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Abstract
Dysregulation of physiological and cellular processes underlies various pathological conditions, including cancer and
inflammatory disorders. Unraveling the molecular mechanisms driving these processes is crucial. The aim of this thesis
was to investigate the roles of evolutionarily conserved POU/Oct transcription factors using Drosophila melanogaster as
a model organism. The thesis highlights the functions of Nubbin (Nub) protein isoforms (Nub-PB and Nub-PD) in the
regulation of cellular proliferation and mitosis, epithelial regeneration, and innate immune responses.

In paper I, we demonstrate that Nub-PB acts as a potent transcriptional activator of immune and stress response genes,
while Nub-PD represses their expression, indicating transcriptional antagonism by these Nub isoforms. Overexpression
of Nub-PB in midgut cells effectively cleared local infections. However, prolonged Nub-PB overexpression caused a
hyperactive immune response, leading to pro-inflammatory reactions, apoptosis, and reduced adult lifespan. These findings
emphasize the importance of Nub protein isoforms in fine-tuning immune responses.

In Paper II, we generated and phenotypically characterized a Nub-PB-specific mutant revealing impaired gut
morphology, disorganized visceral muscles, and aberrant lineage specification in the midgut. In addition, it displays
impaired immune gene activation, shortened lifespan, and enhanced reactive oxygen species (ROS) expression, which
correlates with increased numbers of gut microbiota, featuring an important role of Nub-PB in intestinal epithelium
homeostasis.

In Paper III, we show that Nub-PD is necessary for proper nuclear divisions in transcriptionally silent pre-blastoderm
embryos. The Nub-PD protein is enriched around the mitotic spindles in metaphase, requiring intact spindle microtubules.
Live imaging of mitotic divisions revealed that Nub-PD is involved in the maintenance of spindle organization and its
dynamics. We also infer similar mitotic roles for Nub-PD in S2 cells and for Oct1/POU2F1 in human cell culture. Our
findings unveil a direct role of POU/Oct factors in proper mitotic progression, which may be evolutionarily preserved
among insects and mammals.

In Paper IV, we study how the loss of Nub and Pdm2 proteins affects wing growth and development. We found that
Nub-PD is specifically required for cell proliferation, while balanced Nub-PB and Nub-PD expression levels at the dorso-
ventral boundary are essential for correct wing margin formation.

Overall, this thesis elucidates crucial roles of Drosophila POU proteins in maintaining immune and tissue homeostasis
and aditionally uncovers mitotic roles of POU/Oct factors, suggesting new functions in regulation of cell proliferation and
development.
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Abstract: 

Dysregulation of physiological and cellular processes underlies various 

pathological conditions, including cancer and inflammatory disorders. Unrav-

eling the molecular mechanisms driving these processes is crucial. The aim of 

this thesis was to investigate the roles of evolutionarily conserved POU/Oct 

transcription factors using Drosophila melanogaster as a model organism. The 

thesis highlights the functions of Nubbin (Nub) protein isoforms (Nub-PB and 

Nub-PD) in the regulation of cellular proliferation and mitosis, epithelial re-

generation, and innate immune responses.  

In paper I, we demonstrate that Nub-PB acts as a potent transcriptional 

activator of immune and stress response genes, while Nub-PD represses their 

expression, indicating transcriptional antagonism by these Nub isoforms. 

Overexpression of Nub-PB in midgut cells effectively cleared local infections. 

However, prolonged Nub-PB overexpression caused a hyperactive immune 

response, leading to pro-inflammatory reactions, apoptosis, and reduced adult 

lifespan. These findings emphasize the importance of Nub protein isoforms in 

fine-tuning immune responses.  

In Paper II, we generated and phenotypically characterized a Nub-PB-

specific mutant revealing impaired gut morphology, disorganized visceral 

muscles, and aberrant lineage specification in the midgut. In addition, it dis-

plays impaired immune gene activation, shortened lifespan, and enhanced re-

active oxygen species (ROS) expression, which correlates with increased 

numbers of gut microbiota, featuring an important role of Nub-PB in intestinal 

epithelium homeostasis.  

In Paper III, we show that Nub-PD is necessary for proper nuclear divi-

sions in transcriptionally silent pre-blastoderm embryos. The Nub-PD protein 

is enriched around the mitotic spindles in metaphase, requiring intact spindle 

microtubules. Live imaging of mitotic divisions revealed that Nub-PD is in-

volved in the maintenance of spindle organization and its dynamics. We also 

infer similar mitotic roles for Nub-PD in S2 cells and for Oct1/POU2F1 in 

human cell culture. Our findings unveil a direct role of POU/Oct factors in 
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proper mitotic progression, which may be evolutionarily preserved among in-

sects and mammals.  

In Paper IV, we study how the loss of Nub and Pdm2 proteins affects wing 

growth and development. We found that Nub-PD is specifically required for 

cell proliferation, while balanced Nub-PB and Nub-PD expression levels at 

the dorsoventral boundary are essential for correct wing margin formation. 

Overall, this thesis elucidates crucial roles of Drosophila POU proteins in 

maintaining immune and tissue homeostasis and additionally uncovers mitotic 

roles of POU/Oct factors, suggesting new functions in regulation of cell pro-

liferation and development. 
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Sammanfattning 

Många sjukdomar och patologiska tillstånd, t.ex. cancer och inflammato-

riska sjukdomar beror på felaktig reglering av celldelning, vävnadsregenere-

ring och immunsvar. Genom att studera de molekylära mekanismerna för 

dessa processer kan vår förståelse för livets grundläggande processer öka. 

Denna avhandling syftar till att undersöka betydelsen av evolutionärt besläk-

tade POU/Oct transkriptionsfaktorer med bananflugan Drosophila me-

lanogaster som modellsystem. Studierna belyser specifikt funktionerna hos 

Nubbin (Nub) proteinerna Nub-PB och Nub-PD i reglering av celldelning och 

mitos, epitelial regenerering och medfödda immunreaktioner. 

I arbete I visar vi att Nub-PB fungerar som en potent transkriptionell akti-

vator av gener för immun- och stressresponser, medan Nub-PD hämmar 

samma geners uttryck, vilket visar på transkriptionell antagonism mellan 

dessa Nub-proteiner. Överproduktion av Nub-PB i tarmceller utraderade ef-

fektivt lokala infektioner. Men detta orsakade också ett hyperaktivt immun-

svar vilket slutligen ledde till ökade proinflammatoriska reaktioner, apoptos i 

tarmslemhinnan och en negativ påverkan på flugornas livslängd. Dessa resul-

tat belyser vikten av att finjustera immunreaktionen och att avbryta immunak-

tivering då infektionen är över så att vävnadsbalansen upprätthålls. 

I arbete II skapade vi en Nub-PB-specifik flugmutant och i den efterföl-

jande karakteriseringen identifierades avvikande morfologi i tarmslemhinnan, 

i det viscerala muskelsystemet och i cellulär organisation i den främre tarmen. 

Nub-PB-mutanten uppvisar dessutom påverkan på stamcellernas celldelning 

och differentiering i tarmen, och fördelningen mellan enterocyter och entero-

endokrina celler är förändrad. Dessutom visar Nub-PB-mutanten nedsatt akti-

vering av immungener, kort livslängd och förhöjda uttryck av reaktiva syre-

föreningar (ROS), vilket korrelerar med ökat antal tarmbakterier. Dessa resul-

tat visar sammantaget att Nub-PB spelar en viktig roll för den cellulära och 

immunologiska homeostasen i flugans tarmslemhinna. 

I arbete III visar vi att POU-faktorer krävs för välfungerande celldelning 

och mitos, framförallt för rätt hastighet och precision i dessa processer i tidig 
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embryonalutveckling hos bananfluga och i odlade celler. Under bananflugans 

tidigaste embryonalstadium delar sig cellkärnor utan omslutande cellmembran 

och i dessa cellkärnor sker ingen transkription. POU-proteinet Nub-PD, är 

nödvändigt för korrekt mitos hos dessa cellkärnor och för organisationen av 

den mitotiska spindeln. Nub-PD-proteinet ansamlas kring den mitotiska spin-

deln i metafasen och för detta krävs intakta spindelmikrotubuli. Mikroskopisk 

avbildning i realtid av mitotiska kärndelningar påvisade att Nub-PD behövs 

för att bevara organisationen av den mitotiska spindeln och dess dynamik. 

Dessa resultat belyser funktionen och betydelsen av POU-proteiner för korrekt 

progression av mitosen i Drosophila embryon och i odlade mänskliga celler. 

I arbete IV studerar vi hur förlusten av Nub- och Pdm2-proteiner påverkar 

utveckling och tillväxt av bananflugans vingar. Nub-PD krävs specifikt för 

celldelning i vingeanlagen. Experimentell manipulering av koncentrationen 

av Nub-PB och Nub-PD-proteiner orsakade förändringar i vingens storlek och 

form, och i de tvärgående venerna. 

