue (Thr210) from Aurora-A stimulated by Aurora 

Borealis (Bora) in G2. The activation of the key regulator Cdk1 and Plk1 are interdependent and linked in 

a complex feedback loop where Bora activation by Cdk1 phosphorylation is required for Plk1 activation 

but active Plk1 mediates the degradation of Bora. In this context, it has been hypothesized that high 

levels of Cdk1 during mitosis prevent early degradation of Bora by Plk139 43. Interestingly, Bora was 

originally identified in D. melanogaster sensory organ precursor (SOP) cells, where bora mutant showed 

loss of asymmetric localization of polarity proteins44. Progressive rise of CyclinB-Cdk1 levels importantly 

also promotes cortical enrichment of myosin II and cell rounding45.  
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Regulation of mitosis exit 

Following level rises of CyclinB-Cdk1 at mitosis entry and high levels in early mitosis, CyclinB-Cdk1 gets 

degraded at anaphase onset, a degradation mediated by the APC. APC, an E3 ubiquitin ligase complex46, 

is initially activated by Cdk1, but its activity is inhibited by a set of proteins from the spindle assembly 

checkpoint (SAC) called the mitotic checkpoint complex (MCC). The spindle assembly checkpoint 

remains active until all kinetochores are properly attached to the spindle and under mechanical 

tensions. The negative regulatory activity of the MCC on the APC is therefore released only at anaphase 

onset when all chromosomes are properly attached and the APC can act on a number of targets, most 

notably CyclinB degradation, initiating the start of mitotic exit47. In D. melanogaster, live cell imaging 

experiments have shown that CyclinB is enriched on the centrosomes before NEB and on the 

centrosomes and the spindle after NEB. At anaphase onset Cyclin B first disappears from the 

centrosomes before gradually disappearing from the spindle in the direction of the equatorial plate. 

Biochemical assays on MT and immunostainings have supported the hypothesis that the gradual 

disappearance of CyclinB is mediated by specific activity and enrichment of APC48. Notably, it has been 

recently published that the ability to delay mitotic exit by the SAC when defects are signaled (the SAC 
49 and cell fate50. 

 

Regulation of the spindle assembly checkpoint 

As mentioned above, APC activation is highly dependent on the SAC inactivation and the SAC activation 

depends on the chromosomal passenger complex (CPC) kinase Aurora B linking the CPC, the SAC and the 

APC together. The CPC is composed of the inner centromere protein (INCENP), borealin, survivin and 

Aurora B (initially discovered in D. melanogaster51). The CPC has diverse roles, mainly through the action 

of Aurora B kinase during mitosis, including regulation of the centralspindlin complex (see below), 

regulation of chromosome structure by acting on condensin52 and most notably the regulation of the 

SAC. 

 The interaction between the SAC and the CPC is also mediated by Aurora B. In the current 

model, centromeric Aurora B phosphorylates kinetochore proteins and by doing so reduces MTs 

affinity53,54. Before kinetochore-MTs attachment, Aurora B is most active and the counter action of the 

B56 subunit of the phosphatase PP2A is silenced. Upon MTs attachment, kinetochore proteins are made 

less accessible to Aurora B phosphorylation and the balance between PP2A phosphatase activity and 

Aurora B kinase activity is slowly reversed in favor of PP2A as kinetochore acquire correct MTs 

attachment (Fig. G).  
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Figure G | Current model for Aurora B proximity-based regulation of kinetochore-microtubules 
attachment (adapted from36).  Before MTs attachment Aurora B proximity to its kinetochore substrate 
outcompetes the phosphatase activity of PP2A. As MTs attach laterally in prometaphase, tension is 
gained, and distance Aurora B and kinetochore substrates is increased, allowing PP2A to exert its 
phosphatase activity. Dephosphorylation of kinetochore substrates increases stability. Finally, full 
stability is acquired in metaphase when MTs are fully attached. 
 

 

 Additionally, high Aurora B activity promotes the recruitment of key components of the SAC: 

Mad1, Mad2, MPS1, CENP-E, Bub1 & BubR154 58. Recruited MPS1 phosphorylates kinetochore null 

protein 1 (KNL1), which in turn recruits the ROD-ZW10-Zwilch (RZZ) complex and binds to BUB3/BUB1, 

which recruit BUBR1/Mad3. Together these complexes promote the formation of a MAD1/MAD2 

complex that will promote the change in conformation of soluble open MAD2 to generate closed MAD2, 

which can bind to CDC20 and induce the formation of the MCC (Mitotic checkpoint complex), an APC 

inhibitory complex36 (Fig. H). This inhibitory complex is formed of the MCC, the effector of the SAC, 

which is a hetero tetramer composed of three SAC proteins MAD2, BUBR1, BUB3 and the APC co-

activator CDC2059. Silencing of the SAC upon correct chromosomal attachment, mediated by PP1,60 

inactivates the MCC and frees CDC20 from the complex, allowing it to activate APC and thus induce 

degradation of Cyclin B and securin, and progress into mitosis (Fig. I)36,47. 
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Figure H | SAC regulation at the kinetochores (adapted from36). MPS1 phosphorylation of KNL1 results 
in the recruitment of RZZ and the complex BUB3, BUB1, BUBR1/Mad3, which together recruit MAD1 and 
MAD2, which together convert the change of conformation from open Mad2 to closed Mad2. Closed 
Mad2 can associate with CDC20 required to generate the MCC with BUBR1/Mad3 and BUB3. 
 
 
 
 

 

Figure I |MCC mediated activation and regulation of the APC (adapted from36). Right panel: Active SAC 
promotes the association of the MCC with the APC, preventing the degradation of Cyclin B and securin 
and entry into anaphase. Silencing of the SAC dissociates CDC20 from the MCC and activates the APC 
and ubiquitylation of Cyclin B, therefore promoting anaphase entry.  
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The centralspindlin complex- a putative RhoA activator 

The centralspindlin complex consists of the motor protein kinesin-6 MKLP1 (Pavarotti, Pav in D. 

melanogaster) and the GAP MgcRacGAP (Tumbleweed, Tum in D. melanogaster). Although it is currently 

under debate61,62, a number of studies support a model in metazoan cells where the centralspindlin 

complex is responsible for the equatorial activation of RhoA and the formation of the actomyosin 

contractile ring during mitosis. It is surprising because GAPs are generally responsible for the hydrolysis 

of GTP to GDP and therefore are normally associated with RhoA inactivation63 (Fig. J). Counter 

intuitively, the GAP MgcRacGAP is known for indirectly promoting the activation of RhoA by activation of 

the RhoGEF ECT2 (Pebble, Pbl in D. melanogaster) which will directly activate Rho64.  

 

Figure J | RhoGTPase cycle (adapted from63). GEFs stimulate the conversion of RhoGDP to RhoGTP 
whereas GAPs promote the reverse reaction. GDI: guanine nucleotide dissociation inhibitors.  
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Figure K | Model of centralspindlin activation of RhoA (adapted from64). At the spindle midzone and 
the cleavage furrow. Centralspindlin activates ECT2 (Ect2 in C. elegans), which activates the GTPase 
RhoA. Active RhoA promotes the formation of an actomyosin ring at the cleavage furrow. 
 

 The centralspindlin complex is regulated at different levels. The activation of the centralspindlin 

complex requires the relief of two inhibitions. Firstly, inhibition by the 14-3-3 proteins, which bind to 

MKLP1 and inhibit the oligomerization of centralspindlin, is relieved by phosphorylation from CPC kinase 

Aurora B on S708, a residue that lies within the 14-3-3 binding motif of MKLP165. Secondly, the inhibition 

of the interaction between MgcRacGAP and ECT2 is relieved when Cdk1-CyclinB gets degraded at 

anaphase onset35,64,66. Additionally, end transport of MgcRacGAP by MKLP1 will direct it to the future 

site of the cleavage furrow at the plasma membrane, allowing the activation of ECT2, which will activate 

RhoA and trigger the formation of the actomyosin ring (Fig. K). 
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The centralspindlin interacting motifs 

As mentioned above, protein 14-3-3 directly binds to MKLP1 and Aurora B phosphorylates MKLP1. The 

Amino-terminal domain of MgcRacGAP is necessary for binding to MKLP1 and thus to ensure proper 

active transport on the microtubules and localization to the plasma membrane. Notably, in vitro MTs 

gliding assays revealed that MKLP1 alone does not move MT, but centralspindlin or MKLP1 and the N-

terminus of MgcRacGAP do67. 

  A study in mammalian cells has revealed that ECT2 auto-inhibits itself by internal binding 

between the amino terminal BRCT domains and the DH-PH carboxyl domain68. Biochemical assays and 

cell culture experiments have supported the hypothesis that by binding to ECT2, phosphorylated 

MgcRacGAP relieves the auto-inhibition of ECT2 and activates it, triggering the signaling cascade that 

will activate RhoA and induce to formation of the actomyosin ring66. MgcRacGAP activation and 

association with ECT2 is mediated by phosphorylation of MgcRacGAP four N-terminal conserved Serine 

residues (Ser149, Ser157, Ser164, and Ser170) by Plk169. Although necessary, these phosphorylations are 

not sufficient alone for ECT2 recruitment by the centralspindlin and it was also reported that the 

activation is Cdk1-dependent, and inhibition of Cdk1 by drug treatment increased the association 

between MgcRacGAP and ECT2 (Fig. L)66,70. Thus, Plk1 phosphorylation of MgcRacGAP is only effective 

upon Cdk1-CyclinB degradation at anaphase onset. 

 Additionally, MgcRacGAP also contains a C1 membrane binding domain and a nuclear 

localization signal (NLS) restricting its localization to the nucleus until NEB70. In D. melanogaster the N-

terminal domain necessary for binding between Tum and Pav has been mapped and corresponds to the 

first amino acids (a.a.) 1-65, similarly the region of Tum binding to Pbl corresponds to a.a. 66-10371. 
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Figure L | Centralspindlin motifs and regulation (adapted from64). Aurora B kinase phosphorylates 
MKLP1 promoting centralspindlin oligomerization antagonizing 14-3-3 inhibition by competitive binding 
at MKLP1 globular tail. The N-terminus of MgcRacGAP is essential for binding to MKLP1. MgcRacGAP 
binding to ECT2 via a region comprising 4 conserved phosphorylated residues by PLK1 induces a change 
of conformation and relieves the auto-inhibition between the tandem BRCT amino terminal motifs and 
the carboxy terminal DH-PH motifs. The DH motif of ECT2 is the catalytic subunit of ECT2 that promotes 
RhoA activation.  NL: neck linker region, CC: coiled-coil region, PBC: poly-basic cluster.  
 

The role of the GAP domain 

Studies in D. melanogaster and C.elegans embryo have supported the RhoA activating role of the GAP 

domain of MgcRacGAP66,72 74. This first model in which the GAP domain of MgcRacGAP activates a 

GTPase is unconventional (although supported by in vivo genetic studies), as in most cases GAP proteins 

inactivate GTPases (Fig. J).  

 Recently, a second model has been proposed in which the GAP motif of MgcRacGAP would have 

a different role than earlier studies have suggested61. In this alternative model, MgcRacGAP does not 
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participate in RhoA activation directly, but instead inhibits Rac1 GTPase. Additionally, it had also 

previously been demonstrated that the MgcRacGAP had a higher canonical GAP activity for Cdc42 and 

Rac1 than for Rho75. However, this alternative model has been extensively discussed and the main 

critique of this second alternative model has been that the study was performed in C. elegans early 

embryo where a second RhoA redundant parallel activating pathway (NOP-1) was also present and that 

the conclusions could thus have been biased towards a specific model62.   

 

Figure M | Centralspindlin induces the formation of a cytokinetic furrow (adapted from64). Aurora B 
kinase antagonizes protein 14-3-3 inhibition of centralspindlin oligomerization. Degradation of Cdk1 at 
anaphase allows centralspindlin activation of ECT2 supported by Plk1. ECT2 promotes the conversion 
from inactive GDP-bound RhoA to active GTP-bound RhoA. Active RhoA promotes the formation of the 
actomyosin contractile ring  

Tumbleweed in the D. melanogaster neuroblast 

In the polarized D. melanogaster neuroblast, RNAi studies have shown that Tumbleweed and Pavarotti 

are necessary for the proper positioning of the cleavage furrow and that when Tum or Pav were reduced 

the cleavage furrow was shifted basally76. It has also been shown that mutations in the GAP domain do 

not erase cytokinetic functions77 and when the spindle was depolymerized using colcemid in a mutant 

that bypasses the spindle assembly checkpoint (SAC), the cleavage furrow still formed76,78,79. These 

results have been attributed to the presence of the polarity pathway. Finally, it has been hypothesized 

that Tumbleweed is necessary for triggering the Myosin cortical flow from the basal side towards the 

cleavage furrow76.  
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Optogenetic tools and applications 

Optogenetics emerged originally as a tool to control neural activity and although one could argue that 

the first optogenetic approach was based on an opsin system derived from D. melanogaster,80 

optogenetics became increasingly popular with the introduction of the engineered light-gated cation 

channel Channelrhododopsin-2 (ChR2), originating from the green alga Chlamydomonas reinhardtii81. 

Furthermore, expression of ChR2 in different systems has allowed researchers to gain unique 

spatiotemporal control of neuronal activity, therefore allowing them to investigate very specific 

neuronal functions.82 

 More recently, alongside the existing neuronal optogenetic tools, a new generation of tools has 

emerged which control cellular protein localization and activity. Pioneering worked showed that light 

sensitive plant-derived protein domains called LOV (Light-oxygen-voltage) can be engineered to 

modulate enzymatic activity83. The LOV domains have subsequently become increasingly popular and 

this lead to the development of a multitude of diverse applications such as subcellular localization of 

proteins of interest by dimerization84, control of gene expression85, protein activation86,87 and 

inactivation88. 