Dessa studier belyser väsentliga roller som Drosophila POU-proteiner spe-

lar för att upprätthålla immun- och vävnadshomeostas. Dessutom upptäckte vi 

att POU-faktorer har funktioner under mitosen, som kan vara evolutionärt be-

varade mellan insekter och däggdjur. 
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Abbreviations: 

Acj6 Abnormal chemosensory jump 6 

AMPs Antimicrobial peptides 

A-P Anterior-Posterior 

AstC Allatostatin C 

Att Attacin 

BM Basement membrane 

BOM Bomanin 

Cas Castor 

CDK Cyclin-dependent kinase 

Cec Cecropin 

CIN Chromosomal instability 

CPC Chromosome passenger complex 

DAP-PGN Diaminopimelic acid type peptidoglycan 

Def Defensin 

dFADD Fas-associated death domain 

Dfr/vvl Drifter/ ventral veins lacking 

Dl Delta 

Dpp Decapentaplegic 

Dpt Diptericin 

Dredd Death-related ced-3/Nedd2-like caspase 

Dro Drosocin 

Drs Drosomycin  

dTAK1 Drosophila TGF-β activated kinase 1 

D-V Dorsal-Ventral 

E(Spl) Enhancer of split  

EB Enteroblast 

EC Enterocyte 

E-cad E-cadherin 

Ecc15 Erwinia carotovora carotovora 15 

EE Enteroendocrine 

EEP Enteroendocrine progenitor 
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EGFR Epidermal growth factor receptor pathway 

En Engrailed 

Esg Escargot 

Fkh Fork head 

GBE grh protein bindning element 

GMC Ganglion mother cells 

Hb Hunchback 

Hh Hedgehog 

HTH Helix-Turn-Helix 

IMD Immune deficiency pathway 

ISC Intestinal stem cell 

JAK-

STAT 

Janus kinases (JAKs), signal transducers, and activators of 

transcription proteins (STATs) 

JNK c-Jun N-terminal kinase 

Klu Klumpfuss 

Kr Krüppel 

Lys-PGN Lysine type peptidoglycan 

MAP MTs-associated proteins 

MORE More palindromic Oct factor Recognition Element 

MT Microtubule 

Mtk Metchnikowin 

Myo1A Myosin 31DF 

NB Neuroblast 

NC Nuclear Cycle 

NEB Nuclear envelop breakdown 

NFκB Nuclear factor kappa B 

NICD Notch intracellular domain 

NL Nuclear lamina 

Nub Nubbin 

Oct Octamer binding protein  

Pdm 1 POU domain protein 1 

Pdm 2 POU domain protein 2 

PGN Peptidoglycan  

PGRPs Peptidoglycan recognition proteins 

PM Peritrophic membrane 

PORE Palindromic Oct factor Recognition Element 

POUH POU homeodomain 

POUS POU specific domain 

PPO prophenoloxidases 
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Pros Prospero 

ROS Reactive oxygen species 

SAC Spindle assembly checkpoint proteins 

SAF Spindle assembly factors 

Sc Scute 

sfGFP Super folder Green Fluorescent Protein 

Sox21a Sox family transcription factor  

Su(H) Suppressor of Hairless 

TF Transcription factors 

TLR Toll-like receptor 

TNFR Tumor necrosis factor receptor 

TotA Turandot A 

Upd Unpaired 

Wg Wingless 

Zfh2 Zink finger/homeodomain 2 
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Introduction: 

The development and health of multicellular organisms involve a complex 

interplay among diverse cellular processes, including cell proliferation, tissue 

growth, regeneration, and physiological responses such as immune and stress 

responses. However, an excessive immune response can result in chronic in-

flammation and tissue damage, while uncontrolled cell proliferation can pro-

mote cancer. Thus, a balance between these processes is essential. To gain 

insights into how tissue and immune homeostasis are regulated, it is essential 

to explore the factors that affect tissue regeneration and cell division rates and 

the factors involved in immune signaling cascades in response to infection. 

The aim of the thesis work is to unravel some of the molecular mechanisms 

that govern these fundamental cellular processes. The thesis highlights the 

roles played by the POU proteins, which contribute to cellular proliferation 

and mitosis (Paper III and IV), tissue growth and regeneration (Paper II and 

IV), and innate immune responses (Paper I and II).  

The work presented in this thesis takes advantage of Drosophila melano-

gaster (fruit fly) as a model organism. Drosophila has proven to be a powerful 

model organism with its well-characterized genome, short generation time, 

and a wealth of genetic tools. Drosophila is amenable to various targeted gene 

manipulation strategies, such as RNA interference (RNAi) and CRISPR/Cas9 

gene editing techniques, in a tissue-specific and developmental stage-specific 

manner. The evolutionary conservation of crucial cellular processes between 

Drosophila and humans makes it an invaluable tool for a mechanistic under-

standing of various diseases, including neurodegenerative disorders, inflam-

matory bowel disease, and tumorigenesis.  

Drosophila undergoes four developmental stages: embryo, larva, pupa, and 

adult, with a life cycle of approximately ten days (Figure 1). Each develop-

mental stage offers unique experimental advantages, making it possible to 

study various aspects of biological processes. Since many detailed reviews are 

available on Drosophila as a model, the following sections will briefly discuss 
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specific points regarding the different developmental stages covered in the 

thesis work (Hales et al., 2015) (Myasnikova et al., 2021). (Figure 1)   

 

 

 

Figure 1: Illustration indicates the life cycle of Drosophila melanogaster and highlights the 

tissues/organs used as experimental systems in this thesis: the syncytial embryo, the wing disc, 

and the intestinal epithelium [Created with BioRender.com]. 

 

Embryonic stage: Drosophila embryo ( ̴ 500 μm long) undergoes rapid de-

velopment from one-cell embryo to gastrulation. The initial two hours of em-

bryonic development are directed by maternal mRNA and proteins. This of-

fers an excellent opportunity to investigate the roles of maternal factors during 

embryogenesis. Drosophila embryos are a perfect model to visualize early de-

velopmental processes, allowing for high-resolution live imaging of mitotic 

nuclear divisions and cytoskeletal arrangements, which enable accurate and 

quantifiable measurements of these processes in vivo. (Studied in Paper III) 

(Figure 1). 

Larval stage: Drosophila larvae develop through three distinct larval stages 

(L1, L2, and L3). The precursor cells for most of the adult structures are set 

aside during embryogenesis and begin to develop in imaginal tissues during 

these larval stages. The larval imaginal discs undergo extensive cell prolifer-
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ation and growth, providing a proper model system for understanding the pre-

cise coordination of numerous cellular processes, including cell-cell commu-

nication, cell division, gene expression, and cell shape changes. Furthermore, 

genetic mosaics are often experimentally induced in imaginal discs to gain 

insight into cell proliferation mechanisms (Paper IV) (Figure 1). 

Pupal stage: Metamorphosis involves the transformation of larval tissues 

into adult structures through tissue remodeling and transitional changes. Fi-

nally, a fly eclosed from pupal case to begin the final stage of the life cycle. 

Adult stage: The fly comprises well-developed structures or organs, for ex-

ample, compound eyes, ovaries, and gut. The adult midgut exhibits physio-

logical and functional similarities with their mammalian counterparts. Thus, 

it is a valuable model for understanding the molecular and cellular details of 

midgut epithelium regeneration and immune responses to commensal and 

pathogenic microbes (studied in papers I and II) (Figure 1). 

In the subsequent sections, I will introduce various facets of Drosophila 

development, with a particular focus on early embryogenesis, larval wing disc 

development, and adult midgut epithelium. Additionally, I have included a 

brief discussion of the process of mitosis, innate immune regulation, and Dro-

sophila POU/Oct factors.  

Chapter 1 | Early embryogenesis: 

In Drosophila, early embryogenesis is initiated with the activation/fertili-

zation of an egg, followed by cleavage divisions, cellular blastoderm for-

mation, and gastrulation. Egg activation is necessary for releasing the meiotic 

arrest (metaphase I) and is sufficient to reset the mature oocyte/egg for em-

bryogenesis (Horner and Wolfner, 2008). Detailed in vivo analysis of Dro-

sophila oogenesis has revealed that egg activation begins as the egg passes 

through the lateral oviduct, where mechanical forces stimulate molecular 

changes, including the translation of many maternal proteins and subsequent 

increase in intracellular Ca2+ concentration (Heifetz et al., 2001; Sartain and 

Wolfner, 2013; Tadros et al., 2003). However, in Drosophila and some other 

insects, egg activation can occur without fertilization (Heifetz et al., 2001; 

Kaneuchi et al., 2015; Sackton et al., 2007). This distinctive feature offers a 

convenient experimental system to understand how a differentiated oocyte be-

comes a developmentally competent embryo (the oocyte-to-embryo transi-
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tion) as well as the contribution of various maternal factors during these de-

velopmental processes (reviewed in (Avilés-Pagán and Orr-Weaver, 2018; 

Krauchunas and Wolfner, 2013)). 

 

 

 

Figure 2: Illustration shows stages of early embryogenesis and timing of the nuclear division 

cycles (NC), highlighting the maternal to zygotic switch (MTZ) in the embryonic cell cycle. 

This also involves the introduction of gap phases (G1 and G2 phases) in two distinct steps 

during embryogenesis. The G1 phase appeared in NC 14, and the G2 phase in NC 17  (Du and 

Dyson, 1999) 

  

Cleavage divisions are set to start after ‘pronuclear apposition’ in the newly 

fertilized embryo (Avilés-Pagán and Orr-Weaver, 2018). Remarkably, within 

two hours, the Drosophila embryo undergoes 13 rounds of nuclear division 

cycles (NC) before entering the gastrulation phase (Figure 2). These rapid nu-

clear divisions are facilitated by an altered/ simplified embryonic cell cycle 

with an exceptionally rapid DNA replication phase (S phase) without inter-

vening gap phases (G1 and G2 phases). Thus, dividing nuclei alternate be-

tween the S and M phases (mitosis) (Foe, 1989) (Figure 2). The rapid and 

synchronized cleavage divisions occur within a single cytoplasmic compart-

ment, forming a syncytial blastoderm (Farrell and O'Farrell, 2014). These nu-

clear cycles are regulated by changes in the activity of cyclin-dependent ki-

nase 1 (Cdk1) and mitotic phosphatases PP1 and PP2A (Morgan, 2007). The 

cytoskeletal structures, such as F-actin, microtubules, and intermediate fila-

ments, undergo significant reorganization in a cell cycle-dependent manner 

within minutes. This is crucial for maintaining the integrity and facilitating 
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proper nuclear division during early embryogenesis (Sullivan and Theurkauf, 

1995) 

The earliest nuclear cycles occur in the interior of the embryo (NC 1-3). In 

NC 4-7, the nuclei undergo axial expansion and are distributed along the an-

terior-posterior axis, driven by an actomyosin gradient (Deneke et al., 2019). 

Subsequently, in NC 8-9, nuclei progressively migrate towards the surface of 

the embryo and acquire spatial organization and uniform distribution on the 

cortex of the embryo, and by NC 10, forming the blastoderm (Foe and Alberts, 

1983). The cortical movements and uniform positioning of nuclei at the cortex 

are facilitated by astral microtubules that attach to neighboring nuclei (Baker 

et al., 1993; Raff and Glover, 1989). During the transition from NC13 to 

NC14, the previously rapid cell cycle gradually slows down, and the S phase 

undergoes elongation. Additionally, the first gap phase (G2 phase) emerges, 

which marks a significant shift in the progression of the cell cycle. The cellu-

larization stage starts in NC14, which is characterized by the formation of a 

plasma membrane around each of the more than 6000 nuclei. (Edgar and 

O'Farrell, 1990; Foe, 1989). The early nuclear divisions are transcriptionally 

silent and directed by maternal mRNA and proteins. As the embryo develop-

ment processes, the regulatory control shifts from maternal to the zygotic ge-

nome (MZT), coinciding with a major wave of zygotic gene activation (ZGA) 

at NC 14. However, minor transcriptional waves from NC 8 have been ob-

served prior to the major wave of ZGA (Ali-Murthy et al., 2013; Lécuyer et 

al., 2007) (Figure 2). Subsequently, gastrulation takes place, which involves 

the formation of the embryonic germ layers, mesoderm, endoderm, and ecto-

derm, to establish the basic embryonic structures. 
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Chapter 2 | Mitosis:  

Mitosis intricately coordinates the faithful segregation of genetic material 

in daughter cells, marked by dramatic changes in the nuclear architecture, nu-

clear lamina (NL), spindle microtubules, and actin cytoskeletal networks. The 

fast and coordinated mitotic divisions in early Drosophila embryos provide an 

ideal system to study molecular components and regulatory mechanisms gov-

erning mitosis.  The key mitotic regulators are highly conserved between Dro-

sophila and other organisms, including humans. Cyclin-dependent kinases 

(Cdks), along with regulatory cyclins, play a crucial role in the entry into mi-

tosis. Conversely, protein phosphatases (PPs) dephosphorylating Cdks to fa-

cilitate mitotic exit. Briefly, mitosis encompasses several stages: Prophase is 

the stage where chromosomes condense, and the nuclear envelope undergoes 

breakdown. In Metaphase, chromosomes are aligned at the cell's equator. Dur-

ing Anaphase, sister chromatids separate and migrate towards opposite ends, 

contributing to the formation of new cells. Telophase marks the formation of 

new nuclear envelopes around each set of chromosomes, and finally, cytoki-

nesis leads to the division of the cytoplasm and the creation of two new cells 

(Figure 3)  

 

 

Figure 3: Illustration representing stages of mitosis and key mitotic components. Subset of 

metaphase show different types of microtubules (MT) present in the mitotic spindle, spindle 

assembly factors (SAF) and proteins in Chromosome passenger complex (CPC). [Created with 

BioRender.com] 
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Different modes of mitosis exist, such as open, semi-open, and closed mi-

tosis (De Souza & Osmani, 2007; Webster et al., 2009). Open mitosis involves 

complete nuclear envelope breakdown (NEB), and spindle microtubules 

(MTs) form a connection with kinetochores. While in closed mitosis, the nu-

clear envelope remains intact. Saccharomyces cerevisiae display closed mito-

sis where spindle poles stay within the nuclear envelope. The semi-open mi-

tosis is documented in Drosophila syncytial embryos where restricted nuclear 

envelop breakdown occurs at the poles (proximal to centrosomes), enabling 

centrosome-derived spindle MTs access to chromosomes (Paddy et al., 1996) 

The mitotic spindles ensure the positioning of the chromosomes and move-

ment of sister chromatids, as well as regulate the position of central spindles 

and the cytokinetic furrow. The mitotic spindle is formed by MT bundles  

composed of two conserved proteins, α- and β-tubulins and γ-tubulin is lo-

cated at the microtubule organization centers and promotes the spindle 

polymerization (McDonald et al., 1992; McIntosh and Euteneuer, 1984). 

Three different modes of microtubule nucleation pathways have been pro-

posed: microtubule-microtubule nucleation, Centrosome-mediated microtu-

bule nucleation, and Chromosome-mediated microtubule nucleation. Centro-

some and chromatin-mediated pathways drive spindle formation predomi-

nantly from centrosomes, and the kinetochore facilitates chromosome reor-

ganization in early prometaphase (Kamasaki et al., 2013). 

The spatial and temporal modulation of MT dynamics and assembly de-

pends on the spindle assembly checkpoint proteins (SAC), the chromosome 

passenger complex proteins (CPC), spindle assembly factors (SAF), and MTs-

associated proteins (MAPs) (Figure 4). Loss of mitotic activity of these factors 

delays the transition through metaphase-to-anaphase, consequently leading to 

chromosome segregation errors. Mitosis errors or abnormalities can lead to 

chromosomal instability (CIN) and contribute to diseases such as cancer 

(Foley and Kapoor, 2013; Holland et al., 2010; Vitre et al., 2014).  
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Chapter 3 | Drosophila wing growth and patterning  

During embryonic stage 11, the precursor cells ( ̴ 50 cells) for the wing 

imaginal discs are set aside (named wing primordium) from the embryonic 

ectoderm (Campos-Ortega, 1997; Cohen et al., 1993; Kubota et al., 2000). 

During the three larval stages, the discs grow exponentially in size as the disc 

cells undergo massive proliferation to generate >30,000 cells (Martín et al., 

2009). At the third larval stage, wing discs achieve a characteristic shape, and 

the wing disc cells acquire different positional identities. During the pupal 

stage (metamorphosis), cells in the wing discs undergo two rounds of cell di-

vision and differentiate. The pupal wing will give rise to adult wing structures, 

including the wing blade, hinge, and notum (Reviewed by (Klein, 2001; 

Tripathi and Irvine, 2022)). Wing development in Drosophila is a precisely 

regulated and coordinated process. This involves a dynamic interplay of cell 

proliferation, differentiation, and patterning. The Drosophila wing discs are a 

powerful experimental system for studying conserved molecular mechanisms 

that underlie cell proliferation, patterning, and planar cell polarity. The 

method of creating genetic mosaics within the disc is facilitated by rapid cel-

lular proliferation and has contributed to the identification of molecular fac-

tors that regulate cell proliferation (Xu and Rubin, 1993).  

 

  
Figure 4: Illustration representing selected stages of Drosophila wing development. Different 

wing disc compartments are denoted as A: Anterior, P: Posterior, D: dorsal, and V: ventral, L1-

L5: longitudinal veins, ACV: anterior cross vein, PVC: posterior cross vein. [Created with Bi-

oRender.com] 
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The growth of larval wing discs is influenced by intrinsic signals, such as 

morphogens, and extrinsic factors, such as nutrients and temperature (Truman 

et al., 2006). The intrinsic factors ensure the correct shape of the tissue/organ 

for optimal functions of the adult wing, and the extrinsic factors maintain the 

critical size of the organ/tissue in relation to other organs/tissues and to devel-

opmental timing. The morphogens Wingless (Wg), Decapentaplegic (Dpp), 

and Hedgehog (Hh) create concentration gradients to regulate the growth and 

patterning of wing discs in Drosophila. Furthermore, morphogens have criti-

cal functions in specifying different cell fates and in establishing boundaries 

between the anterior-posterior (A-P) and the dorsal-ventral (D-V) compart-

ments (Garcia-Bellido et al., 1976). The A-P axis of the wing disc is charac-

terized by the expression of Engrailed (En) and Hh. Dpp marks the A-P com-

partment boundary in response to Hh signaling (Garcia-Bellido et al., 1976). 

Along the D-V axis, Notch signaling is required to regulate Wg and Vestigial 

(Vg) expression (Rulifson and Blair, 1995). In addition to the A-P and D-V 

compartments, the larval disc exhibits a proximo-distal (P-D) axis where Wg 

and Dpp collaboratively regulate gene expression and growth (Garcia-Bellido 

et al., 1976) 

Chapter 4 | The Drosophila gut:  

The digestive tract is one of the largest organs in the body cavity of Dro-

sophila (Figure 5). The adult digestive tract shares structural and functional 

similarities to the mammalian digestive system (Bergman et al., 2017; 

Lemaitre and Miguel-Aliaga, 2013). The Drosophila gut is divided into three 

main parts based on its developmental origin: foregut, midgut, and hindgut. 

The foregut and hindgut are derived from the ectoderm, while the midgut is 

derived from the endoderm. (King, 1988). Based on different metabolic and 

digestive functions, the midgut is further subdivided into six regions (R0 to 

R5) (Figure 5). Each anatomical region is characterized by unique gene ex-

pression patterns, cellular characteristics, and morphology (Buchon et al., 

2013; Marianes and Spradling, 2013). The peritrophic matrix (PM) acts as a 

protective layer and limits the contact of the cellular layer with damaging 

agents and microbes (Lemaitre and Miguel-Aliaga, 2013). Circular and longi-

tudinal visceral muscles are present throughout the intestine (Sandborn et al., 

1967). The intestinal tract is also surrounded by the branched trachea and en-
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teric neurons. The cellular layer of the midgut epithelium is composed of pro-

liferating intestinal stem cells (ISCs), lineage-committed progenitors, entero-

blast (EBs) and enteroendocrine progenitors (EEPs), and differentiated cell 

types: absorptive enterocytes (ECs) and secretory enteroendocrine cells (EEs) 

(Lemaitre and Miguel-Aliaga, 2013) (Figure 5). 