 Currently, a variety of non-neuronal optogenetic tools are available to researchers. All the tools 

work in a similar way; by responding to a certain wavelength range activation, which induces a change of 

conformation in a photosensitive domain that leads for example to protein dimerization. The most 

common current photosensitive domains (LOV), and their basic characteristics are listed in Table A.  

 Most notably, iLID (improved light-induced dimer) has been shown to be very efficient to induce 

protein dimerization and colocalization89 91. In the iLID system, two binding partners of bacterial origin 

(SspB and SsrA) have been engineered, such that their binding only occurs upon blue-light exposure. 

Indeed, the small tag SsrA of 7 residues has been introduced in the J  helix of AsLOV2 such that blue-

light exposure induces a change of conformation and uncaging of SsrA, allowing binding to the adapter 

protein SspB as represented in Fig. N.  

 It is interesting to note that the first PHYB-PIF system was used to control gene expression in 

yeast and was arguably the first non-neuronal optogenetic tool published (only a few months after the 

first opsin system)80,92. Additionally, the PHYB-PIF reversible system presents two particular 

characteristics; firstly, with an activation in the red spectrum it makes it theoretically possible to 

combine it93 with all the other tools listed in Table A; secondly, it can be specifically inactivated in the 

far-red spectrum, making both the activation and inactivation precisely controllable.   
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Figure N | Illustration of iLID working principles. Blue light exposure induces a change of conformation 
in the LOV2 domain of iLID containing SsrA allowing binding of SspB to SsrA and colocalization. The 
interaction is reversible in the dark state. SspB can be fused to a protein of interest (X) to induce 
colocalization. 
 

Table A | Summary of the main optogenetic tools and their properties. 

Photosensisitve 

domain 

Cofactor Activation 

 

Inactivation 

 

Tool names Examples of 

applications 

LOV - 390-490 94 dark iLID 89, TULIPs95, 

Magnets96 , 

LightON85  

Protein colocalization, 

gene expression 

control, photocaging, 

protein (in)activation  

CRY2 - 405-48897  dark CRY2-CIB98  Protein colocalization, 

protein activation 

PHYB PCB 65099  75099  PHYB-PIF92 Protein colocalization, 

gene expression 

control 

Fluorescent 

protein 

- 39097  49097  Dronpa100  Protein activation  

UVR8 - 280-315101  irreversible Cop1-UVR8101  Protein colocalization 
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Aim of the thesis 

It has been shown that two different pathways, the spindle and the polarity pathways, co-regulate the 

asymmetric division of NB79. Moreover, it has recently been demonstrated that the spatio-temporal 

distribution and activation of Myosin is key to the establishment of sibling cell size asymmetry and the 

positioning of a basally shifted cleavage furrow78,102. Before being enriched at the cleavage furrow, 

Myosin is initially cleared from the apical side of the NB and subsequently from the basal side.  

 Polarity proteins and spindle cues appear to be key to the asymmetric distribution of Myosin. In 

particular, the apical polarity proteins  Pins and Pkn  seem to play a key role in controlling biased 

Myosin distribution and early apical flow102. Additionally, the centralspindlin cue Tumbleweed (Tum) has 

been reported to be required for the cortical flow of Myosin from the basal side towards the apical 

side76.  

In this project, we sought to understand how physical asymmetry is established by manipulating 

spindle cues and polarity proteins using in vivo optogenetics. The first aim of this project was therefore 

to successfully implement and validate an optogenetic tool that would be effective in vivo (in Drosophila 

intact larval brain). 

The second aim of the project was to use the optogenetic tool to understand the specific and 

combined spatiotemporal requirements of spindle and polarity cues in the establishment of physical 

asymmetry and the control of Myosin flow in NBs. To this extent, firstly I conducted a deletion analysis 

on Tum to generate a fully photorecruitable spindle cue to probe spindle cues furrowing activity during 

mitosis. Secondly, using CRISPR/Cas9, I knocked-in the endogenous locus of Tum and the polarity 

protein Pins with an optogenetic tag (Chapter I). Cortical recruitment of Tum showed Tum to be 

insufficient to induce furrowing before endogenous furrow closure and I showed apical trapping of Pins 

to be an interesting novel link between Pins and cell cycle regulation. Additionally, I generated a 

photorecruitable version of the basal protein Mira and I showed that ectopic localization was sufficient 

to induce furrowing (Chapter I). 

The third aim of this thesis was to generate and develop tools to manipulate key actors of ACD 

in vivo. Different attempts to manipulate Myo activity are presented in Chapter I. I generated GFP-

nanobody fly lines to alter physical asymmetry by trapping cortical Myo (Manuscript III). To manipulate 

centrosomal proteins, I also generated fly lines (nanobody and optogenetics) (Manuscript II). Finally, I 

also investigated Myo dynamics by characterizing (Manuscript I) and measuring Myo flow velocity in 

dividing NBs.  
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Chapter I   

Optogenetic dissection of asymmetric cell division  

Introduction 

How do cells control precise cleavage furrow positioning? Recently proposed as one of the nine 

unanswered questions about cytokinesis103, it highlights the lack of knowledge in this fundamental 

process. Precise cleavage furrow (CF) positioning and actomyosin contractile site assembly is of high 

importance during both symmetric and asymmetric cell division (ACD) in ensuring proper cell fate 

segregation and tight control of sibling cell size asymmetry 25,104. In asymmetrically dividing neuroblast, 

defects in furrow positioning have been shown to affect cell fate105.  

 In symmetrically dividing cells, it is thought that microtubules deliver spindle cues in the form of 

the centralspindlin complex composed of Pavarotti (Pav) and Tumbleweed, Tum, (MKLP1/ MgcRacGAP 

in mammals) to the cell cortex triggering a cellular cascade by activating the GEF Pebble, Pbl, (RhoGEF in 

mammals), which will induce the formation of the actomyosin contractile ring106,107. However, this 

model has been currently challenged as different cell types can have redundant or additional pathways 

(to the centralspindle pathway) to regulate and refine the positioning of the CF61,62,64,108. 

 Most notably, asymmetrically dividing NBs can initiate cleavage furrow in the absence of spindle 

in a polarity dependent way78,79,109,110. Indeed, NBs are polarized cells and the apical Par complex (Par6, 

aPKC, Baz), linked to Inscuteable (Insc), contributes to the formation of the basal complex (Mira, Pros, 

Brat, Pon, Numb). Interestingly, it has been reported that the basal cargo protein Mira can directly bind 

to Myo and it was proposed that Myo could actively segregate Mira to the basal cortex111. And recently 

it was shown that Mira asymmetric localization is actomyosin-dependent112. 

  On the apical pole, Partner of Inscuteable (Pins, LGN in vertebrates) is bound to both Insc and 

the heterotrimeric G- . Pins together with Pkn has recently been shown to play 

a key role in initiating an early cortical Myo flow from the apical pole towards the basal pole102. 

Additionally, complementary work has suggested that the centralspindlin complex is responsible for a 

later cortical flow from the basal pole towards the apical pole. Together these findings have highlighted 

the importance of a precise control of both apical and basal Myo cortical flow, as well as polarity and 

spindle cue contributions towards the establishment of sibling cell size asymmetry76.  However, the 

capacity of centralspindlin to induce furrowing during the cell cycle in NBs is currently unknown and the 

spatiotemporal requirements of spindle cues and polarity cues in establishing asymmetry is not 

completely understood.  
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 Pins is involved in organizing cortical Myo distribution, but is also known for its important role in 

spindle orientation via Pins Mud-Dynein-Dynactin (LGN-NuMA-Dynein-Dynactin in mammals) linking 

the cortex and MTs and via Pins Dlg Khc73 (LGN-Dlg1-KIF13B in mammals) anchoring the centrosomes. 
12,113 119 Two recent studies in mammalian cells and C. elegans have used optogenetic advancements to 

probe specific contributions of Pins, Mud and Dynein in spindle pulling forces and found that tethering 

Mud (NuMA in mammals, LIN-5 in C. elegans) alone to the cortex was sufficient to generate pulling 

forces90,120. However, it is still unclear how Pins spatiotemporal dynamics influence ACD.  

 Moreover, Myosin activation and inactivation are governed by phosphorylation and 

dephosphorylation events on Myosin regulatory light chain at two conserved sites (Thr 18, Ser19)121. The 

phosphatase  Pp1-87B has recently been shown to be necessary for polar clearing of actomyosin in 

Drosophila SOP cells122  and sqh  has been suggested as a potential target for the phosphatase Flw.123  

Additionally, Rho-associated kinase (Drok or ROK in Drosophila)  has been  shown to directly  activate  

Myo  by phosphorylation. Upstream activation of ROK is mediated by RhoA, which itself is activated by 

RhoGEF (Pbl in Drosophila).    

 For this work, I used optogenetics to investigate Myosin dynamics, polarity and spindle 

spatiotemporal contribution in asymmetry establishment and precise furrow positioning in vivo. By 

doing so, it was possible to control endogenous Pins dynamics and probe its contribution in regulating 

Myosin cortical flow and coordinating progression through mitosis. I found that Pins apical trapping was 

sufficient to induce delayed entry into anaphase and mitotic arrest, and that this effect was spindle 

assembly checkpoint dependent and relieved by Cdk1 partial inhibition. Neuroblasts in which apical Pins 

was trapped also retained cortical Myo and had altered spindle morphology. Moreover, I generated a 

fully photorecruitable Mira (PrMira) and in a set of preliminary experiments, I found that ectopic 

relocalization of Mira was sufficient to induce ectopic furrows after endogenous furrow closure in 50 % 

of the NBs. I also attempted to manipulate Myo dynamics by generating photorecruitable version of 

above-mentioned upstream activators and inactivators and Myo itself. 

  I conducted a deletion analysis to generate a fully photorecruitable spindle cue (PrTum) and by 

localizing this photorecruitable cue to a subcortical region during mitosis, I found that subcortical 

recruitment of PrTum only induced ectopic furrows after endogenous furrow formation. Similarly, 

cortical recruitment of endogenous Tum did not induce immediate furrowing. Together, these results 

indicate a restricted cortical response to additional spindle cues in late mitosis and suggest a potential 

link between polarity, spindle morphology and the master cell cycle regulator Cdk1.  
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Results 

Light-inducible fast and efficient cortical recruitment 

I initially implemented the light inducible dimer tool, based on two engineered binding partners (iLID 

and SspB R73Q, abbreviated SspB hereafter)89, in S2 cells by fusing iLID to the membrane domain CAAX 

and GFP (iLID::GFP::CAAX), and fusing SspB to Tag-RFP-T (Fig. 1 a-b). To test whether blue light exposure 

was sufficient to induce recruitment of cytoplasmic Tag-RFP-T::SspB to the membrane and to test if that 

recruitment was reversible, I continuously exposed S2 cells expressing Tag-RFP-T::SspB and 

iLID::GFP::CAAX to yellow light (561nm), and only exposed cells to blue light (488nm) for a restricted 

time window of ~ 15.6s  (Fig. 1b & d, upper panel). Thus, I was able with single-frame fast imaging 

(~290ms between each frame) by monitoring the cytoplasmic/cortical intensity ratio of Tag-RFP-T::SspB, 

to quantify the activation and dissociation dynamics. I found that the activation was rapid, with half of 

the maximal activation (IC50) reached in 3.51s and reversible, where 50% cortical dissociation (half-life) 

was achieved in 44.56s (Fig.1 d, upper panel). 

 Following a similar activation sequence and by using single-frame fast imaging (~290ms time 

interval between each frame), I found that in vivo cortical recruitment of mCherry::SspB (blue light 

exposure during ~14.45s) using iLID::GFP::CAAX in Drosophila NB was rapid IC50= 3.51s and reversible 

with a half-life of ~7.8s (Fig. 1c-d, lower panel). 

The localization of endogenous Tum is spindle-dependent and polarity independent 

In wild type (wt) NBs, sqh (regulatory subunit of non-muscle Myosin II, Myo hereafter) and its upstream 

activators the Rho GTPase Rho1 and the kinase ROK124 localize to the NB cortex before nuclear envelope 

breakdown (NEB, timepoint 00:00, Fig 2a-c) and a recent report has shown that cortical Myo is in its 

active phosphorylated state102. After NEB, the spindle assembles and Tum (endogenous Tum fused to 

GFP and SspB at its C-terminus using CRISPR/Cas9, see Appendices I,II & Fig. 14 for design details) begins 

to appear in late metaphase and will later be delivered by MTs to the CF (Fig. 3a). In NBs, where the 

spindle has been depolymerized, the spindle assembly checkpoint can be bypassed in rod or zw10 

mutants, thus rod or zw10 mutants can enter anaphase in the absence of spindle125. Spindle depleted 

rod NBs completely lose endogenous Tum localization including its CF enrichment (Fig. 3b). However as 

previously reported76,78,79, Myo remains cortically enriched, distributes asymmetrically and induces 

furrowing (Fig. 3b). Interestingly Rho kinase (ROK) also remains cortically enriched similarly to wt when 

the spindle is depleted (Fig. 3 b-c).   
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 The mutant pins has been shown to lose polarity and about 11% of the mutants divide 

symmetrically79. In those symmetrically dividing cells, Tum localizes to the cleavage furrow confirming as 

previously hypothesized76, that spindle cue localization is polarity independent in the NB (Fig. 3d). 