 

 
 

Figure 5: The illustration of the Drosophila adult midgut epithelium. The adult digestive tract 

is made up of three parts: foregut, midgut, and hindgut. The midgut is divided into six regions 

labeled R0 to R5. A schematic representation of different cell types such as enterocytes (EC), 

enteroblast (EB), intestinal stem cells (ISC), enteroendocrine cells (EE) and other parts, basal 

membrane (BM), visceral muscle (VM) and trachea of the midgut epithelium. [Created with 

BioRender.com] 

 

Lineages and Markers for cell types:  

Midgut ISCs are located close to visceral muscles and are uniformly dis-

tributed along the midgut, interspersed between the differentiates ECs and 

EEs. Under normal regenerative conditions, ISCs divide asymmetrically into 

one daughter cell with ISC characteristics and one EB, further differentiating 

into polyploid ECs (Ohlstein and Spradling, 2007). In a proposed model for 
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the specification of EEs, ISCs become committed to enteroendocrine progen-

itors (EEP) and then terminally differentiate into mature EEs (Beehler-Evans 

and Micchelli, 2015). In genetic studies, each cell type can be specifically 

identified using antibodies or from the expression of reporter constructs of 

marker genes (Jin et al., 2022), summarized in Table 1. 

Table 1: Marker genes for identification of specific cell types in Drosophila 

midgut 

 

Cell types in the adult gut Marker to identify specific cell types 

Intestinal stem cells (ISC) Dl, Esg, Zfh2, Fkh, Sox21a 

Enteroblast (EB) Su(H)GBE, Esg, Klu, Sox21a, zfh2, fkh, Nub 

Enterocytes (EC) Myo1A, Nub 

Enteroendocrine Progenitor (EEP) Sc, Piezo 

Enteroendocrine (EE) Pros 

 

 

   

Figure 6: The illustration detailed known lineages of adult midgut ISCs (intestinal stem cells) 

undergoing asymmetrical division. An ISC divides to form either one ISC and one EB (entero-

blast) or one ISC and a Pre-EE (precursor enteroendocrine) cell. In the ISC/EB lineage, the EB 

further differentiates into an EC (enterocyte). On the other hand, in the ISC/Pre-EE branch, the 

Pre-EE differentiates into a mature EE (enteroendocrine). [Created with BioRender.com] 

 

Intestinal stem cell regulation: signaling pathways: 

The ISC is the main proliferating cell type in the adult Drosophila midgut, 

which divides asymmetrically in homeostatic conditions or symmetrically in 

response to infection and stress (Biteau et al., 2008; Choi et al., 2008). Many 

signaling pathways influence ISC activity in the gut of Drosophila. The Notch 
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signaling pathway is an evolutionarily conserved pathway that regulates criti-

cal processes such as ISC specification, proliferation, and differentiation 

(Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006; Ohlstein and 

Spradling, 2007). The Notch ligand, Delta (Dl), interacts with the extracellular 

part of Notch to induce proteolytic cleavages, which release the Notch intra-

cellular domain (NICD) from the plasma membrane. NICD translocates to the 

nucleus, where it forms a complex with the DNA binding protein, Suppressor 

of Hairless (Su (H)), to start transcription of Notch target genes, such as the 

Enhancer of Split complex (E(Spl)-C).  High levels of the Notch ligand Dl in 

ISCs inhibit Notch activity and maintain ISC identity (Ohlstein and Spradling, 

2007). ISCs express Dl to activate high Notch activity in neighboring EBs to 

differentiate into ECs. This E-cadherin (E-Cad)-mediated direct interaction of 

Dl-Notch is called lateral inhibition (Maeda et al., 2008). In addition to Dl, the 

Notch pathway inhibitor Numb is also important in maintaining ISC fate and 

lineage specification. The symmetric distribution of Numb maintains low 

Notch activity and specifies the EEP lineage. The differentiation of EEPs into 

EE cells is also regulated by the de novo synthesis of Numb and the expression 

of Scute and Prospero (Pros) transcription factors. Upon asymmetric cell di-

vision, the daughter cell without Numb shows high Notch activity and differ-

entiates into an EC (Sallé et al., 2017) (Figure 6). In addition to the Notch 

pathway, JAK/STAT, insulin, epidermal growth factor receptor (EGFR), and 

other signaling pathways also influence ISC proliferation and differentiation 

(Ohlstein and Spradling, 2006) 
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Chapter 5 | Innate Immunity in Drosophila 

In nature, insects encounter various pathogenic microorganisms, including 

bacteria, fungi, and viruses, as well as other insects, such as parasitic wasps. 

Drosophila and other insects, which lack an adaptive immune response of the 

type present in vertebrates and mammals, rely on innate immune reactions for 

protection against infection. The cuticle of the fly serves as a first line of de-

fense and a potent physical barrier against microbes (Schaefer et al., 1987). 

Drosophila is able to invoke a variety of innate immune responses, often cat-

egorized into cellular and humoral responses.  

 

Cellular immune responses:  

Upon infection, hemocyte-mediated immune responses are initiated in the 

insect hemolymph. The mature hemocytes (blood cells), released from lymph 

glands in response to infection, accumulate at the site of infection/wounds. 

Three types of hemocytes have been identified in Drosophila larvae, which 

can be divided on the basis of morphological and function properties: plas-

matocytes (small and spherical), crystal cells (small and circular), and lamel-

locytes (large and flat). Most circulating hemocytes (95%) are plasmatocytes. 

Plasmatocytes, similar to mammalian macrophages, can phagocytose small 

pathogens (Evans et al., 2003; Lanot et al., 2001). The crystal cells make up 

about 5% of the circulating hemocyte population. They produce prophenolox-

idases (PPOs), which are responsible for the melanization reaction, which 

helps to heal wounds and can immobilize pathogens (Bidla et al., 2007; 

Meister, 2004). Lamellocytes are only observed in larval hemolymph upon 

parasitic wasp infection. Lamellocytes mediate the encapsulation of large par-

ticles, such as wasp eggs (Rizki and Rizki, 1992). 

 

Humoral immune responses:  

The humoral responses in Drosophila are attributed by expression of dif-

ferent effector molecules, primarily exemplified by the antimicrobial peptides 

(AMPs). Upon systemic infection, the expression of AMPs is induced in the 

fat body (a functional equivalent of the mammalian liver) and secreted into 

the hemolymph to control infection (Bergman et al., 2017; Uvell and 

Engström, 2007). Furthermore, other humoral reactions, such as coagulation 

and melanization, are important responses to wounding. The coagulation sys-

tem and prophenoloxidase (PPO) cascade work together in the clot formation 

to seal the wound (Theopold et al., 2002). In addition to AMPs, the production 
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of reactive oxygen species (ROS) by epithelial tissues also contributes to mu-

cosal immunity (Ha et al., 2005).  

 

Antimicrobial peptides: 

A significant hallmark of the innate immune response in Drosophila is a 

rapid increase in the production of AMPs. AMPs were first identified and 

characterized by Hans Boman and colleagues in 1972 (Boman et al., 1972). 

AMPs are small, positively charged (4-20 kDa) peptides with antibacterial and 

antifungal activity. Many classes of AMPs have been identified in Drosophila, 

such as Attacins (Att), Cecropins (Cec), Defensins (Def), Diptericins (Dpt), 

Drosocins (Dro), Drosomycin (Drs), Metchnikowin (Mtk) and Bomanins 

(Hultmark, 2003; Lemaitre and Hoffmann, 2007; Uttenweiler-Joseph et al., 

1998). Several studies have been conducted with purified and chemically syn-

thesized Cecropin to understand the antimicrobial mechanisms of AMPs 

(Andersons et al., 1991; Steiner et al., 1988). Briefly, these cationic (positively 

charged) peptides interact with the negatively charged bacterial or fungal cell 

wall and induce pore formation in the membranes, leading to membrane col-

lapse and death of the microbes (Andreu et al., 1985; Lockey and Ourth, 

1996). AMPs can be further classified into three families based on their tar-

gets: Cecropins, Attacins, Drosocin, Diptericin acts against Gram-negative 

bacteria, Defensin acts against Gram-positive bacteria, and Drosomycin, 

Metchnikowin against fungi. Cecropins act in combination with other AMPs 

to restrict both Gram-negative and fungi (Hergannan and Rechhart, 1997; 

Hultmark, 1993; Imler and Bulet, 2005). Hanson, MA. et al. recently used 

CRISPR-based systematic knockdown of all known AMP genes to demon-

strate pathogen-specific roles of individuals and groups of AMPs in an in vivo 

setup (Hanson et al., 2019).  

In addition to the infection-induced AMP expression, a basal/constitutive 

expression of AMPs was also reported. The barrier epithelia, such as the mid-

gut, trachea, and male and female reproductive tracts, are constantly exposed 

to the outer environment, encounter frequent contact with microbes, and dis-

play constitutive expression of AMPs. The presence of AMPs in barrier epi-

thelia may provide protection against invading pathogens (Zasloff, 2006). 

Constitutive expression of Defencins and CecA1 was reported in the male and 

female reproductive tracts (Ferrandon et al., 1998), and Attacins and Dipteri-

cin were detected in the midgut epithelium (Buchon et al., 2009; Tzou et al., 

2000). In addition, IMD pathway-dependent CecA1 production was reported 
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in embryonic and larval epidermis upon wounding (Esfahani and Engström, 

2011; Onfelt Tingvall et al., 2001). 

 

Transcriptional regulation of Drosophila innate immunity: 

In Drosophila, κB-like motifs in upstream regions of several AMP genes 

were shown to be required for their transcriptional activation by NFκB-like 

transcription factors, Relish, Dif, and Dorsal (Engström et al., 1993; Reichhart 

et al., 1992). The production of AMPs relies on two well-conserved NF-kB 

signaling pathways, the Toll pathway and the immune deficiency (IMD) path-

way (Lemaitre et al., 1995; Lemaitre et al., 1996; Wasserman, 1993). The Toll 

pathway regulates the nuclear translocation of Dif and Dorsal, whereas the 

nuclear translocation of Relish depends on the IMD signaling pathway. In par-

allel to Relish, the GATA factor Serpent was shown to be needed for CecA1 

expression in embryos and the larval fat body (Petersen et al., 1999; Tingvall 

et al., 2001). Furthermore, the homeodomain protein Caudal (Cad) and the 

POU protein Drifter (Dfr) were shown to be necessary for constitutive expres-

sion of Drs and CecA1 in the male ejaculatory duct (Junell et al., 2010; Ryu 

et al., 2004). 

  

 
 

Figure 7: Illustration of key components of the core Drosophila innate immune pathways, the 

Toll and IMD pathways (recreated from (Uvell and Engström, 2007) [Created with BioRen-

der.com]  
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Pattern recognition and signaling: 

The peptidoglycan recognition proteins (PGRPs) are sensors in host cells 

that detect the peptidoglycan (PGN) from different types of microbes. Two 

different kinds of PGN are produced by bacteria. Diaminopimelic acid (DAP) 

type PGN is displayed by Gram-negative bacteria, and Lysine (Lys) type PGN 

by Gram-positive bacteria (Mengin-Lecreulx and Lemaitre, 2005). Upon 

recognition and binding of microbial PGNs, the PGRPs stimulate downstream 

signaling cascades of both the Toll and IMD pathways (PGRPs are reviewed 

in (Royet and Dziarski, 2007; Steiner, 2004). In addition, there are catalyti-

cally active PGRPs that cleave PGN, some that produce monomeric PGN that 

further trigger signaling pathways, and other PGRPs that are modeling and 

turning off immune responses once the infection has been eradicated 

(Costechareyre et al., 2016).  

 

The Toll pathway 

The Drosophila Toll pathway shows some similarity to the mammalian 

Toll-like receptor (TLR) signaling. In the Toll signaling pathway, PGRP-SA 

mediates recognition of lysine-type PGN from Gram-positive bacteria, which 

activates extracellular proteolytic cascades and leads to the processing of pro-

Spätzle protein into the mature Spätzle protein (Bischoff et al., 2004; Michel 

et al., 2001; Valanne et al., 2011). Spätzle binds to the Toll receptor, and this 

leads to the recruitment of a protein complex consisting of MyD88, Tube, and 

Pelle (DEATH-domain proteins) and subsequent dissociation of the inhibitory 

protein Cactus (IκB-like protein) from the Rel/ NFκB proteins, Dif and Dorsal 

(Ip et al., 1993; Rushlow et al., 1989). Dif and Dorsal both translocate into the 

nucleus upon Toll signaling to activate the expression of downstream effec-

tors, such as the genes for the AMPs Drosomycin, Metchnikowin, and Bo-

manins. (The Toll pathway is extensively reviewed by (Valanne et al., 2022; 

Valanne et al., 2011) (Figure 7). 

 

The IMD pathway: 

The IMD pathway shows partial similarity to the mammalian tumor necro-

sis factor receptor (TNFR) pathway (Kleino and Silverman, 2014). The IMD 

pathway is activated by DAP-type PGN from Gram-negative and some Gram-

positive bacteria. PGRP-LC, a transmembrane protein, mediates PGN detec-

tion and activates cytoplasmic Imd protein. Activated Imd interacts with the 

Drosophila Fas-associated death domain (dFADD) and Death related ced-
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3/Nedd2-like caspase (Dredd) complex and Drosophila TGF-β activated ki-

nase 1 (dTak1) (Kaneko et al., 2006; Takehana et al., 2002). The IκB kinase 

(IKK) complex and the dFADD-Dredd complex can activate the proteolytic 

cleavage of the NFκB-like protein Relish. The N-terminal part of Relish, in-

cluding the DNA-binding domain, is translocated into the nucleus to activate 

IMD-responsive effector genes, such as AMP genes (Gesellchen et al., 2005; 

Kleino et al., 2005). The IMD pathway shows crosstalk with the c-Jun N-ter-

minal kinases (JNK) pathway. The dTak1-mediated activation of JNK signal-

ing is required in parallel to IMD/Relish signaling to activate AMP gene ex-

pression (Kim et al., 2007; Kim et al., 2005) (Figure 7). 

 

The JAK-STAT pathway: 

The JAK-STAT pathway also contributes to the transcriptional activation 

of immune and stress response genes upon infection (Agaisse and Perrimon, 

2004). The recognition of bacteria or viruses by hemocytes, fat body cells, or 

enterocytes leads to the secretion of Unpaired (Upd, Upd 2, and Upd3), which 

are ligands that bind and activate the Domeless receptor (related to IL-6 re-

ceptor in vertebrates). This triggers activation of the Janus kinase (JAK) Hop-

scotch (Hop), which phosphorylates the receptor-bound transcription factor 

STAT92E (signal transducer and activator of transcription). STAT92E forms 

dimers upon phosphorylation and translocates to the nucleus to activate effec-

tor genes, such as Turandot A (tot A) (Agaisse and Perrimon, 2004). The JAK-

STAT pathway is also involved in conferring intestinal immunity, ISC prolif-

eration, and epithelial cell renewal (Ohlstein and Spradling, 2006). The JNK 

and JAK-STAT pathways also contribute to cellular immunity,  promoting the 

differentiation of plasmatocytes and lamellocytes under stress and after cell 

damage (Rodrigues et al., 2021; Tokusumi et al., 2009). 
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Chapter 6 | POU/Oct transcription factors 

The POU/Oct protein family comprises a group of evolutionarily conserved 

transcription factors (TF) that have been identified in all metazoans studied so 

far, including Caenorhabditis elegans, Drosophila melanogaster, Xenopus 

laevis, humans and other mammals, and (Ilia, 2004). The nomenclature of the 

members of the POU family (Pit-Oct-Unc) was defined from the mammalian 

Pituitary-specific transcription factor 1 (Pit-1) and the Octamer-binding pro-

teins (Oct1/Oct2), and the nematode gene Unc-86 (Clerc et al., 1988; Finney 

et al., 1988; Fletcher et al., 1987; Herr et al., 1988; Sturm et al., 1988). All 

three members share high sequence similarity over the POU domain, the 

DNA-binding domain. Members of the POU/Oct TF family are classified into 

six classes (from POU I to POU VI) based on sequence similarity throughout 

the POU domain and the length of the hypervariable linker (Bürglin and 

Affolter, 2016) (Table 2). 

Table 2: Mammalian and Drosophila POU/Oct factors 

 
Class Mammalian POU/Oct 

factors 

Drosophila POU/Oct fac-

tors 

POU I POU1F1 (Pit-1) None 

POU II POU2F1 (Oct-1) 

POU2F2 (Oct-2) 

POU2F3 (Oct-11) 

nub (pdm1), 

pdm2 (miti-mere) 

POU III POU3F1 (Oct-6) 

POU3F2 (Brn-2) 

POU3F3 (Brn-1) 

POU3F4 (Brn-4) 

drifter (vvl, cf1a) 

POU IV POU4F1 (Brn-3a) 

POU4F2 (Brn-3b) 

POU4F3 (Brn-3c) 

acj6 

POU V POU5F1 (Oct-4) 

POU5F2 (SPRM-1) 

None 

POU VI POU6F1 (Brn-5) pdm3 

 

 

Structural and DNA binding properties of POU/Oct TFs:  

The POU/Oct TFs are characterized by bipartite DNA binding domains, 

namely the POU-specific domain (POUS) and the POU-homeo domain 

(POUH). The POUS domain, which spans 74-82 amino acids, is distinctive for 

POU/Oct factors. Comparative sequence analysis has revealed higher conser-

vation of POUS domains across species compared to the POUH domain (60 

amino acids). A variable-length linker (14-26 amino acids) connects the POU 
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and Homeo domains, providing flexibility in interactions with the octamer and 

other target sequences (Herr et al., 1988; Klemm and Pabo, 1996).  

POU/Oct TFs recognize and bind to the canonical octamer sequence motif 

(5’-ATGCAAAT- 3’) and related sequences in the promoter and enhancer re-

gions of various target genes (Ingraham et al., 1990). The POU and homeodo-

mains fold independently to form Helix-turn-Helix (HTH) motifs, displaying 

high-affinity cooperative binding to each half-site on the octamer sequence. 

Specifically, the POUS domain is associated with 5’-ATGC-3’ and the POUH 

domain with 5’-AAAT-3’(Phillips and Luisi, 2000; Tang and Engström, 2019; 

Verrijzer et al., 1990).  

In addition to the canonical octamer motif, POU/Oct TFs demonstrate the 

ability to recognize diverse Oct-like target sequences, such as the More palin-

dromic Oct factor Recognition Element (MORE) and the Palindromic Oc-

tamer Recognition Element (PORE) (Botquin et al., 1998; Tang and 

Engström, 2019). In summary, structurally unique POU and homeodomains, 

coupled with flexibility in interactions with the target site, confer POU pro-

teins with immense diversity in gene regulation properties, playing a critical 

role in development. 

 

Drosophila POU/Oct transcription factors: 

Several POU/Oct transcription factor genes have been identified in the ge-

nome of Drosophila melanogaster, and these belong to four distinct classes 

(Bürglin and Affolter, 2016; Tantin, 2013) (Table 2). Drosophila POU/Oct 

TFs show developmental stage and tissue-specific expression patterns. They 

are essential regulators of development processes. Nubbin (Nub) / POU do-

main protein 1 (Pdm1) has been implicated in wing development, stem cell 

division and differentiation, and innate immunity (Bhat and Schedl, 1994; 

Billin et al., 1991; Dantoft et al., 2013; Lindberg et al., 2018; Ng et al., 1995; 

Tang et al., 2018). The pdm2 (miti-mere) gene is required for neurogenesis in 

the embryo and in neuroblast specification and differentiation (Bhat et al., 

1995; Bhat and Schedl, 1994; Billin et al., 1991). The drifter (dfr) gene (also 

named ventral veins lacking, vvl) is involved in the development of the em-

bryonic brain and nervous system, the development of the trachea, and the 

determination of the wing veins. It was reported that Dfr is involved in the 

transcriptional regulation of adult epithelial immunity and of genes involved 

in steroid hormone biosynthesis (Anderson et al., 1995; Danielsen et al., 2014; 

de Celis et al., 1995; Junell et al., 2010; Zhao et al., 2021). The pdm3 and acj6 
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genes are involved in targeting within the olfactory neuron axons and in odor 

detection (Jafari and Alenius, 2015; Tichy et al., 2008) 

 

  
 

Figure 8: Schematic representation of nub gene organization, the two transcription units nub-

RB and nub-RD, and two independent protein isoforms, Nub-PB and Nub-PD. (Arrows indicate 

transcription start sites) 

 

Several studies have reported the expression of Nub/Pdm1 in Drosophila 

embryos, imaginal discs, and nervous systems (Billin et al., 1991; Dick et al., 

1991; Ng et al., 1995). Our research group has demonstrated that the Drosoph-

ila nub gene encodes two functional proteins, Nub-PB (104 kDa) and Nub-PD 

(65 kDa), which exhibit tissue-specific expression patterns during different 

developmental stages (Dantoft et al., 2013; Lindberg et al., 2018)(Figure 8). 