Cortical recruitment of endogenous Tum induces furrowing only after cytokinesis 

Using endogenous Tum fused to GFP and SspB (Fig. 4a), I induced sustained cortical localization of 

endogenous Tum during mitosis. Approximately 43% (Fig. 4d, n=6/14) of the NBs presented an ectopic 

furrow, all of which appeared on the apical side and none on the newly forming GMC (Fig. 4b).  Work in 

Hela cells has shown that Tum homolog is not active, as its interaction with Pbl homolog is prevented 

until anaphase onset (A.O.), as Cdk1-CyclinB gets degraded66.  However, Cdk1 inhibition with Flavopiridol 

did not result in ectopic furrows before endogenous furrow completion nor did it increase the 

percentage of ectopic furrows (Fig 4c-d, 40%, n=2/5). These data indicate that the cortex only responds 

apically to Tum cortical recruitment and this response occurs only after furrow completion. 

Generation of a fully photorecruitable spindle cue 

Tumbleweed has different characterized domains: it directly binds to Pav (Pav-BD), and Pbl (Pbl-BD) 

contains a C1 membrane binding domain, a GAP domain (GAP) and a nuclear localization signal (NLS) 

restricting its localization to the nucleus until NEB70,71.  In order to gain full spatiotemporal control of 

Tum, I decided to conduct a deletion analysis where the different domains of Tum were isolated and 

combined, and I mutated the NLS as previously reported70 and fused the result to SspB. Subsequently, I 

recruited the construct to the apical cortex using the apical localization domain of Insc78 fused to iLID 

(iLID::ALD) and scored for ectopic furrow formation. 

 I found that by mutating the NLS, Tum lost its nuclear localization and was already cytoplasmic 

before NEB (compare Fig. 5b to Fig. 5c). Additionally, removing Pav-BD (Fig. 5 d-g) induced loss of 

endogenous localization (red arrow, compare to Fig. 5 b & c). Similarly, I removed the Pbl-BD adjacent to 

the Pav-BD (Fig. 5f) and created a version with a mutated NLS (Fig. 5g), but found that the ability of this 

construct to induce furrowing was restricted (fig. 5i). Additionally I generated photorecruitable version 

of the domains Pav-BD, Pbl-BD and GAP (fig 5h). These constructs were cytoplasmic and did not localize 

like full length Tum to the endogenous furrow (Fig. 5h), but their ability to induce furrowing was 

reduced (Pbl-BD, GAP-BD) to ~40 % compared to full length Tum in which ~90 % of NBs showed ectopic 

furrows or ectopic furrowing was non-existent for Pav-BD (Fig. 5i).  

 Finally, I found that Tumbleweed without Pav-BD and with a mutated NLS remains cytoplasmic 

and does not bind to the MTs unlike full length Tum (Fig. 5e & i) and it showed a 100% ability to induce 



 
 

30 

furrowing (Fig. 5i); for these reasons this construct was used for further experiments and named 

photorecruitable Tumbleweed (PrTum).  

Cortical response to PrTum recruitment is spatiotemporally restricted  

PrTum and iLID::GFP::CAAX were used to assess the response to a brief apical or basal subcortical 

recruitment (blue light exposure to a subcortical region for <5s) of spindle cue during the cell cycle.  Due 

to the limitation of using only one fluorophore, phenotypic events were used to determine the stage of 

mitosis of individual NBs. These events were: NEB, cell elongation, start of endogenous furrow and end 

of endogenous furrow (Fig. 6a). Surprisingly, I found that similar to the recruitment of full-length 

endogenous Tum (Fig. 4), apical recruitment of PrTum never induced ectopic furrowing before 

endogenous furrow closure, independently of the mitotic stage during which the recruitment was 

performed (n=9, Fig. 6b, d). 

 One reason for this delayed cortical response could be a competition between endogenous Tum 

and PrTum in activating the pathway. To test this hypothesis, I repeated the apical recruitment in the 

absence of endogenous Tum localization by depolymerizing the spindle (Fig. 6c-d), interestingly in the 

absence of spindle Tum furrowing capacity also appeared to be temporally restricted, independently of 

the presence of endogenous signaling as only 1 in 8 NBs presented an ectopic furrow before 

endogenous furrow completion. Moreover, basal cortical recruitment during mitosis never induced 

ectopic furrowing, suggesting that the response is also spatially restricted (Fig. 6e). 

Pins active apical trapping prevents or delays anaphase onset 

In wt NBs, Pins is apically enriched shortly before NEB and is depleted from the apical pole at anaphase 

onset and redistributes on the cortex of the self-renewing NB (Fig. 7a). Using CRISPR/Cas9, I fused Pins 

to SspB and mScarlet-I (Pins::SspB::mScarlet-I, see methods); third instar larvae homozygous for 

Pins::SspB::mScarlet-I were viable and all the experiments were realized in a homozygous background 

for Pins::SspB::mScarlet-I (Fig. 7). 

 I then examined how affecting Pins dynamics by active apical cortical trapping influences ACD. I 

achieved apical trapping of Pins crescent by using iLID::CAAX for active recruitment under repeated 

whole cell blue light exposure (3s exposure every 15s). I found that active trapping of Pins to the apical 

cortex prevented it from relocalizing and was sufficient to delay anaphase onset (A.O.) entry (Fig. 7l, left 

panel) and induce mitotic arrest (~29%, n=5/16, Fig. 7m, right panel). 
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Myo remains apically enriched in activated neuroblasts 

Pins involvement in regulating spatiotemporal enrichment of cortical Myo has been recently 

highlighted102. Therefore, we examined if there was a relationship between Pins apical trapping and Myo 

distribution. To this extent, I measured the mean Myo intensity (normalized over cytoplasmic intensity) 

for 120s, at ten minutes and 30 seconds after NEB; the window is represented by a red box on Fig. 7b & 

d. This specific window was chosen because it starts 1 min after the last wt NB has entered anaphase 

and is therefore particularly suitable to compare wt NBs and activated NBs in which Pins dynamics were 

perturbed (Fig. 7l). I found that Myo (Fig. 7l, right panel) was apically enriched (P= 0.0035) in activated 

NBs (mean ratio= 1.3) compared to non-activated controls (mean ratio = 1.08). This indicates that Pins 

trapping is sufficient to retain apical Myo. 

Pins remains apically enriched in activated neuroblasts 

I analyzed Pins intensity in a similar way to Myo (Fig. 7m, left panel) and showed that trapping of Pins 

induced higher apical Pins intensity (P= 0.048) in the activated NBs (mean ratio= 1.45) compared to the 

non-activated NBs (mean ratio= 1.15). This can also be observed in greater detail in the representative 

image sequence and intensity plots (Fig. 7 a-d).  

Cdk1 partial inhibition suppresses mitotic delay and arrest  

To investigate if the mitotic arrest and delay (caused by Pins trapping) were cell cycle regulated, I 

treated NBs with the Cdk1 inhibitor Flavopiridol (Fig. 7g-i) to induce partial inhibition of Cdk1 as 

previously reported76. All of the activated NBs treated with Flavopiridol (Fig 7l, left panel, mean NEB to 

A.O. duration = 350s) entered anaphase (Fig, 7m, right panel, 100%, n=12) and their time from NEB to 

A.O. was not different (P=0.9986, Fig 7l) from control NBs (mean=353.8s) which were treated with 

Flavopiridol, but for which Pins was not trapped (Fig. 7  g-h).  

 Moreover, partial Cdk1 inhibition was sufficient to induce apical Pins relocalization and Myo 

clearing (Fig. 7i). Thus, mitotic delay and arrest appear to be Cdk1-dependent. 
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Mitotic arrest caused by Pins trapping is spindle assembly checkpoint dependent  

To determine if the mitotic arrest was caused by the SAC, I trapped Pins in a ZW10 mutant background, 

as it has been previously shown that the ZW10 mutant can bypass the SAC and enter anaphase125. 

Interestingly, when Pins was actively recruited in ZW10 mutant, no mitotic arrest could be observed in 

any of the activated NBs (Fig. 7k & m, right panel) suggesting that arrested NBs (when Pins is recruited in 

a wt background) activate the SAC. There was no significant difference (P=0.9982) between the time 

from NEB to A.O (Fig. 7l, left panel) between activated ZW10 (mean=500.6 s) and non-activated ZW10 

control NBs (mean= 457.5s). 

 Additionally, Myo intensity was not significantly different (Fig. 7l, right panel, P=0.9971) 

between ZW10 controls (mean= 1.05) and ZW10 activated NBs (mean =1.095). Pins intensity was also 

not different (P= 0.8805) between ZW10 controls (mean= 1.04) and activated ZW10 (mean= 1.176), 

confirming that bypassing the SAC was sufficient to relocalize both Pins and Myo even when Pins was 

actively recruited. 

Spindle morphology is altered when Pins is actively trapped 

I examined the spindle morphology of activated NBs (Fig 7f) vs. non-activated NBs (Fig. 7e) and found 

that metaphase spindles were bent for activated NBs compared to their controls, which was reflected in 

the bending angle  (Fig. 7m, middle panel). In controls, where Pins is not trapped, the metaphase 

spindles are aligned and the angl  is close to 180° (mean= 175.5), whereas in activated NBs, spindles 

are bent (P <0.0001) and the mean angle is 123.6°. Partial inhibition of Cdk1 reduced the bending, and 

activated NBs treated with Flavopiridol had a mean of 162.6° and were significantly different compared 

to activated NBs with no treatment (P <0.0001). 

 Interestingly, treated NBs with the most severe bending (therefore, 

enter anaphase and remain arrested (highlighted in red on Fig. 7m, middle panel).   

Pins mutants show a delay into anaphase entry, but correct spindle morphology 

It has previously been shown that symmetrically dividing pins mutants lose polarity and have defects in 

spindle orientation26,76,102. For symmetrically dividing pins, time from NEB to A.O. was not significantly 

different compared to activated NBs (P=0.0758). Consequently, Myo intensity (Fig. 7l, right panel) was 

also not significantly different compared to activated NBs (P= 0.2963). However, spindle morphology 

(Fig. 7m, middle panel) appeared to be comparable to non-activated NB controls (P=0.9983).  
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Cortical recruitment of Pp1-87B does not affect ACD 

As mentioned above, a recent study has highlighted the role of Pp1-87B in polar clearing of Myo, making 

it an ideal candidate for the control of Myo dynamics by deactivating it122. I performed an evaluation of 

Pp1-87B effectiveness as a Myosin deactivator by recruiting Pp187B uniformly on the cortex. No 

phenotypic change could be observed as shown in Fig. 9a. 

Cortical recruitment of the phosphatase domain of Flw does not affect ACD 

Similarly to Pp1-87B, I recruited Flw phosphatase domain (Flw-PD) fused to SspB uniformly on the cortex 

using iLID::GFP::CAAX and no change in ACD was observed (Fig.9b). 

Apical recruitment of the DH catalytic domain of Pbl does not cause any phenotype 

In order to assess if the DH domain of Pbl was sufficient to recruit actomyosin as recently reported in 

mammalian cell culture87, I fused the DH domain of Pbl to SspB and mScarlet-I (Sspb::Pbl-DH::mScarlet-I) 

and recruited it to the apical cortex of the NB using iLID::ALD_Insc (Fig. 10a). Using overexpressed 

photorecruitable Pbl-DH as a readout for phenotypic changes, none could be observed in NBs in which 

Pbl-DH was recruited to the apical side. 

Apical recruitment of active RhoA does not cause any phenotype 

A substitution of Gly14 by a Valine in RhoA has been reported to be sufficient to generate a 

constitutively active RhoA (RhoAV14)126 and active RhoA has been shown to bind to Rok in Drosophila127. 

However, apical recruitment of RhoAV14 (SspB::RhoAV14::GFP) did not induce any phenotype (Fig. 10b). 

Cortical recruitment of Rok catalytic domain does not affect ACD  

The N-terminus of Rok has been demonstrated to be responsible for its activity128 130 and in Drosophila 

this domain corresponds to a.a. 1-454127 and has been used to raise the level of active Myo. However, 

cortical recruitment of ROK-CAT (SspB::Rok-CAT::GFP) did not cause any phenotype (Fig. 10c) as 

observed by Myo distribution and membrane changes. 

Basal Myosin clears where Mira is enriched and ectopic localization of Mira induces furrowing 

In wt anaphase NBs, Myo clears from the basal pole towards the apical. Here we can observe (Fig. 11a) 

that Myo clears where Mira (Mira::eGFP, endogenous, generated by D. Salvador-Garcia) is enriched 

suggesting that Mira could be involved in the clearing of Myo. Following wt observations, PrMira (UAS-

SspB::Mira_no_bld::mCherry) was uniformly localized to the cortex (Fig. 11b). In 50% of the activated 

NBs entering mitosis (n=4/8), an ectopic furrow could be observed after endogenous furrow closure and 

where PrMira was enriched (Fig. 11b, t=12:00).  
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Cortical recruitment of Myo changes Myo dynamics in a wt background, but not in a Myo mutant 
background 

Cortical recruitment of Myo (sqh::SspB::mScarlet-I, under the control of sqh endogenous promoter) in a 

wt background using UAS-iLID::GFP::CAAX induced changes in Myo dynamics such as shown in Fig. 12a 

where ingression is initiated but not completed. Recruitment was performed by whole sample blue-light 

exposure for 7.5s every 30s. However, when the same experiment was repeated in a sqh mutant 

background (sqh::SspB::mScarlet-I rescues sqh) under similar recruiting conditions (4,5s recruitment 

every 15s)  using UAS-iLID::CAAX no change of Myo dynamics could be observed (Fig. 12b). 
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Discussion 

Here I have shown that: (1) neither cortical recruitment of endogenous Tum nor cortical recruitment of 

PrTum resulted in premature induced furrowing at the site of activation, (2) changing Pins dynamics by 

trapping it apically limited mitotic progression, (3) neither ectopic localizations of Myo activators, ROK-

cat, Pbl-DH, RhoAV14 or deactivators, Pp1-87B, Flw-PD induced a phenotypic change during ACD, and 

(4) cortical recruitment of PrMira induces ectopic furrowing after endogenous furrow closure. 