Nub-PB and Nub-PD are expressed in larval imaginal discs, adult gut, wing 

veins, and leg joints. However, Nub-PD is specifically expressed in syncytial 

embryos, embryonic nervous systems, and larval brains (Paper I and Paper 

III). The classical nub1 allele is associated with an insertion of a transposon 

element within the promoter region of nub-RD, leading to generally reduced 

expression of Nub-PD protein and small wings. However, further characteri-

zation revealed the loss of both Nub-PB and Nub-PD proteins in nub1 mutant 

wing discs (Loker and Mann, 2022)(Paper III and IV) Table 3.  

Table 3: Expression of Nub isoforms in wild type and nub1 mutants.  

 

 Wild type nub1 

 Embryo Wing 

disc 

Midgut Embryo Wing 

disc 

Midgut 

Nub-PD Present Present Present Absent Absent Absent 

Nub-PB - Present Present - Reduced Present 

Pdm2PA/PB Present Present Present Present Absent Present 
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The paralogues genes, nub and pdm2 are located adjacently on the left arm 

of chromosome 2 (cytology map position 33F1). Both genes show similar 

exon-intron organization and a high degree of conservation of the POU and 

homeodomains,  and it has been suggested that nub and pdm2 arose from a 

recent gene duplication event (Loker and Mann, 2022; Ross et al., 2015). Both 

Nub and Pdm2 proteins show overlapping expression patterns in a subset of 

embryonic neural precursor cells, neuroblasts (NB), and ganglion mother cells 

(GMC) (Dick et al., 1991). Pioneering studies in Drosophila neuroblasts 

demonstrated that Nub/Pdm2 proteins (collectively called Pdm) are part of a 

highly conserved temporal expression cascade (Hunchback (Hb)→ Krüppel 

(Kr)→ Nub/Pdm2 (Pdm)→ Castor (Cas) for specific neuroblast lineages 

(NB4-2>GMC-1) that generate RP2/Sib+ neurons during embryogenesis 

(Cleary and Doe, 2006; Kambadur et al., 1998). Each member of the temporal 

identity cascade is necessary to generate neurons in a specific temporal devel-

opmental window. The embryo mutant, nubE37 (loss of Nub only), exhibits 

partial loss of RP-2 neurons and mild defects in NB differentiation due to a 

nub null allele. Loss of nub and pdm2 in double mutant embryos (Df(2L) Gr4) 

results in a significant reduction or loss of RP2/sib+ neurons, which implies 

that both Nub and Pdm2 contribute to the specification and differentiation of 

NBs in Drosophila embryos (Yeo et al., 1995). 
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Aim of the thesis 

 

The primary objective of this thesis was to study the specific functions of the 

Drosophila POU protein, Nubbin (Nub), in essential biological processes, in-

cluding cell proliferation and mitosis, tissue regeneration, and immune re-

sponses.  

 

The specific aims of each paper: 

 

Paper I: To investigate distinct roles of Nub isoforms in the regulation of 

immune genes.  

 

Paper II 

To identify the specific function of Nub-PB in the intestinal epithelium.  

 

Paper III 

To investigate the particular involvement of Nub isoforms in cellular prolifer-

ation, with a focus on the cell cycle.  

 

Paper IV 

To assess the isoform-specific involvement of Nub and Pdm2 proteins in 

growth and patterning of the wing disc. 
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Results and discussion:  

Paper I: Nubbin isoform antagonism governs Drosophila intestinal im-

mune homeostasis  

 

Background: 

Our group has previously identified three POU domain transcription fac-

tors, Dfr/Vvl, Nub/Pdm1, and Pdm2, as regulators of the AMP gene CecA1 in 

a yeast screen (Junell et al., 2007). A subsequent study showed that Drf/Vvl 

is needed for the constitutive expression of CecA1 in the adult male ejacula-

tory duct[94]. Based on genome annotation prediction, the nub gene encodes 

two protein isoforms, Nub-PB and Nub-PD. Dantoft et al. (2013) confirmed 

the existence of two independent protein isoforms, Nub-PB (104 kDa) and 

Nub-PD (65 kDa) (Figure 8). Furthermore, this work showed that Nub-PD 

binds directly to octamer sequence clusters in AMP genes and negatively reg-

ulates NF-kB/Relish-dependent AMP gene activation. The gene expression 

profiling in nub1 mutant flies display that many immune and stress response 

genes were up-regulated, confirming that Nub-PD acts as a transcriptional re-

pressor of these genes. The overactive immune responses in nub1 mutants led 

to an atypical composition of the commensal gut microbiota (Dantoft et al., 

2013; Dantoft et al., 2016). However, the functional roles of the Nub-PB iso-

form in the regulation of immune genes and other processes/genes have not 

yet been defined. 

 

Results and discussion: 

The mRNA expression profile was examined to investigate the function of 

Nub-PB in immune regulation. Microarray analysis indicated that overexpres-

sion of Nub-PB in the fat body and gut was sufficient to induce the expression 

of a battery of genes involved in immune and stress responses, cytokine pro-

duction, cell differentiation, and metabolism. A comparison was made be-

tween the differentially expressed AMP genes identified in microarray analy-
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sis in response to Nub-PB overexpression and the results from a previous anal-

ysis of the nub1 mutant, lacking Nub-PD expression specifically (Dantoft et 

al., 2013). This comparison led to identifying 65 immune genes that were up-

regulated in both data sets, indicating that these genes were positively regu-

lated by Nub-PB and negatively regulated by Nub-PD. The expression levels 

of selected AMP genes were further validated by RT-qPCR after co-overex-

pression of nub-RB and nub-RD in the midgut. Nub-PB overexpression acti-

vated the expression of AMPs, while co-overexpression of nub-RD, along 

with nub-RB, dampened the expression of the same AMPs. These findings 

indicate that Nub-PB and Nub-PD regulate the expression of the same set of 

AMP genes in an antagonistic manner. 

Nub-PB and Nub-PD share the same C-terminal region, containing the 

DNA binding POU and homeodomains known to interact with octamer se-

quence motifs. We asked whether Oct-like motifs in the upstream regulatory 

region of CecA1 were necessary for NubPB-mediated activation. To examine 

this, we generated CecA1 ΔOct-lacZ reporter fly lines and found that the Oct 

cluster was required for full activation of the reporter gene by Nub-PB. The 

results further suggested that Nub-PB and Nub-PD bind to the Oct cluster to 

regulate the expression of CecA1 in a positive and negative manner. 

Next, we performed oral infections with Erwinia carotovora carotovora 15 

(Ecc15) bacteria to examine the function of Nub-PB after bacterial challenge. 

Although Nub-PB overexpressing flies eliminated the Ecc15 bacteria, the flies 

died shortly after infection, suggesting that bacterial overgrowth was not the 

direct cause of the increased mortality. Furthermore, we discovered that pro-

longed overexpression of Nub-PB in enterocytes triggered pro-inflammatory 

reactions, including activation of the Jak-STAT and JNK pathways, increased 

intestinal stem cell proliferation, and apoptosis. However, this also negatively 

affected the adult lifespan. This indicates that overexpression of Nub-PB leads 

to excessive immune activation and consequently induces gut pathology. 

Taken together, our results highlight the importance of fine-tuning between 

immune regulators, such as Nub-PB (activator) and Nub-PD (repressor), to 

achieve effective eradication of pathogens but not elicit too strong immune 

responses, which may have detrimental consequences for the host.  
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Paper II: The Drosophila POU protein, Nub-PB, preserves intestinal epi-

thelial homeostasis (manuscript) 

 

Background: 

In paper I, we show that Nub-PB and Nub-PD play opposite roles in the 

transcriptional regulation of immune genes in the Drosophila gut. Further-

more, Tang et al. (2018) demonstrated that Nub-PB and Nub-PD act antago-

nistically in midgut progenitor cells to regulate intestinal stem cell (ISC) pro-

liferation and that Nub-PD is required for ISC proliferation. On the contrary, 

Nub-PB acted as a differentiation factor. The downregulation of nub-RB by 

RNAi led to a hyperproliferation phenotype in the midgut, further supporting 

the role of Nub-PB as a differentiation factor (Tang et al., 2018). Here, we 

aimed to gain further insights into the role of Nub-PB in the regulation of 

midgut epithelium homeostasis. 

 

Results and discussion: 

To investigate the specific role of Nub-PB, we generated a Nub-PB-spe-

cific mutant, nubPB-3, using CRISPR/Cas9 gene editing. We examined the sur-

vival of adult nubPB-3 mutants after Ecc15 infection. This showed that nubPB-3 

flies were highly susceptible to oral infection. Moreover, RT-qPCR for AMP 

genes clearly showed that AMP gene activation was significantly reduced in 

the nubPB-3 mutant gut. These results suggest that nubPB-3 flies failed to fully 

activate AMP genes in response to infection, leading to a decrease in adult 

survival. 