  I have also shown that surprisingly neither cortical recruitment of endogenous Tum nor cortical 

recruitment of PrTum resulted in premature induced furrowing at the site of activation. However, apical 

(but never basal) ectopic furrows could be observed after endogenous furrow closure (Fig. 4-6). It would 

be important to gain a better understanding of both the function of Tum in the NB (to understand the 

mechanisms driving these late furrows) and the nature of these furrows. Indeed, in this dataset, furrows 

could be observed where no Myo was present (Fig. 4b, white arrow, upper panel) suggesting that these 

types of ectopic furrows relate more to a bleb than to a cleavage furrow131,132. It is possible that ectopic 

recruitment of Tum prevents cortical Myo inactivation at cytokinesis and combined with a decline in 

pressure at cytokinesis (Manuscript II) creates blebbing.  

 Based on the image sequences, a second type of furrow can be observed (Fig 4b, white arrow, 

lower panel & Fig. 5a-b, white arrow) possibly driven by a different mechanism. This furrow appeared 

closer to the endogenous furrow and was enriched in Myo. Historically, the proposed main role for 

centralspindlin during cytokinesis was antiparallel MTs bundling72,133 and it was also shown that 

centralspindlin was necessary for MTs attachment to the plasma membrane during membrane 

abscission in late cytokinesis107. Interestingly in NBs, final abscission was impaired when spindle was 

depolymerized or centralspindlin knocked down76, suggesting a similar role in NBs.  

 Changing Pins dynamics by trapping it apically limited mitotic progression. These delays and 

arrests appeared to be SAC-dependent as bypassing the SAC was sufficient to rescue the phenotype. 

Moreover, Cdk1 partial inhibition also allowed NBs in which Pins was apically trapped to enter anaphase 

without any delay and with no arrest (Fig. 7). In arrested NBs, metaphase spindles were visible, neither 

Myo nor Pins cleared from the apical cortex, which remained enriched. These data provide a novel link 

between polarity and the cell cycle master regulator Cdk1, likely acting through changes in spindle 

morphology, which would alter kinetochore binding, activate the SAC and thus prevent entry into 

anaphase and Cdk1 degradation (Fig. 8). As a consequence of a mitotic arrest (Fig. 7), Myo, unlike in wt 

(Fig. 2a), does not clear from the apical cortex. 
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  Neither ectopic localization of Myo activators nor deactivators (Fig. 9-10) demonstrated a 

phenotype. What would have been the expected phenotype? Uniform cortical recruitment of Pp1-87B 

and Flw-PD could have dephosphorylated Myo directly or its upstream activators; partial or full 

inactivation of Myo could have caused a mitotic arrest or incomplete furrows, but none of the above-

mentioned phenomena were observed. Local imbalances in actomyosin could also have created 

blebbing, but this was not observed. 

 Similarly, cortical recruitment of the catalytic domain of ROK (ROK-CAT) could have caused 

blebbing (by local Myo activity) or ectopic furrows, but none of these were observed. Ectopic apical 

recruitment of active RhoA (RhoAV14) or the catalytic domain of the RhoGEF Pbl (Pbl-DH) were also 

unable to induce furrowing. The existence of subtle changes, such a minor blebbing for RhoAV14 and 

Pbl-DH, cannot be excluded as these constructs were not imaged with a membrane marker. However, 

major furrows, such as ingression on the apical pole, could not be observed.  

 Why was there an absence of phenotype for activators and deactivators? There are numerous 

potential explanations for the absence of phenotypes. The first could be the substrate-

kinase/phosphatase proximity: it is possible that the configuration of the tool does not permit access to 

the substrate from the kinase or phosphatase. There could be a level effect where the ectopic 

recruitment is not sufficient to overrule the endogenous pathway, but this would be surprising, 

particularly in the case of the catalytic domain of Pbl, as its mammalian homolog has been used 

successfully to induce furrowing in mammalian cell cultures using optogenetics87. 

 The ability of Mira to induce furrowing has not been previously reported and these preliminary 

data suggest a role for Mira in organizing the actomyosin network and the asymmetric positioning of the 

cleavage furrow. It is interesting to observe that the ectopic furrows only appeared after endogenous 

furrow closure (Fig. 11); one of the reasons for this could be because of cell cycle regulation and another 

possibility is the presence of the endogenous Mira pathway. To overcome the latter and decipher the 

potential role of Mira in CF positioning, an optogenetic CRISPR line has been generated to manipulate 

endogenous Mira dynamics, but no experiments have yet been carried and further investigations are 

required.  
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 Finally, it is surprising that recruitment of Myo in a mutant background did not cause any 

phenotype, especially when the same experiment in a wt background induced dramatic changes in Myo 

dynamics and ACD (Fig. 12). One could attribute these results to a competitive effect between the 

endogenous signaling and the optogenetic manipulation. In this scenario the endogenous signaling 

would outcompete the cortical recruitment of Myo in a mutant background, but in the wt background 

endogenous signaling triggering Myo cortical flow and CF enrichment might act mostly on the wt pool of 

Myo while the additional photorecruitable Myo would get recruited by iLID::CAAX and its dynamics 

would hence get changed. 
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Figure 1 | Insect S2 cells and In vivo implementation of iLID. (a) Schema representing iLID working 
principles. Upon blue light exposure, SspB dimerizes with membrane anchored iLID. The interaction is 
reversed in the dark state. (b-c) Representative image sequence of cortical recruitment using 
iLID::GFP::CAAX. (b) Recruitment of Tag-RFP-T::SspB in S2 cells (c) cortical recruitment of mCherry::SspB 
in NBs. Recruitments can be compared to cortical CAAX domain (right panels). (d) Quantification of 
cortical recruitment dynamics in S2 cells (upper panel) and NBs (lower panel). Blue bars indicate start 
and end of activation. In black, non-linear fits for the activation and inactivation. Blue spots on image 
sequences indicate active blue-light photoactivation. Time in seconds, scale bar represents 5 m, t= 0 
corresponds to start of imaging. 
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Figure 2 | Localization of Myo, Rho1, and ROK. During mitosis (a) Myo first clears from the apical pole 
before the basal and is enriched at the CF. (b-c) Rho1 & ROK localize at the cortex before NEB and are 
enriched at the CF. Myo (sqh::GFP), jupiter (UAS-Jupiter::mCherry), Rho1 (Rho1::GFP), ROK (ROK-kinase-
dead::GFP). Time in mm:ss, scale bar represents 5 , t= 00:00 corresponds to NEB. 
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Figure 3 | Localization of Tum is spindle-dependent and polarity independent. (a) Endogenous 
localization of Tum during mitosis. Strong enrichment of Tum at the spindle midzone can be observed at 
anaphase (t= 09:15) until cytokinesis (t= 12:30). (b-c) In the absence of spindle, Tum completely loses its 
localization and ROK maintains cortical localization and CF enrichment. Graph in (b): Tum intensity ratio 
at the CF, in the absence of spindle Tum is absent from the CF. (d) In the absence of polarity, NB divide 
symmetrically, and Tum localizes to the CF. Tum (Tum::GFP::SspB), Jupiter (UAS-Jupiter::mCherry), Myo 
(sqh::mScarlet-I), ROK (ROK-kinase-dead::GFP). Time in mm:ss, scale bar represents 5 , t= 00:00 
corresponds to NEB. 
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Figure 4 | Cortical recruitment of endogenous Tum induces furrowing only after cytokinesis. (a) 
Schematic representation of endogenous Tum cortical recruitment. (b) Uniform cortical recruitment of 
endogenous Tum induces after cytokinesis Myo-independent (white arrow, t=09:45) and Myo-
dependent furrows (white arrow, t= 14:15). (c) Uniform cortical recruitment of endogenous Tum in NBs 
treated with Flavopiridol does not induce furrowing before cytokinesis. (d) Ectopic furrow frequency and 
timing. Cortical recruitment of Tum only induced furrowing after cytokinesis and Cdk1 partial inhibition 
did not increase the cortical response. iLID::CAAX (UAS-iLID::GFP::CAAX), Tum (Tum::GFP::SspB), Myo 
(sqh::mScarlet-I). Blue spot indicates active blue-light photoactivation. Time in mm:ss, scale bar 
represents 5 , t= 00:00 corresponds to NEB.  
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Figure 5 | Deletion analysis  Time-lapse of apical recruitment of Tum variants. (a-f) apical recruitment 
during mitosis using UAS-iLID::ALD_Insc (a) Endogenous Tum (Tum::GFP::SspB) imaged with Myo 
(sqh::mScarlet-I) (b) Full length overexpression (UAS-SspB::Tum::mScarlet-I) (c) Full length Tum with 
mutated NLS (UAS-SspB::Tum*NLS::mScarlet-I) (d) Tum without PAV-BD (UAS-SspB::Tum PAV-
BD::mRuby3, not visible), Myo (sqh::GFP) (e) Tum without PAV-BD and with a mutated NLS = PrTum 
(UAS-SspB::Tum PAV-BD*NLS::mScarlet-I) (f) Tum without PAV-BD and without Pbl-BD (UAS-
SspB::Tum PAV-BD- Pbl-BD::mScarlet-I)  (g) Tum without PAV-BD and without Pbl-BD with a mutated 
NLS (UAS-SspB::Tum PAV-BD- Pbl-BD*NLS::mScarlet-I)  (h) Single motifs. Top to bottom: PAV-BD (UAS- 
SspB::PAV-BD::mScarlet-I), Pbl-BD (UAS-SspB::Pbl-BD::mScarlet-I), (i) Frequency of ectopic furrow for 
each individual construct. Blue spot indicates active blue-light photoactivation. Time in mm:ss, scale bar 

 Red arrow: endogenous furrow, white arrow: ectopic 
furrow. 
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Figure 6 | Subcortical recruitment of PrTum (<5s). (a) Visible phenotypes with PrTum as only readout 
used to determine mitotic stage. (b-c) Apical subcortical recruitment of PrTum upper panel: metaphase. 
Middle panel: anaphase onset. Lower panel: telophase. (b) In the presence of spindle and endogenous 
signal (c) In the absence of spindle and endogenous signal. (d) Single NB ectopic furrow timing (red 
arrowheads) relative to activation (blue arrowheads) compared to endogenous furrow closure. Left 
panel: wt background. Right panel: Rod, colcemid. (e) Basal subcortical recruitment of PrTum (<5s). 
Upper panel: Before NEB. Middle panel: Metaphase. Lower panel: telophase. UAS-PrTum (UAS-
PrTum::mScarlet-I). Time in mm:ss, scale bar represents 5 , t= 00:00 corresponds to endogenous 
furrow closure.  
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Figure 7 | Endogenous Pins apical trapping. (a-b) Pins dynamics in wt during mitosis.  Pins is apically 
enriched shortly before NEB and relocalizes in anaphase onset, t=06:45 in (a). (b) Corresponding 
apical/cytoplasmic ratio intensity plots of Myo (left plot) and Pins (right plot) ratio, both ratios drop at 
A.O. (~390s) (c-d) Pins apical trapping. Trapped Pins does not relocalize from the apical cortex and NBs 
do not enter anaphase as shown in the image sequence (c) and on the intensity apical/cytoplasmic ratio 
plots (d) of Myo (left) and trapped Pins (right plot) where Myo and Pins intensities remain stable 
indicating that they remain enriched. Spindle morphology when Pins is apically trapped (f) is affected 
compared to wt (e). When NBs are partially treated with the Cdk1 inhibitor Flavopiridol, without 
recruitment, Pins relocalizes from the apical cortex (g) and spindle morphology is not altered (h). (i) Pins 
apically trapped NBs treated with Flavopiridol also enter anaphase and both Myo and Pins dynamics are 
restored. ZW10 mutants with (k) or without (j) active Pins recruitment enter anaphase and relocalize 
Pins and Myo similarly to wt. (l) Left panel: Time NEB to A.O. (apical Myo clearing). Pins (m, left panel) 
and Myo (l, right panel) apical/cytoplasmic intensity ratio, during the interval t [10:30;12:30], as shown 
with a red square in (b & d), arrested NBs are indicated in red. (m, middle panel) Spindle angle , 
arrested NBs are shown in red. (m, right panel) frequency plot, representing the frequency of arrested 
NBs for the different conditions. Blue spot on image sequences indicates active blue-light 
photoactivation. Pins (Pins::SspB::mScarlet-I), Jupiter (UAS-Jupiter::mscherry), Myo (sqh::GFP), Time in 
mm:ss, white scale bar on image sequence and black scale bar on kymographs represent 5 ,  white 
scale bar on apico-basal kymographs= 300s, t= 00:00 corresponds to NEB. Note that Jupiter brightness 
masks Pins intensity. 
 