Further characterization revealed defects in the midgut morphology of 

nubPB-3 mutants, including an enlarged anterior midgut, short midgut length 

with increased epithelial delamination, and defects in visceral muscle organi-

zation. This indicates that Nub-PB is required for maintaining normal adult 

midgut morphology. Furthermore, the nubPB-3 mutant showed an impact on 

normal midgut regeneration. We observed increased ISC proliferation and ac-

cumulation of GBE-GFP positive cells in nubPB-3 mutant guts, indicating im-

paired progenitor differentiation. In addition, an increased number of paired 

EE cells were scored in the nubPB-3 mutant guts, suggesting an enhancement 

in ISC lineage commitment towards EEP-EE lineage and EE differentiation. 

Together, these findings emphasize a significant contribution of Nub-PB in 

maintaining immune and tissue homeostasis in the intestinal epithelium. 
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Paper III: Direct role of POU/Oct factors in mitotic progression.  

(manuscript)  

 

Background: 

The intricate balance between stem cell proliferation and differentiation is 

essential for tissue homeostasis and development. The Drosophila nub and 

pdm2 genes have been identified as crucial players in neuroblast division and 

fate specification during embryogenesis (Yang et al., 1993). Tang et al.(2018) 

highlight the antagonistic roles of Nub-PB and Nub-PD proteins in intestinal 

stem cell (ISC) proliferation and differentiation, where Nub-PD promotes pro-

liferation while Nub-PB drives differentiation (Tang et al., 2018). However, 

the precise mechanisms by which Nub isoforms regulate proliferative activity 

during the cell cycle remain poorly understood. 

 

Results and discussion: 

To investigate the role of Nub proteins during proliferation, we performed 

isoform-specific knockdown in Drosophila S2 cells. Downregulation of Nub-

PD, but not of Nub-PB, had negative effects on progression through the G2/M 

phases, suggesting an isoform-specific involvement in control of the cell cy-

cle. Further analyses revealed aberrant mitotic defects, including defective 

spindle organization and delayed progression through mitosis in S2 cells. Mi-

totic defects after Nub-PD knockdown suggest two possible modes of regula-

tion. Either Nub-PD may control mitosis by transcriptional regulation of cell 

cycle genes or possibly regulate mitosis in a more direct fashion. To distin-

guish between these two alternative modes of action of Nub-PD, we used Dro-

sophila syncytial embryos, which undergo fast, synchronous, and transcrip-

tionally silent mitotic divisions. Notably, we show that only Nub-PD, but no 

Nub-PB protein, is present in syncytial embryos.  

To assess the direct impact of the loss of Nub-PD on mitotic divisions, we 

used nub1 homozygous mutant embryos, which lack the Nub-PD protein but 

still express the Pdm2 protein. Live imaging analysis of early nuclear divisions 

revealed various mitotic phenotypes in nub1 mutant embryos, classified as 

fused nuclei, defective spatial distribution of nuclei, cortical gaps with nuclear 

fallout (NUF), asynchronous nuclear divisions, and delayed progression 

through mitotic phases during nuclear cycle 10-13 (NC 10-13). These mitotic 

defects were also present, and even enhanced, in embryos injected with anti-

Nub antibodies, demonstrating that Nub-PD is essential for nuclear divisions 
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in early embryos. Although the mitotic defects in nub1 embryos were generally 

present at NC 10-13, the penetration of the phenotypes was relatively variable 

between individual embryos, suggesting that nub1 is a hypomorph with vary-

ing levels of Nub-PD protein. To address this, we performed nub RNAi in 

nub1 mutant background to minimize the Nub-PD protein levels. As expected, 

further reduction of Nub-PD led to more severe mitotic defects, which were 

visible in earlier nuclear cycles (NC 5). This further validated a non-transcrip-

tional role of Nub-PD in mitosis, as there is no transcription taking place at 

these early nuclear division cycles. These results confirm that the Nub-PD 

protein is crucial for early nuclear divisions in a direct and non-transcriptional 

manner.  

To ensure that mitotic failures upon downregulation of Nub-PD using mater-

nal Gal4 drivers, was not causing defects already in the oocyte and during egg 

maturation, we carried out targeted degradation of maternal GFP-tagged Nub-

PD protein in embryos, using the deGradFP system. This exhibited severe de-

fects in nuclear divisions and spindle organization as well, confirming that 

Nub-PD protein is necessary specifically in the embryo, during early mitotic 

divisions. 

To elucidate the cause of nuclear division defects, we analyzed mitotic 

spindles by live imaging using the microtubule plus the end-binding protein 

EB1 (tagged with GFP) (EB1-GFP) in nub1 mutant embryos. This revealed 

that the loss of Nub-PD mounted a significant increase in abnormal spindles, 

and this was accompanied by defective spindle dynamics, suggesting that 

Nub-PD is involved in the maintenance of mitotic spindle dynamics in the 

early embryo. In particular, mitotic defects, including spindle organization, 

were partially rescued after the restoration of Nub levels from a genetic trans-

location/duplication. This further confirmed that Nub-PD contributes to spin-

dle organization during nuclear divisions.  

Next, we examined the localization of Nub-PD in early embryos and by 

live imaging of S2 cells during the mitotic phases. In prophase, Nub-PD 

showed nuclear localization, and during metaphase, it showed enrichment 

around mitotic spindles. At the end of mitosis (telophase), Nub-PD was local-

ized in the nuclei (syncytial embryo) and at the midbody during cytokinesis 

(live S2 cells), indicating that Nub-PD exhibits dynamic localization patterns 

in each mitotic phase. The enrichment of Nub-PD around mitotic spindles dur-

ing metaphase further supports a role in spindle organization. 
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To identify molecular factors that regulate the location of Nub-PD during 

mitosis, we performed a targeted RNAi screen for components involved in the 

assembly and function of the mitotic spindle. Our analysis revealed nine 

genes, including components of the Chromosome passenger complex (CPC), 

kinesin motor proteins (Klp61F and Klp3A), Crumbs and kinases (Cdk1, 

Nek1, and Niki), that upon RNAi affected Nub-PD localization during mito-

sis. These results indicate that the dynamic localization of Nub-PD is regulated 

by these mitotic factors.  

As mentioned above, Nub-PD was found to be enriched around the mitotic 

spindles. We investigated whether this enrichment of Nub-PD is dependent on 

intact microtubules. This was addressed by cold-induced microtubule depoly-

merization in the syncytial embryo and colchicine drug-induced depolymeri-

zation in S2 cells. Our analysis demonstrated loss of Nub-PD enrichment upon 

microtubule depolymerization, suggesting that intact microtubules are re-

quired for the localization of Nub-PD during metaphase.  

Additionally, the knockdown of POU2F1/Oct1, a human homolog of Nub, 

in HeLa cells displayed delayed mitosis and defective spindle organization, 

suggesting that POU2F1/Oct1 may perform a similar mitosis-specific role in 

human cells. 

In summary, we demonstrate that loss of Nub-PD, both in the syncytial 

embryo and in cell culture, leads to a multitude of mitotic defects, including 

defective segregation of chromosomes, delayed mitotic progression, and de-

fective spindle organization. The analysis of the syncytial embryo suggests 

that Nub-PD can play a non-transcriptional role during mitotic. Together, we 

propose a direct role of POU factors in mitotic spindle organization and for 

timely mitotic progression. 
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Paper IV: Independent roles of POU proteins in patterning and growth 

of Drosophila wings (manuscript) 

 

Background: 

The Drosophila POU transcription factors, Nub and Pdm2, have been re-

ported to be involved in the regulation of wing development. Loss of Nub and 

Pdm2 during wing disc development causes striking wing phenotypes involv-

ing small, opaque, and curved wings with irregular wing margins and partial 

loss of wing hinge (Cifuentes and García-Bellido, 1997; Ng et al., 1995). A 

recent study demonstrated that Pdm2 shows a redundant function to Nub dur-

ing wing formation (Loker and Mann, 2022). However, little is known about 

the isoform-specific roles of Nub during the development of adult appendages. 

In this study, we investigated the involvement of Nub and Pdm2 protein dur-

ing the growth of larval wing discs. 

 

Results and discussion: 

To analyze the expression of Nub and Pdm2 in discs of 3rd instar larvae, 

we used immunostaining as well as endogenously targeted fly lines (sfGFP 

knock-in flies). Nub antibody staining confirmed expression of Nub protein 

in wing, haltere, and leg discs. Both nubsfGFP-NubPB and nubsfGFP-NubPD, as well 

as a Pdm2-reporter line show expression in the wing pouch and hinge region. 

This confirms that Nub isoforms and Pdm2 are present in wing discs and are 

likely to be involved in their development. 

Next, we investigated the role of Nub isoforms in wing disc development 

using transcript-specific RNAi against nub-RB and nub-RD in the wing disc 

pouch. Downregulation of nub-RD and nub-RB caused a reduction of the size 

of the wing disc pouch compared to controls. Double knockdown of nub-RB 

and nub-RD showed a stronger reduction of disc size, not only in the wing 

pouch but also in the hinge and notum regions, suggesting Nub isoforms are 

required for growth of wing disc. Analysis of the mitotic index revealed a 

significant reduction in the number of mitotic cells (PH3 positive cells) upon 

nub-RD RNAi and in double nub-RB/RD RNAi, but not after nub-RB  RNAi 

alone. These results suggest a specific role for Nub-PD in the regulation of 

cell proliferation within the wing disc. 

Furthermore, we analyzed the size and shape of adult wings after the down-

regulation of Nub and Pdm2 proteins. RNAi of nub-RD caused a severe re-

duction in the size of the wing blade and hinge, including defects at the wing 
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margin and the anterior and posterior cross veins (ACV and PCV). Interest-

ingly, these defects were partially rescued by nub-RD overexpression. Next, 

downregulation of nub-RB showed a slightly reduced wing size and mild de-

fects in the ACV, and it also caused melanin deposition in the wing blade, 

suggestive of an apoptosis. Double knockdown of nub-RD and nub-RB 

showed an additive effect on wing size, cross veins, and melanin deposition. 