 
 

  

Figure 8 | Pins and Tum possible roles and regulations in positioning the CF. 
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Figure 9 |Uniform cortical recruitment of Myosin deactivators. (a) Cortical recruitment of the 
phosphatase Pp1-87B (UAS-SspB::Pp1-87B) (b) Cortical recruitment of the phosphatase domain of Flw 
(UAS-SspB::Flw-PD). Myo (sqh::mCherry), time in mm:ss, scale bar represents 5 , t= 00:00 
corresponds to NEB. Blue spot indicates active blue-light photoactivation. 
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Figure 10 |Cortical recruitment of Myosin activators. (a) Apical recruitment of Pbl-DH (UAS-Sspb::Pbl-
DH::mScarlet-I) (b) Apical recruitment of the phosphatase domain of RhoAV14 (UAS-SspB:: 
RhoAV14::GFP). (c) Full cortical recruitment of the Rok catalytic domain (UAS-SspB::Rok-CAT::GFP). Myo 
(sqh::mCherry), ilID::ALD (UAS-iLID::ALD_Insc), iLID::CAAX:GFP (UAS-iLID::CAAX::GFP). Time in mm:ss, 
scale bar represents 5 , t= 00:00 corresponds to NEB. Blue spot indicates active blue-light 
photoactivation. 
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Figure 11 |Miranda ectopic localization induces furrowing.  (a) Anaphase NB, Myo (sqh::mCherry) 
clears where Mira (Mira::eGFP, generated by David Garcia) is enriched on the basal pole. (b) Uniform 
cortical recruitment of PrMira (UAS-PrMira::mCherry) induces ectopic furrowing. iLID::CAAX:GFP (UAS-
iLID::CAAX::GFP). Time in mm:ss, scale bar represents 5 , t= 00:00 corresponds to start of imaging (a) 
or NEB (b). Blue spot indicates active blue-light photoactivation. 

 

 

 

 

 

 

 



 
 

57 

a 

 

b 

 

Figure 12| Cortical recruitment of Myo changes Myo dynamics in a wt background, but not in a Myo 
mutant background. (a) Cortical recruitment of Myo in a wt background induces changes in Myo 
distribution and incomplete furrowing. (b) Cortical recruitment of Myo in a Myo mutant background 
(sqh mutant) does not induce changes in Myo dynamics. iLID::CAAX:GFP (UAS-iLID::CAAX::GFP), 
iLID::CAAX (UAS-iLID::CAAX), Myo (sqh::mCherry). Time in mm:ss, scale bar represents 5 , t= 00:00 
corresponds to NEB. Blue spot indicates active blue-light photoactivation. 
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Methods 

Imaging 

S2 Media (Invitrogen) was supplemented with 10% HyClone Bovine Growth Serum (BGS, Thermo 

Scientific SH3054102). The larval brains were dissected in the supplemented S2 media and transferred 

into a m-slide angiogenesis (ibidi). Live samples were imaged with an Andor revolution spinning disc 

confocal system, consisting of a Yokogawa CSU-X1 spinning disk unit and two Andor iXon3 DU-897-BV 

EMCCD cameras. A 60X/1.4NA oil immersion objective mounted on a Nikon Eclipse Ti microscope was 

used for most images. Live imaging voxels sizes are 0.22 X 0.22 X 1 m (60x/1.4NA spinning disc) as 

previously reported102. 

Image processing and quantifications 

I converted raw IQ2 files using Imaris File Converter (Bitplane AG, Switzerland). Single neuroblasts were 

cropped and reoriented in Imaris.  All intensity measurements were performed in Fiji134; I used Matlab to 

automate processes in Fiji using the interface Miji135 and in Imaris using the IceImarisconnector 

(https://github.com/aarpon/IceImarisConnector); all Matlab annotated scripts used in this work are 

freely available on GitHub (https://github.com/GITarnau/optogenetics). Midplanes for image sequences 

and kymographs were generated in Fiji by 

apply bilinear interpolation. Apico-

with a 7-pixel wide line. Pins intensity apical/cytoplasmic ratios were obtained by taking the mean 

intensity on a 7-pixel wide line on the apical cortex divided by the mean intensity of an equally sized 

cytoplasmic region for 2 min (from t=630s to t=750s after NEB). The spindle angle was calculated using 

the angle tool in Fiji with the midzone as mid-anchoring point. 

Statistical analysis  

All statistical analyzes were performed using GraphPad Prism 7. Optogenetics dynamics: activation 

dynamics were obtained using a non-linear regression Sigmoidal, 4PL, X model and deactivation 

dynamics using a one-phase decay non-linear regression. Statistical significance was calculated using a 

two- t test when two columns were compared. For three or more columns, 

one-way ANOVA was performed, followed by Tukey's multiple comparisons test to determine statistical 

significance. Symbol meaning: NS: P>0.05; *: P 0.05; **: P 0.01; ***: P 0.001; ****: P 0.0001. 
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Drug preparation and treatment 

All drugs were prepared in DMSO, neuroblasts were incubated for ~ 25 min before imaging. Flavopiridol 

(Sigma Aldrich) final concentration: 5 µM, colcemid (Sigma Aldrich) final concentration 5 µg/mL. 

Molecular cloning and transgene expression 

All the plasmids were generated using PCR amplification and In-Fusion (Takara, Clontech). Primers, PCR 

template DNA, insertion vectors and injection stocks are detailed in Appendix I, all injections were 

performed by BestGene Inc.  Transgenes were inserted in the multiple cloning site (MCS) of a pUAST-

attb or a pattb vector (Fig.15) as detailed in Appendix I & II, note that inserts and restriction sites are 

detailed in Appendix I & II, but additional details (as shown in Fig. 15) of pUAST-attb and pattb are not 

represented in Appendix II but were present.  

 Sqh expression was under the control of its own regulatory element. UAS fly lines were under 

the control of the UAS136 promoter driven by the NB specific WorGal4 driver. Mira::eGFP endogenous 

tagging was generated by David Salvador Garcia using CRISPR/Cas9 (same target site as for 

Mira::SspB::mScarlet-I, listed in Table 1).  

Optogenetic tagging of proteins 

Anchoring domains (caax, ALD, BLD) were always fused to iLID and proteins of interests were fused to 

SspB R73Q (abbreviated SspB throughout this document) to induce recruitment. Anchoring domains and 

SspB were fused to N and C termini, details for individual constructs are available in Appendices I & II as 

well as Figure 14 (CRISPR design only). 

Crispr constructs 

CRISPR target sites, listed in Table 1, were chosen using the  DRSC  CRISPR  finder  and  Efficiency 

Predictor   (http://www.flyrnai.org/crispr/) (http://www.flyrnai.org/evaluateCrispr/) and  the online tool 

(http://tools.flycrispr.molbio.wisc.edu/targetFinder/). Schematic representation of the strategy for the 

C-terminus optogenetic tagging of Mira, Pins, Polo and Tum is depicted in Fig. 14. Note that dsRed was 

used for screening of successful insertion and was later floxed out by crossing dsRed positive flies to flies 

expressing Cre recombinase 

 In order to target the selected sites, sense and antisense oligonucleotides (Table 2) were 

annealed and ligated into the BbsI sites of pU6-BbsI-chiRNA137 vector (Fig. 13), pU6-BbsI-chiRNA was a 

gift from Melissa Harrison, Kate O'Connor-Giles & Jill Wildonger (Addgene # 45946; 

http://n2t.net/addgene:45946 ). Two target sites were selected for Pins and Polo and one target site 

was selected for Tumbleweed and Miranda (Table 1 & Fig. 14). ChiRNA vectors for Miranda and Pins 
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were generated by David Salvador Garcia and ChiRNA vectors for Polo were generated by Emmanuel 

Gallaud. 

 Homology-directed repair vectors were generated by modification of pDsRed-attP vector (gift 

from Melissa Harrison & Kate O'Connor-Giles & Jill Wildonger (Addgene #51019; 

http://n2t.net/addgene:51019). Modifed pDsRed-attP vectors were flanked by approximatively 1kb 

homology arms to direct homologous recombination. Primers used to generate repair vectors are listed 

in Appendix I (constructs 75-85) and detailed maps are presented in Appendix II (maps 75-85).   

 

Figure 13 | pU6-BbsI-chiRNA vector (adapted from: http://www.addgene.org/45946/) 

 

Table 1 | Crispr chiRNA target sites 

Tumbleweed -GTACAAATACAGCTCGGGGTTGG-  

Miranda - TCGAGTAACCATCGGGGATAAGG-  

Pins - GCGACGAACGCGCACCTGACGGG-  
- GTGCATATCGTTCAATATCATGG-  

Polo 
 

-TCAGTCACCTCGGTGAATATAGG -  
-AGACTGTAGGTGACGCATTCAGG-  

Table 2 | Sense and antisense oligonucleotides for chiRNA target sites 

Tumbleweed Sense -  CTTCGTACAAATACAGCTCGGGGT 

 Antisense -  AAACACCCCGAGCTGTATTTGTAC 

Miranda Sense -  CTTCGTCGAGTAACCATCGGGGATA 

 Antisense -  AAACTATCCCCGATGGTTACTCGAC 

Pins Sense -  CTTCGCGACGAACGCGCACCTGAC 
CTTCGTGCATATCGTTCAATATCA 

 Antisense -  AAACGTCAGGTGCGCGTTCGTCGC 
AAACTGATATTGAACGATATGCAC 

Polo Sense -  CTTCGTCAGTCACCTCGGTGAATAT 
CTTCGAGACTGTAGGTGACGCATTC 

 Antisense -  AAACATATTCACCGAGGTGACTGAC 
AAACGAATGCGTCACCTACAGTCTC 
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Figure 14 | Schematic representation for CRISPR C-terminus endogenous optogenetic tagging. 
(a) Miranda (b) Pins (c) Polo (d) Tumbleweed. RA, RB, RC represent different isoforms. Proteins were 
tagged with SspB alone or fused to mScarlet-I or (e) GFP as represented, dsRed was used for screening 
and floxed out after confirmation of successful insertion. Loci drawn to scale except for the LoxP sites. 
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Figure 15 | Maps of vectors used for generating transgenic lines. Upper panel: pUAST-attb, lower 
panel: pattB, all inserts (detailed in Appendices I & II) were ligated into the respective MCS (green). 
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Table 3 | Recombinant flies generated  

w-; UAS-iLID::GFP::CAAX, WorGal4/cyo; MKRS/TM6B 
 
w-; UAS-iLID::ALD_insc::HA, WorGal4/cyo;MKRS/TM6B 
 
w-; UAS-iLID::BLD_mira::HA, WorGal4/cyo;MKRS/TM6B 
 
w-; IF/cyo;UAS-iLID::CAAX::HA, WorGal4/TM6B 
 
w-; IF/cyo;UAS-iLID::BLD_mira::HA, WorGal4/TM6B 
 
w-; IF/cyo; UAS-iLID::ALD_insc::HA, WorGal4/TM6B 
 
w-; UAS-iLID::CAAX::mScarlet-I, WorGal4/cyo ; MKRS/TM6B 
 
w-; UAS-iLID::mcherry::CAAX, WorGal4/cyo;MKRS/TM6B 
 
w-; UAS-iLID::mcherry::CAAX, WorGal4/cyo;MKRS/TM6B 
 
w-; If/cyo ; Pins::SspB::mScarlet-I, WorGal4, UAS-mCherry::Jupiter/TM6B 
 
w-; Tum::GFP::SspB, Sqh::mScarlet-I/cyo;MKRS/TM6B 
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Appendix I | List of constructs and fly lines generated 

Construct name Primer sequences 5'-> 3' 
Template DNA for 
PCR amplification 

Insertion vector- 
Digested with 

Injected fly 
lines 

1.pUAST-attB-
GFP::iLID::CAAX 

agggaattgggaattcACCGGTCGCCACCATGGAATCCTCTAGCAAAGG
AG GFP     

  GGTACCCTTATACAGTTCATCCATGCC   EcoRI/XbaI VK00018 

  CTGTATAAGGGTACCtacaagggtagtggtagtgg 
pLL7.0: Venus-iLID-
CAAX  pUAS-attP   

  acaaagatcctctagagcggccgcctacataattacacactttgtctttgac (addgene #60411)      
2.pUAST-attB-
SspB::mcherry AGGGAATTGGGAATTCCGCCACCATGAGCTCCCCGAAACGCCC 

pLL7.0: tgRFPt-SSPB 
(addgene #60416) EcoRI/XbaI VK00033 

  CTTGCTCACaccggtACCAATATTCAGCTCGTCATAG   pUAS-attP   

  accggtGTGAGCAAGGGCGAGGAG 

 pSNV2 CHER NLS 
cop1at(335-675) 
(addgene #44972)      

  ACAAAGATCCtctagaTTACTTGTACAGCTCGTCCATG       

3.pUAST-attB-
SspB::FLW_PD GAATATTGGTaccggtatgACGGAGGCGGAGGTGCG 

Gift from Chantal 
Roubinet AgeI/XbaI VK00037 

  acaaagatcctctagattaCTCGGATGGTTTCAGGATCTGG   
pUAST-attB-
SspB::mcherry VK00020 

4.pUAST-attB-SspB::ROK-
CAT GAATATTGGTaccggtatgCCAGCTGGACGAGAAACTG   AgeI/XbaI VK00037 

  acaaagatcctctagattaCGACGGCCGATGGCGGTG Ref.76 
pUAST-attB-
SspB::mcherry VK00020 

5.pUAST-attB-SspB::Pp1-
87B GAATATTGGTaccggtCTCTCGGAGGGCGAGATC Ref.76 AgeI/XbaI VK00037 

  acaaagatcctctagattaGTCGGCTGGCTTGAGGATTTG   
pUAST-attB-
SspB::mcherry VK00020 



 
 

65 

6.pUAST-attB-
SspB::Tumbleweed GAATATTGGTaccggtATGGCGCTCTCCGCATTG 

Gift from D'Avino 
lab 

pUAST-attB-
SspB::mcherry 
AgeI/XbaI VK00037 

  acaaagatcctctagaTTATTTCTTGTGCGCAGATGCC     VK00020 

7.pUAST-attB-
SspB::Miranda_no_BLD GAATATTGGTaccggtGAGCAGGCAAAGACCGCC 

Gift from Chantal 
Roubinet 

pUAST-attB-
SspB::mcherry 
AgeI/XbaI VK00037 

  acaaagatcctctagaCTAGATGTTGCGCGCCTTGAG     VK00020 
8.pUAST-attB-
SspB::mira_no_BLD::mC
herry GAATATTGGTaccggtGAGCAGGCAAAGACCGCC 

Gift from Chantal 
Roubinet 

pUAST-attB-
SspB::mcherry 
AgeI/XbaI VK00037 

  CTTGCTCACCTCGAGGATGTTGCGCGCCTTGAGC     VK00020 
  CTCGAGGTGAGCAAGGGCGAGGAG       
    ACAAAGATCCtctagaTTACTTGTACAGCTCGTCCATG       
9.pUAST-attB-
iLID::ALD_Insc::HA agggaattgggaattc CGCCACCATG tacaagggtagtggtagtg 

pUAST-attB-
GFP::iLID::CAAX   VK00033 

  TGGCGCCATGGTACCgctcccactcccgcttcc   EcoRI/XbaI VK00018 
  GGTACCATGGCGCCACCGCCGTAC       

  
ACA AAG ATC CTC TAG ATT AGG CGT AGT CGG GCA CGT CGT 
AGG GGT AAC CGG TAC CGG CTA CCA AAC TCT C synthesized oligos     

10.pUAST-attB-
iLID::CAAX::HA tagggaattgggaattcCGCCACCatgtacaagggtagtggtagtg 

pUAST-attB-
GFP::iLID::CAAX EcoRI/AgeI VK00033 

  TCGTAGGGGTAACCGGTcataattacacactttgtctttgac   
pUAST-attB-
iLID::ALD_Insc::HA VK00018 

11.pUAST-attB-
iLID::BLD_mira::HA agggaattgggaattc CGCCACCATG tacaagggtagtggtagtg 

pUAST-attB-
GFP::iLID::CAAX EcoRI/AgeI VK00033 

  GAAAGACATCTCGAGgctcccactcccgcttcc     VK00018 

  CTCGAGATGTCTTTCTCCAAGGCCAAGTTG 
pUAST-attB-
iLID::ALD_Insc::HA 

pUAST-attB-
iLID::ALD_Insc::HA   

  TCGTAGGGGTAACCGGTCAGGCTGCAGTGCTCGCG       
  Primer sequence 5'-> 3'   Insertion vector VK00033 
12.pUAST-attB-
iLID::PACT::HA gagtgggagcCTCGAGgcAAAGAAATGCGAAGAGTTGg Manuscript III  

pUAST-attB-
iLID::BLD_mira::HA VK00018 
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  TCGTAGGGGTAACCGGTATGATGCAGCGCATGCGC   XhoI/Age I   
13.pUAST-attB-
iLID::Vt::HA gagtgggagcCTCGAGgagttcccagagcagaaag Ref.102 

pUAST-attB-
iLID::BLD_mira::HA VK00033 

  TCGTAGGGGTAACCGGTctgataccatggggtctttc   XhoI/Age I VK00018 
14.pUAST-attB-
PhyB::mcherry::CAAX AGGGAATTGGGAATTCcgccaccatggtatcaggtg 

PhyB::mcherry::CAA
X99 

pUAST-attB-
SspB::mcherry VK00033 

  acaaagatcctctagaTTAcatgataacacacttggtttttg   EcoRI/XbaI VK00037 

15.pUAST-attB-
PIF6::eGFP AGGGAATTGGGAATTCCGCCACCATGATGTTCCTTC PIF6::eGFP99 

pUAST-attB-
SspB::mcherry VK00033 

  acaaagatcctctagaTTActtgtacagctcgtccatg   EcoRI/XbaI VK00037 

16.pUAST-attB-mRuby3 AGGGAATTGGGAATTCatgGTGTCTAAGGGCGAAG   
pUAST-attB-
SspB::mcherry not injected 

  acaaagatcctctagaTTACTTGTACAGCTCGTCCATG   EcoRI/XbaI   
17.pUAST-attB-
SspB::Tumbleweed::mch
erry GAATATTGGTaccggtATGGCGCTCTCCGCATTG 

pUAST-attB-
SspB::Tumbleweed 

pUAST-attB-
SspB::miranda::mCherr
y VK00020 

  CCTTGCTCACCTCGAGTTTCTTGTGCGCAGATGCCG   AgeI/XhoI VK00020 

18.pUAST-attB-
SspB::ROK-CAT::mCherry GAATATTGGTaccggt atgCCAGCTGGACGAGAAACTGTG 

pUAST-attB-
SspB::ROK-CAT 

pUAST-attB-
SspB::miranda::mCherr
y VK00020 

  CCTTGCTCACCTCGAG CGACGGCCGATGGCGGTG   AgeI/XhoI VK00020 

19.pUAST-attB-
SspB::FLW_PD::mCherry GAATATTGGTaccggt atgACGGAGGCGGAGGTG 

pUAST-attB-
SspB::FLW_PD 

pUAST-attB-
SspB::miranda::mCherr
y VK00020 

  CCTTGCTCACCTCGAGCTCGGATGGTTTCAGGATCTGG    AgeI/XhoI VK00020 

20.pUAST-attB-
SspB::Tumbleweed::GFP GCACAAGAAACTCGAGATGGAATCCTCTAGCAAAGG 

 pUAST-attB-
GFP::iLID::CAAX 

pUAST-attB-
SspB::Tum::mCherry VK00020 

  acaaagatcctctagattaCTTATACAGTTCATCCATGCCATG   XbaI/XhoI   
21.pUAST-attB-
SspB::ROK-CAT::GFP CTCGAGCGACGGCCGATGG     VK00020 

  TCGGCCGTCGCTCGAGATGGAATCCTCTAGCAAAGG 
 pUAST-attB-
GFP::iLID::CAAX 

pUAST-attB-SspB::ROK-
CAT::mCherry VK00020 
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  acaaagatcctctagattaCTTATACAGTTCATCCATGCCATG   AgeI/XbaI   
22.pUAST-attB-
SspB::mira_no_BLD_mira
::GFP GCGCAACATCCTCGAGATGGAATCCTCTAGCAAAGG 

 pUAST-attB-
GFP::iLID::CAAX 

pUAST-attB-
SspB::miranda::mCherr
y VK00020 

  acaaagatcctctagattaCTTATACAGTTCATCCATGCCATG   XbaI/XhoI   
23.pUAST-attB-
iLID::Vt::GFP atggtatcagACCGGTATGGAATCCTCTAGCAAAGG 

pUAST-attB-
GFP::iLID::CAAX   VK00020 

  acaaagatcctctagattaCTTATACAGTTCATCCATGCCATG   AgeI/XbaI VK00020 
24.pUAST-attB-
iLID::PACT::GFP GCTGCATCATACCGGTATGGAATCCTCTAGCAAAGG 

pUAST-attB-
GFP::iLID::CAAX   VK00020 

  acaaagatcctctagattaCTTATACAGTTCATCCATGCCATG   AgeI/XbaI   
25.pUAST-attB-
iLID::Sqh::HA gagtgggagcCTCGAGATGTCATCCCGTAAGACCG pattB-sqh::eGFP102 

pUAST-attB-
iLID::PACT::HA VK00020 

  CGTAGGGGTAACCGGTCTGCTCATCCTTGTCCTTGG   XhoI/AgeI   

26.pUAST-attB-
iLID::Sqh::mCherry GGATGAGCAGACCGGTGTGAGCAAGGGCGAGGAG 

pUAST-attB-
SspB::mira_no_BLD_
mira::mCherry 

pUAST-attB-
iLID::Sqh::HA VK00020 

  acaaagatcctctagattaCTTGTACAGCTCGTCCATG   AgeI/XbaI VK00020 
          
27.pUAST-attB-
iLID::Sqh::mRuby3 GGATGAGCAGACCGGTGTGTCTAAGGGCGAAGAGC 

pUAST-
attB::mRuby3 

pUAST-attB-
iLID::Sqh::HA VK00020 

  acaaagatcctctagattaCTTGTACAGCTCGTCCATG   AgeI/XbaI   
28.pUAST-attB-
iLID::Sqh::GFP gagtgggagcCTCGAGATGTCATCCCGTAAGACCG pattB-sqh::eGFP102  

pUAST-attB-
iLID::PACT::HA VK00020 

  acaaagatcctctagaTTAttacttgtacagctcgtccatg   XhoI/XbaI   

29.pUAST-attB-
mCherry::iLID::CAAX agggaattgggaattcACCGGTCGCCACCATGgtgtctaaaggcgaggag 

pUAST-
attB_PhyB::mCherry
::CAAX 

pUAST-attB-
GFP::iLID::CAAX VK00018 

  ccactacccttgtaGGTACCcttgtacaattcatccatgcc   EcoRI/KpnI VK00033 

30.pUAST-attB-
mRuby3::iLID::CAAX 

agggaattgggaattcACCGGTCGCCACCATGGTGTCTAAGGGCGAAGA
G pUAST-attB-mRuby3 

pUAST-attB-
GFP::iLID::CAAX VK00018 

  ccactacccttgtaGGTACCCTTGTACAGCTCGTCCATG   EcoRI/KpnI VK00033 
31.pUAST-attB-mScarlet-
I::iLID::CAAX agggaattgggaattcACCGGTCGCCACCatggtgagcaagggcgag mScarlet-I138 

pUAST-attB-
GFP::iLID::CAAX VK00018 
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  ccactacccttgtaGGTACCcttgtacagctcgtccatgc   EcoRI/KpnI VK00033 
32.pUAST-attB-
SspB::Tumbleweed::mRu
by3 GCACAAGAAACTCGAG GTGTCTAAGGGCGAAGAG pUAST-attB-mRuby3 

pUAST-attB-
SspB::Tumbleweed::GF
P VK00037 

  acaaagatcctctagatta CTTGTACAGCTCGTCCATG   XhoI/XbaI   
33.pUAST-attB-
SspB::Tumbleweed::mSc
arlet-I GCACAAGAAACTCGAG atggtgagcaagggcgag mScarlet-I 

pUAST-attB-
SspB::Tumbleweed::GF
P VK00020 

  acaaagatcctctagattacttgtacagctcgtccatg   XhoI/XbaI VK00020 

34.pattB-Sqh::iLID GTCGACGGTggcgcgcctGTCGCCACCtacaagggtagtggtagtggggag 
pUAST-attB-
iLID::Sqh::mCherry 

pattB-Sqh::mDendra2 
(roubinet et al) VK00020 

  TGGGGATCCgcggccgcTTAggtaccgctcccactcccgcttcc   AscI/NotI VK00020 

35.pattB-
Sqh::iLID::mcherry gcgggagtgggagcggtaccGTGAGCAAGGGCGAGGAG 

pUAST-attB-
iLID::Sqh::mCherry pattB-Sqh::iLID VK00020 

  TGGGGATCCgcggccgc ttaCTTGTACAGCTCGTCCATGC   KpnI/NotI   
36.pattB-
Sqh::iLID::mRuby3 gcgggagtgggagcggtaccGTGTCTAAGGGCGAAGAGC 

pUAST-attB-
iLID::Sqh::mRuby3 pattB-Sqh::iLID VK00020 

  TGGGGATCCgcggccgc ttaCTTGTACAGCTCGTCCATG   KpnI/NotI   

37.pattB-
Sqh::iLID::mScarlet gcgggagtgggagcggtaccatggtgagcaagggcgag 

pUAST-attB-
SspB::Tumbleweed::
mScarlet-I pattB-Sqh::iLID VK00020 

  TGGGGATCCgcggccgcttacttgtacagctcgtccatgc   KpnI/NotI   

38.pUAST-attB-
SspB::PAV-BD::mRuby3 GAATATTGGTaccggtATGGC 

pUAST-attB-
SspB::Tumbleweed::
mRuby3 

pUAST-attB-
SspB::Tumbleweed::mR
uby3 VK00037 

  CCTTAGACACCTCGAGGTCGCCCATTTTGGTCAAC   AgeI/XhoI    

39.pUAST-attB-
SspB::PAV-BD::mScarlet-I GAATATTGGTaccggtATGGC 

pUAST-attB-
SspB::Tumbleweed::
mRuby3 

pUAST-attB-
SspB::Tumbleweed::mS
carlet-I VK00020 

  tgctcaccatCTCGAGGTCGCCCATTTTGGTCAAC   AgeI/XhoI    

40.pUAST-attB- GAATATTGGTaccggtCTGGAGGGCAAACTCTTTC pUAST-attB- pUAST-attB- VK00037 
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-
BD::mRuby3 

SspB::Tumbleweed::
mRuby3 

SspB::Tumbleweed::mR
uby3 

  CCTTAGACACCTCGAGTTTCTTGTGCGCAGATGC   AgeI/XhoI   
41.pUAST-attB-

-
BD::mScarlet-I GAATATTGGTaccggtCTGGAGGGCAAACTCTTTC 

pUAST-attB-
SspB::Tumbleweed::
mRuby3 

pUAST-attB-
SspB::Tumbleweed::mS
carlet-I VK00020 

  tgctcaccatCTCGAGTTTCTTGTGCGCAGATGC   AgeI/XhoI   
42.pUAST-attB-

-BD-
-BD::mScarlet-I GAATATTGGTaccggtCTGCTGCGACACGAGCGCAATCTG 

pUAST-attB-
SspB::Tumbleweed::
mRuby3 

pUAST-attB-
SspB::Tumbleweed::mS
carlet-I VK00020 

  tgctcaccatCTCGAGTTTCTTGTGCGCAGATGCCGGC   AgeI/XhoI    
43.pUAST-attB-

-BD-
-BD*NLS::mScarlet-I GAATATTGGTaccggtCTGCTGCGACACGAGCGC 

pUAST-attB-
SspB::Tum*NLS::mSc
arlet-I 

pUAST-attB-
SspB::Tumbleweed::mS
carlet-I VK00020 

  tgctcaccatCTCGAGTTTCTTGTG   AgeI/XhoI    
44.pUAST-attB-

-
BD*NLS::mScarlet-I GAATATTGGTaccggt CTGGAGGGCAAACTCTTTC 

pUAST-attB-
SspB::Tum*NLS::mSc
arlet-I 

pUAST-attB-
SspB::Tumbleweed::mS
carlet-I VK00037 

  tgctcaccatCTCGAGTTTC   AgeI/XhoI  VK00020 
45.pUAST-attB-
SspB::Tum*NLS::mScarle
t-I GAATATTGGTaccggtATGGC 

pUAST-attB-
SspB::Tumbleweed::
mRuby3 

pUAST-attB-
SspB::Tumbleweed::mS
carlet-I VK00037 

  cgccgccgcCGACGAGGGCAGTGTGTGCAGAAAGGCC   AgeI/XhoI  VK00020 
  TCGTCGgcggcggcg AAGTCCCTGAATGCCGTGCGG       
  tgctcaccatCTCGAGTTTCTTGTGCGCAGATGCCGGC       

46.pUAST-attB-
SspB::GAP::mScarlet-I GAATATTGGTaccggtCCATCTATTGCACCCATGATCC 

pUAST-attB-
SspB::Tumbleweed::
mRuby3 

pUAST-attB-
SspB::Tumbleweed::mS
carlet-I VK00020 

  tgctcaccatCTCGAGCCAGAACGAAACGGGCAG   AgeI/XhoI    
47.pUAST-attB-
SspB::RhoAV14::mScarlet
-I GAATATTGGTaccggtATGACGACGATTCGCAAG RhoAv14 

pUAST-attB-
SspB::Tumbleweed::mS
carlet-I VK00020 

  tgctcaccatCTCGAGGAGCAAAAGGCATCTGGTC   AgeI/XhoI    
48.pUAST-attB-
SspB::RhoA_V14::GFP CCTTTTGCTCCTCGAGATGGAATCCTCTAGC 

pUAST-attB-
SspB::Tumbleweed::

pUAST-attB-
SspB::Tum_RhoA_V14:: VK00020 
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GFP mScarlet-I 

  acaaagatcctctagattaCTTATACAG   XhoI/XbaI   

49.pUAST-attB-
SspB::RhoA_V14 GAATATTGGTaccggtATGACGACGATTCGCAAG 

RCAS(A) dRhoA V14 
(CT#846) addgene 
#13949 

pUAST-attB-
SspB::Tum_RhoA_V14::
mScarlet-I not injected 

  acaaagatcctctagatta GAGCAAAAGGCATCTGGTC  AgeI/XbaI    
50.pUAST-attB-mScarlet-
I-asLOV2-Vhh-asLOV2-
CAAX acgagctgtacaagGGTACC tacaagggtagtgg 

pUAS-attB-mScarlet-
I::iLID::CAAX 

pUAST-attB-mScarlet-
I::iLID::CAAX VK00033 

  ctcagcaatctgaaaggctg   KpnI/XbaI   
  tttcagattgctgagATGGATCAAGTCCAACTGGTG Ref.139     
  acgcgtgctcccactcccgcttccaaactcgag GCTGGAGACGGTGACCTG       

  
agtgggagcacgcgtaaaaagaagaaaaagaagtcaaagacaaagtgtgtaattatgt
aggcggccgctctagaggatctttgt synthetized oligos     

  
acaaagatcctctagagcggccgcctacataattacacactttgtctttgacttctttttctt
ctttttacgcgtgctcccact       

51.pUAST-attB-SspB::Pbl-
BD::mScarlet-I agggaattgggaattccgc 

pUAST-attB-
SspB::Tum- -
BD::mScarlet-I AgeI/XhoI VK00037 

  tgctcaccatCTCGAGATCTGCCACAGCCATGATC   
pUAST-attB-SspB::Tum-

-BD::mScarlet-I   
52.pUAST-attB-
SspB::PblA-DH::mScarlet-
I GAATATTGGTaccggtCGCTTTAATCACTTTATGGAC 

pUAST-HA, Pbl-A 
(Addgene #69792)140  AgeI/XhoI VK00037 

  tgctcaccatCTCGAG GATGTGCAGTGTCACCTG  
pUAST-attB-SspB::Tum-

-BD::mScarlet-I   
53.pUAST-attB-
SspB::PblA-DH-
PH::mScarlet-I GAATATTGGTaccggtCGCTTTAATCACTTTATGGAC 

pUAST-HA, Pbl-A 
(Addgene #69792)140 Age/XhoI VK00037 

  tgctcaccatCTCGAG CAAAAGTTTGTCCGCATCAG  
pUAST-attB-SspB::Tum-

-BD::mScarlet-I   

54.pUAST-attB-
-BD::GFP GCACAAGAAACTCGAGATGGAATCCTCTAGC 

pUAST-attB-
SspB::RhoA_V14::GF
P 

pUAST-attB-SspB::Tum-
-BD::mScarlet-I not injected 

  acaaagatcctctagattaCTTATACAG   XbaI/XhoI   

55.pUAST-attB- GCACAAGAAACTCGAGATGGAATCCTCTAGC pUAST-attB- pUAST-attB- not injected 
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-BD-
-BD::GFP 

SspB::RhoA_V14::GF
P 

-BD-
-BD::mScarlet-I 

  acaaagatcctctagattaCTTATACAG   XbaI/XhoI   
56.pUAST-attB-

-BD-
-BD*NLS::GFP GCACAAGAAACTCGAGATGGAATCCTCTAGC 

pUAST-attB-
SspB::RhoA_V14::GF
P 

pUAST-attB-
-BD-

-BD*NLS not injected 
  acaaagatcctctagattaCTTATACAG   XbaI/XhoI   
57.pUAST-attB-

-
BD*NLS::GFP GCACAAGAAACTCGAGATGGAATCCTCTAGC 

pUAST-attB-
SspB::RhoA_V14::GF
P 

pUAST-attB-
-

BD*NLS::mScarlet-I VK00020 
  acaaagatcctctagattaCTTATACAG   XbaI/XhoI   

58.pUAST-attB-
SspB::Tum*NLS::GFP GCACAAGAAACTCGAGATGGAATCCTCTAGC 

pUAST-attB-
SspB::RhoA_V14::GF
P 

pUAST-attB-
SspB::Tum*NLS::mScarl
et-I VK00020 

  acaaagatcctctagattaCTTATACAG   XbaI/XhoI   

59.pUAST-attB-
SspB::GAP::GFP TTCGTTCTGGCTCGAGATGGAATCCTCTAGC 

pUAST-attB-
SspB::RhoA_V14::GF
P 

pUAST-attB-
SspB::GAP::mScarlet-I not injected 

  acaaagatcctctagattaCTTATACAG   XbaI/XhoI   

60.pUAST-attB-
-BD::HA 

GCACAAGAAACTCGAGTACCCCTACGACGTGCCCGACTACGCCTAA
tctagaggatctttgt synthesized oligos 

pUAST-attB-SspB::Tum-
-BD::mScarlet-I not injected 

  
acaaagatcctctagaTTAGGCGTAGTCGGGCACGTCGTAGGGGTACTC
GAGTTTCTTGTGC   XbaI/XhoI   

61.pUAST-attB-
-BD-

-BD::HA 
GCACAAGAAACTCGAGTACCCCTACGACGTGCCCGACTACGCCTAA
tctagaggatctttgt synthesized oligos 

pUAST-attB-
-BD-

-BD::mScarlet-I not injected 

  
acaaagatcctctagaTTAGGCGTAGTCGGGCACGTCGTAGGGGTACTC
GAGTTTCTTGTGC   xbaI/XhoI   

62.pUAST-attB-
-BD-

-BD*NLS::HA 
GCACAAGAAACTCGAGTACCCCTACGACGTGCCCGACTACGCCTAA
tctagaggatctttgt synthesized oligos 

pUAST-attB-
-BD-

-BD*NLS not injected 

  
acaaagatcctctagaTTAGGCGTAGTCGGGCACGTCGTAGGGGTACTC
GAGTTTCTTGTGC   XbaI/XhoI   
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63.pUAST-attB-
-

BD*NLS::HA 
GCACAAGAAACTCGAGTACCCCTACGACGTGCCCGACTACGCCTAA
tctagaggatctttgt synthesized oligos 

pUAST-attB-
-

BD*NLS::mScarlet-I VK00020 

  
acaaagatcctctagaTTAGGCGTAGTCGGGCACGTCGTAGGGGTACTC
GAGTTTCTTGTGC   XbaI/XhoI   

64.pUAST-attB-
SspB::Tum*NLS::HA 

GCACAAGAAACTCGAGTACCCCTACGACGTGCCCGACTACGCCTAA
tctagaggatctttgt synthesized oligos 

pUAST-attB-
SspB::Tum*NLS::mScarl
et-I VK00020 

  
acaaagatcctctagaTTAGGCGTAGTCGGGCACGTCGTAGGGGTACTC
GAGTTTCTTGTGC   XbaI/XhoI   

65.pattB-Sqh::SspB GTCGACGGTggcgcgcc tgtCGCCACCATGAGCTCC 
pUAST-attB-
SspB::_FLW_PD pattB-Sqh::iLID VK00020 

  TCCgcggccgcTTAggtacc ACCAATATTCAGCTCGTCATAG   XbaI/XhoI   
66.pattB-
Sqh::SspB::mScarlet-I GTCGACGGTggcgcgcc tgtCGCCACCATGAGCTCC 

pUAST-attB-
SspB::_FLW_PD 

pattB-
Sqh::iLID::mScarlet VK00020 

  cccttgctcaccatggtacc ACCAATATTCAGCTCGTCATAG   AscI-/KpnI VK00037  
67.pattB-
Sqh::SspB::eGFP GTCGACGGTggcgcgcc tgtCGCCACCATGAGCTCC 

pUAST-attB-
SspB::FLW_PD pattB-Sqh::iLID VK00020 

   cttgctcacACCggtACCAATATTCAGCTCGTCATAG   NotI/AscI   

  accGGTgtgagcaagggcgagg 
pUAST-attB-
PIF6::eGFP     

  TCCgcggccgcTTAggtacc cttgtacagctcgtccatgc       

68.pUAST-attB-
SspB::ROK-CAT::GFP GAATATTGGTaccggtatgCCAGC 

pUAST-attB-
SspB::ROK-CAT 

pUAST-attB-
SspB::Tumbleweed::GF
P   

  agaTCTCGACGGCCGATGGCG   AgeI/XbaI  not injected 

  CGGCCGTCGAGAtctATGGAATCCTCTAGCAAAGGAG 

pUAST-attB-
SspB::Tumbleweed::
GFP     

  acaaagatcctctagattaCTTATACAGTTC       
69.pUAST-attB-mScarlet-
I::GFP agggaattgggaattcACCG 

pUAST-attB-
GFP::iLID::CAAX 

pUAST-attB-SspB::Tum-
-BD::mScarlet-I not injected 

  tgctcaccatCTCGAGGGTACCCTTATACAGTTCATCCATG   EcoRI/XhoI   
70.pUAST-attB-
ALD_Insc::HA::vhhGFP4 agggaattgggaattccgccacc ATGGCGCCACCGCCGTAC 

pUAST-attB-
iLID::ALD_Insc::HA 

pUAST-attB-
SspB::RhoA_V14::GFP VK00037 

  GGCGTAGTCGGGCACGTCG   XbaI/EcoRI VK00020 
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  GTGCCCGACTACGCCacgcgtATGGATCAAGTCCAACTGGTGG 

pUAST-attB-
mScarlet-I-asLOV2-
Vhh-asLOV2-CAAX     

  acaaagatcctctagatta ctcgagGCTGGAGACGG       
71.pUAST-
attB_BLD_Stau::HA::vhh
GFP4 agggaattgggaattc cgccaccATGcg acgggaattcgttatggagg BLD_Stau102  

pUAST-
attB_ALD::HA::vhhGFP4 VK00020 

  CGTAGGGGTAACCGGTtttcatggcattgttgagcc   AgeI/EcorI->  VK00037 

72.pUAST-attB-
vhhGFP4::CAAX agggaattgggaattccgccacc ATGGATCAAGTCCAACTGGTG 

pUAST-attB-
mScarlet-I-asLOV2-
Vhh-asLOV2-CAAX 

pUAST-attB-mScarlet-I-
asLOV2-Vhh-asLOV2-
CAAX VK00020 

  tcttctttttacgcgt GCTGGAGACGGTGACCTG   MluI/ageI-> VK00037 
73.pUAST-
attB_PACT::vhhGFP4 agggaattgggaattc cgccaccATGgcAAAGAAATGCGAAGAGTTGGG 

pUAST-attB-
iLID::PACT::HA 

pUAST-
attB_ALD::HA::vhhGFP4 VK00027 

  CGTAGGGGTAACCGGTatgatg   AgeI/EcorI VK00037 

74.pUAST-
attB::iLID::BLD_Stau::HA gagtgggagcCTCGAG ATGcgacgggaattcgttatg 

pUAST-
attB_BLD_mira::HA::
vhhGFP4 

pUAST-attB-
iLID::BLD_mira::HA VK00018 

  CGTAGGGGTAACCGGT tttc   VK00033   
75.pHD-
Mira::SspB::mScarlet::Ds
Red 

GCGCAACATCtggccgcggacatatggtagtgccccaactggggtaacctttgagtt
ctctcagttgggggcgtacc synthetized oligos 

pHD-Mira::eGFP::DsRed 
(unpublished. D. 
Salvador Garcia) 

lig4/lig4; 
nosCas9  

  
ggtacgcccccaactgagagaactcaaaggttaccccagttggggcactaccatatgtcc
gcggccaGATGTTGCGC   SacII/MluI   

  agttgggggcgtaccgctctagaggtgttatgAGCTCCCCGAAACGC 

pattB-
Sqh::SspB::mScarlet-
I     

  gtttaaacgcacgcgtgc cttgtacagctcgtccatgcc         

76.pHD-
Mira::SspB::DsRed  

GCGCAACATCtggccgcggacatatggtagtgccccaactggggtaacctttgagtt
ctctcagttgggggcgtacc syntetized oligos 

pHD-Mira::eGFP::DsRed 
(unpublished. D. 
Salvador Garcia) not injected 

  
ggtacgcccccaactgagagaactcaaaggttaccccagttggggcactaccatatgtcc
gcggccaGATGTTGCGC   SacII/MluI   

  agttgggggcgtaccgctctagaggtgttatgAGCTCCCCGAAACGC 
pattB-
Sqh::SspB::eGFP     

  gtttaaacgcacgcgtgcACCAATATTCAGCTCGTCATAGATTTC       



 
 

74 

77.pHD-
Pins::SspB::mScarlet::DsR
ed  AGCTGGAAAGtgg ccgcggacatatggtagtg   pHD-PINS::eGFP::DsRed  

Act5C-Cas9, 
Lig4;; (BL 
58492) 

  GGGGCGTAGacc gtttaaacgcacgcgtgc 

pHD-
Mira::SspB::mScarlet
-I::DsRed  SacII/PmeI   

78.pHD-
Pins::SspB::eGFP::DsRed  ggcgtaccgctctaga  ggtgtt atgAGCTCCCCGAAACG   

pHD-
Pins::SspB::mScarlet::Ds
Red 

Act5C-Cas9, 
Lig4;; (BL 
58492) 

  GGGGCGTAGacc gtttaaacgcacgcgtgccttgtacagctcgtccatg 
pattB-
Sqh::SspB::eGFP XbaI/PmeI   

79.pHD-
SspB::Pins::DsRed  AGCTGGAAAGtgg ccgcggacatatggtagtg   

pHD-eGFP-DsRed + Pins 
- After Sequence Report 

Act5C-Cas9, 
Lig4;; (BL 
58492) 

  GGGGCGTAGacc gtttaaacgcacgcgtgc 
pHD-
SspB::Mira::DsRed  SacII/PmeI   

80.pHD-SspB::DsRed accgcgagctacgcgtcAGCTCCCCGAAACGCCCTAAG 
pUAST-attB-
SspB::Tum::GFP 

pHD-mRuby3::DsRed 
(unpublished) not injected 

  GGGCGTAGaccgtttaaacACCAATATTCAGCTCGTCATAGATTTC   MluI/PmeI   

81.pHD-
Tum::SspB::DsRed-5'HA GAAGCAGGTGgaattc  GCGTGGCGACAATTGCGTTC Genomic DNA pHD-SspB::DsRed 

Intermediate 
vector- not 
injected 

  catatgtccgcggccgc at TTTCTTGTGCGCAGATGCCG   BglII/XhoI   

  

GCactagtaaagatctCGAGACTTTCCTTGTTGGAAAGCATTTGACGTGT
TACTTAAGTTTACTTCAAGTATTTTGCAAGTTTTTTGTTTCCGGCCAG
atAACCCCGAGCTGTAT synthetized oligos     

  

ATACAGCTCGGGGTTatCTGGCCGGAAACAAAAAACTTGCAAAATA
CTTGAAGTAAACTTAAGTAACACGTCAAATGCTTTCCAACAAGGAA
AGTCTCGagatctttactagtGC       

82.pHD-
Tum::SspB::DsRed GAAGCAGGTGgaattc  GCGTGGCGACAATTGCGTTC   

pHD-Tum::SspB::DsRed-
5'HA 

Act5C-Cas9, 
Lig4;; (BL 
58492) 

  catatgtccgcggccgc at TTTCTTGTGCGCAGATGCCG   NotI/EcoRI   

83.pHD-Tum::mScarlet-
I::SspB::DsRed GAAGCAGGTGgaattc  GCGTGGCGACAATTGCGTTC Genomic DNA 

pHD-Tum::SspB::DsRed-
5'HA 

Act5C-Cas9, 
Lig4;; (BL 
58492) 

  TTTCTTGTGCGCAGATGCCG      



 
 

75 

  TCTGCGCACAAGAAA atggtgagcaagggcgag 

pUAST-attB-
SspB::Tum::mScarlet
-I    

  catatgtccgcggccgc at cttgtacagctcgtccatgc   NotI/EcoRI   

84.pHD-Tum::GFP::SspB-
DsRed GAAGCAGGTGgaattc  GCGTGGCGACAATTGCGTTC Genomic DNA 

pHD-Tum::SspB::DsRed-
5'HA 

Act5C-Cas9, 
Lig4;; (BL 
58492) 

  TTTCTTGTGCGCAGATGCCG      

  TCTGCGCACAAGAAA ATGGAATCCTCTAGCAAAGG 
pUAST-attB-
iLID::PACT::GFP    

  catatgtccgcggccgc at CTTATACAGTTCATCCATGCC   NotI/EcoRI   

85.pHD-polo::mScarlet-
I::SspB::DsRed tgggggcgtaccgcgagctc ggtgtt atggtgagcaagggcgag 

pUAST-attB-
SspB::PblA-
PH::mScarlet-I   

  

  tctagacttgtacagctcgtccatgc       

  ctgtacaagtctagaAGCTCCCCGAAACGCC   pHD-Polo::eGFP::DsRed nosCas9/Cyo 

  gtttaaacgcacgcgtgcACCAATATTCAGCTCGTCATAGATTTC   SacI/MluI   
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Appendix II | Constructs generated simplified maps 

1.pUAST-attB-GFP::iLID::CAAX 

 

 

2.pUAST-attB-SspB::mcherry 
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3.pUAST-attB-SspB::FLW_PD

 
 
 
 

 
 

4.pUAST-attB-SspB::ROK-CAT
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5.pUAST-attB-SspB::Pp1-87B

 

6.pUAST-attB-SspB::Tumbleweed 
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7.pUAST-attB-SspB::Miranda_no_BLD 

 

8.pUAST-attB-SspB::mira_no_BLD::mCherry 
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9.pUAST-attB-iLID::ALD_Insc::HA 

 

10.pUAST-attB-iLID::CAAX::HA 
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11.pUAST-attB-iLID::BLD_mira::HA 

 

12.pUAST-attB-iLID::PACT::HA 
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13.pUAST-attB-iLID::Vt::HA 

 

14.pUAST-attB-PhyB::mcherry::CAAX 
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15.pUAST-attB-PIF6::eGFP 

 
 
 
 
 

16.pUAST-attB-mRuby3 
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17.pUAST-attB-SspB::Tumbleweed::mcherry 

 

18.pUAST-attB-SspB::ROK-CAT::mCherry 
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19.pUAST-attB-SspB::FLW_PD::mCherry 

 

20.pUAST-attB-SspB::Tumbleweed::GFP 
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21.pUAST-attB-SspB::ROK-CAT::GFP 

 

22.pUAST-attB-SspB::mira_no_BLD_mira::GFP 
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23.pUAST-attB-iLID::Vt::GFP 

 

24.pUAST-attB-iLID::PACT::GFP 
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25.pUAST-attB-iLID::Sqh::HA 

 

26.pUAST-attB-iLID::Sqh::mCherry 
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27.pUAST-attB-iLID::Sqh::mRuby3 

 

28.pUAST-attB-iLID::Sqh::GFP 
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29.pUAST-attB-mCherry::iLID::CAAX 

 

30.pUAST-attB-mRuby3::iLID::CAAX 
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31.pUAST-attB-mScarlet-I::iLID::CAAX 

 

32.pUAST-attB-SspB::Tumbleweed::mRuby3 
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33.pUAST-attB-SspB::Tumbleweed::mScarlet-I 

 

34.pattB-Sqh::iLID 
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35.pattB-Sqh::iLID::mcherry 

 

36.pattB-Sqh::iLID::mRuby3 
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37.pattB-Sqh::iLID::mScarlet 

 

38.pUAST-attB-SspB::PAV-BD::mRuby3 
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39.pUAST-attB-SspB::PAV-BD::mScarlet-I 

 

40.pUAST-attB- -BD::mRuby3 
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41.pUAST-attB- -BD::mScarlet-I 

 

42.pUAST-attB- -BD- -BD::mScarlet-I 
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43.pUAST-attB- -BD- -BD*NLS::mScarlet-I 

 

44.pUAST-attB- -BD*NLS::mScarlet-I 
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45.pUAST-attB-SspB::Tum*NLS::mScarlet-I 

 

46.pUAST-attB-SspB::GAP::mScarlet-I 
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47.pUAST-attB-SspB::RhoAV14::mScarlet-I 

 

48.pUAST-attB-SspB::RhoA_V14::GFP 
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49.pUAST-attB-SspB::RhoA_V14 

 

50.pUAST-attB-mScarlet-I-asLOV2-Vhh-asLOV2-CAAX 
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51.pUAST-attB-SspB::Pbl-BD::mScarlet- 

 

52.pUAST-attB-SspB::PblA-DH::mScarlet-I 
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53.pUAST-attB-SspB::PblA-DH-PH::mScarlet-I 

 

54.pUAST-attB- -BD::GFP 
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55.pUAST-attB- -BD- -BD::GFP 

 

56.pUAST-attB- -BD- -BD*NLS::GFP 
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57.pUAST-attB- -BD*NLS::GFP 

 

58.pUAST-attB-SspB::Tum*NLS::GFP 
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59.pUAST-attB-SspB::GAP::GFP 

 

60.pUAST-attB- -BD::HA 
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61.pUAST-attB- -BD- -BD::HA 

 

62.pUAST-attB- -BD- -BD*NLS::HA 
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63.pUAST-attB- -BD*NLS::HA 

 

64.pUAST-attB-SspB::Tum*NLS::HA 

 



 
 

108 

65.pattB-Sqh::SspB 

 

66.pattB-Sqh::SspB::mScarlet-I 
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67.pattB-Sqh::SspB::eGFP 

 

68.pUAST-attB-SspB::ROK-CAT::GFP 
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69.pUAST-attB-mScarlet-I::GFP 

 

70.pUAST-attB-ALD_Insc::HA::vhhGFP4 
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71.pUAST-attB_BLD_Stau::HA::vhhGFP4 

 

72.pUAST-attB-vhhGFP4::CAAX 
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73.pUAST-attB_PACT::vhhGFP4 

 

74.pUAST-attB::iLID::BLD_Stau::HA 
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75.pHD-Mira::SspB::mScarlet::DsRed

 

76.pHD-Mira::SspB::DsRed 
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77.pHD-Pins::SspB::mScarlet::DsRed 

 

78.pHD-Pins::SspB::eGFP::DsRed 
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79.pHD-SspB::Pins::DsRed 

 
 
 
 
 
 

80.pHD-SspB::DsRed 

 
 
 
 
 
 
 
 
 
 
 



 
 

116 

 
82.pHD-Tum::SspB::DsRed

 
 
 
 
 
 

 
83.pHD-Tum::mScarlet-I::SspB::DsRed 
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84.pHD-Tum::GFP::SspB-DsRed 

 

85.pHD-polo::mScarlet-I::SspB::DsRed 
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Specific contribution to each manuscript 

Manuscript I | Spatio-temporally separated cortical flows and spindle geometry establish 
physical asymmetry in fly neural stem cells 

For this manuscript I performed Fluorescence Recovery After Photobleaching (FRAP) 

experiments. More specifically, I bleached a subcortical region of cortical Myo during mitosis 

and measured the recovery using Kymographs. The Kymographs were also used to show the 

dynamics and directionality of the flow. A membrane marker was bleached together with Myo 

and did not show the recovery corresponding to a flow, confirming that Myos was flowing. 

The speed of the flow was also calculated on the kymographs (see Roubinet et al. methods).  

The results of these experiments are shown in Fig. 2f-g and Supplementary Figure 2d-I of 

Roubinet et al. 

 

Manuscript II | A centrosome asymmetry switch in fly neural stem cells 

For this manuscript, I generated a nanobody fly line by fusing vhhGFP4 to the PACT domain of 

Plp to target proteins tagged with GFP or YFP to the mother centriole. Furthermore, I also 

generated an endogenous photorecruitable Polo (Polo::mScarlet-I::SspB) fly line using 

CRISPR/Cas9 which could be recruited using iLID::PACT::HA, however those lines have not yet 

been tested. 

 

Manuscript III | Spatiotemporally controlled Myosin relocalization and internal pressure 
causes biased cortical extension to generate sibling cell size asymmetry  

For this manuscript, I have generated the pUAST-attB-CAAX::VhhGFP4::HA (a nanobody tool to 

trap Myo) and pUAST-attB-PhyB::mcherry::CAAX constructs (used as a membrane marker).  I 

gathered preliminary data and established conditions showing that active Myo could be 

efficiently trapped to the cortex using VhhGFP4 fused to CAAX and thus affecting physical 

asymmetry and expansion/constriction dynamics.  
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