However, the wing margin phenotype triggered by nub-RD RNAi was instead 

rescued by nub-RD/RB RNAi. Together, these results indicate that Nub-PB 

and Nub-PD are involved in the regulation of growth and patterning of wings 

and that a balanced expression of Nub-PD and Nub-PB is required for the 

correct formation of the wing margin.  

To investigate the specific role of Nub and Pdm2 proteins in cell prolifera-

tive activity in wing discs, mitotic clones were analyzed using the MARCM 

technique. The analysis involved the nub1 mutant allele, which is almost de-

void of both Nub and Pdm2 proteins in wing discs and the nubE37 mutant allele, 

which lacks both Nub-PB and Nub-PD but still expresses Pdm2. The nub1 

mutant clones were small (primarily single cell) and showed strongly reduced 

mitotic activity, indicating that Nub and Pdm2 proteins are required for cell 

proliferation. The nubE37 mutant clones had an intermediate pattern, with 

fewer cells in the clones but more than in the nub1 clones, suggesting a func-

tional compensation of Pdm2 in cell proliferation. Taken together, the results 

suggest that Nub and Pdm2 play a crucial role in the regulation of cell prolif-

eration and growth of the wing discs in isoform-specific manner. 
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Conclusions and Future Perspectives:  

This thesis work has highlighted some of the pivotal roles played by Nub 

protein isoforms. We demonstrate the antagonistic functions of Nub protein 

isoforms in the transcriptional regulation of immune genes. We propose that 

tuning the activity of these factors is important for the elimination of infections 

and for regaining and maintaining immune homeostasis. Next, we show that 

Nub-PB plays important roles in lineage specification and differentiation dur-

ing intestinal epithelial regeneration. Further, we highlight a novel feature of 

POU protein function by revealing a direct role of Nub-PD in mitotic cell di-

vision, specifically in the maintenance of mitotic spindle organization and dy-

namics. Finally, we show that the Nub protein isoforms are indispensable in 

wing development by regulating cell proliferation and patterning in wing 

discs. Collectively, our findings suggest that Nub protein isoforms are multi-

faceted proteins that are involved in various processes such as mitosis, tissue 

growth and regeneration, and immunity.  

To better understand the role of Nub-PD in mitosis, it will be important to 

investigate further how it regulates spindle organization and dynamics at the 

molecular level. A promising approach would be to identify Nub-PD protein 

interactors during mitosis and study protein complexes using affinity pull-

down and mass spectrometry techniques. That could possibly also provide 

new insights into evolutionarily conserved functions of POU factors and their 

roles in pathogenesis and cancer. 

Many posttranslational modifications have been documented for mamma-

lian POU proteins affecting their activity and subcellular localization. The 

Nub-PD protein shows dynamic localization patterns in each phase of mito-

sis, but how this is regulated needs further investigation. Our preliminary re-

sults suggest that Nub-PD is a labile protein, which may undergo degrada-

tion in response to infection/stress by yet unknown signals. In the future, it 

would be valuable to identify the specific protein domains and possible post-
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translational modifications of Nub-PB and Nub-PD proteins, to further un-

derstand the molecular mechanisms that regulate Nub protein isoform locali-

zation and activity in different biological settings.  



43 

Acknowledgment: 

I want to take this opportunity to thank the people who have been part of 

my PhD journey. 

First, I want to thank my supervisor, Ylva Engström, for your support and 

guidance throughout the journey, even during the tough times. I am grateful 

for your time and the countless ideas you shared during our meetings. You 

have been an amazing mentor, and I feel honored to have you as my supervi-

sor!  

I want to thank Ulrich Theopold for your support as a co-supervisor. I 

honor the memory of you. Roger Karlsson, Neus Visa, Qi Dai, and Chris-

tina Jonas, thank you for your valuable advice during Ph.D. evaluations.  

Thank you to the current and former members of Group Engström: 

Vasilios, I have learned a lot from working with you. I am grateful for all our 

scientific discussions, feedback, and input in the projects. Laveena, you al-

ways make time to help and create a fun atmosphere in the lab. Noriko, 

Georg, Daniel, Suresh, Bo, Yunpo, Xiongzhuo, Shiva. I am grateful for the 

valuable insights and support throughout the years. It has truly been a won-

derful experience working with all of you. 

I want to thank all current and former 'fly people,' Dilan, Shruti, Rita, 

Martina, Kicki, Robert, Lexi and Filo, for the funny scientific conversations 

in the fly lab and for always being supportive. I would also like to thank ‘Fly 

people’ in the E3 corridor for sharing fly stocks and inputs during Monday 

seminars. Thanks to Monika for maintaining fly stocks (mites free!). 

I want to thank Anna-Stina Höglund for introducing me to confocal mi-

croscopes and Chris for your support in our amazing imaging facility, IFSU. 

I want to thank friends and colleagues in the department, Petra, Munira, 

Lukas, Ali, Tai, Bejan, Carina, Einar, Fitz, Victor, Albin, Judit, Jordi, 

Eduardo, Joydeep, Kanwal, Anaswara, Mila, Pamela. 

 

 



44 

I want to thank my parents, Kiran and Abhay Gohel, for your endless care 

and encouragement throughout the years. I am fortunate to have you as my 

parents. I want to thank my parents-in-law, Sarojini and Keshavasa Bhand-

age, for your patience and support towards us. I hope to spend more time with 

all of you in India soon. 

I cannot express in words my gratitude to Amol; thank you for believing in 

me and motivating me during the journey of my PhD. It was a bumpy road 

with lots of emotional breakdowns, but you kept my spirits high. Thank you! 

Last but not least, I want to thank my daughter, Pari, for being my sun-

shine.  

 

  



45 

References 

Agaisse, H., and N. Perrimon. 2004. The roles of JAK/STAT signaling in 

Drosophila immune responses. Immunol Rev. 198:72-82. 

Ali-Murthy, Z., S.E. Lott, M.B. Eisen, and T.B. Kornberg. 2013. An essential 

role for zygotic expression in the pre-cellular Drosophila embryo. 

PLoS Genet. 9:e1003428. 

Anderson, M.G., G.L. Perkins, P. Chittick, R.J. Shrigley, and W.A. Johnson. 

1995. drifter, a Drosophila POU-domain transcription factor, is 

required for correct differentiation and migration of tracheal cells and 

midline glia. Genes Dev. 9:123-137. 

Andersons, D., A. Engström, S. Josephson, L. Hansson, and H. Steiner. 1991. 

Biologically active and amidated cecropin produced in a baculovirus 

expression system from a fusion construct containing the antibody-

binding part of protein A. Biochem J. 280 ( Pt 1):219-224. 

Andreu, D., R.B. Merrifield, H. Steiner, and H.G. Boman. 1985. N-terminal 

analogues of cecropin A: synthesis, antibacterial activity, and 

conformational properties. Biochemistry. 24:1683-1688. 

Avilés-Pagán, E.E., and T.L. Orr-Weaver. 2018. Activating embryonic 

development in Drosophila. Semin Cell Dev Biol. 84:100-110. 

Baker, J., W.E. Theurkauf, and G. Schubiger. 1993. Dynamic changes in 

microtubule configuration correlate with nuclear migration in the 

preblastoderm Drosophila embryo. J Cell Biol. 122:113-121. 

Beehler-Evans, R., and C.A. Micchelli. 2015. Generation of enteroendocrine 

cell diversity in midgut stem cell lineages. Development. 142:654-

664. 

Bergman, P., S. Seyedoleslami Esfahani, and Y. Engström. 2017. Drosophila 

as a Model for Human Diseases-Focus on Innate Immunity in Barrier 

Epithelia. Curr Top Dev Biol. 121:29-81. 

Bhat, K.M., S.J. Poole, and P. Schedl. 1995. The miti-mere and pdm1 genes 

collaborate during specification of the RP2/sib lineage in Drosophila 

neurogenesis. Mol Cell Biol. 15:4052-4063. 

Bhat, K.M., and P. Schedl. 1994. The Drosophila miti-mere gene, a member 

of the POU family, is required for the specification of the RP2/sibling 

lineage during neurogenesis. Development. 120:1483-1501. 

Bidla, G., M.S. Dushay, and U. Theopold. 2007. Crystal cell rupture after 

injury in Drosophila requires the JNK pathway, small GTPases and 

the TNF homolog Eiger. J Cell Sci. 120:1209-1215. 



46 

Billin, A.N., K.A. Cockerill, and S.J. Poole. 1991. Isolation of a family of 

Drosophila POU domain genes expressed in early development. Mech 

Dev. 34:75-84. 

Bischoff, V., C. Vignal, I.G. Boneca, T. Michel, J.A. Hoffmann, and J. Royet. 

2004. Function of the drosophila pattern-recognition receptor PGRP-

SD in the detection of Gram-positive bacteria. Nat Immunol. 5:1175-

1180. 

Biteau, B., C.E. Hochmuth, and H. Jasper. 2008. JNK activity in somatic stem 

cells causes loss of tissue homeostasis in the aging Drosophila gut. 

Cell Stem Cell. 3:442-455. 

Boman, H.G., I. Nilsson, and B. Rasmuson. 1972. Inducible antibacterial 

defence system in Drosophila. Nature. 237:232-235. 

Botquin, V., H. Hess, G. Fuhrmann, C. Anastassiadis, M.K. Gross, G. Vriend, 

and H.R. Schöler. 1998. New POU dimer configuration mediates 

antagonistic control of an osteopontin preimplantation enhancer by 

Oct-4 and Sox-2. Genes Dev. 12:2073-2090. 

Buchon, N., N.A. Broderick, and B. Lemaitre. 2013. Gut homeostasis in a 

microbial world: insights from Drosophila melanogaster. Nat Rev 

Microbiol. 11:615-626. 

Buchon, N., N.A. Broderick, M. Poidevin, S. Pradervand, and B. Lemaitre. 

2009. Drosophila intestinal response to bacterial infection: activation 

of host defense and stem cell proliferation. Cell Host Microbe. 5:200-

211. 

Bürglin, T.R., and M. Affolter. 2016. Homeodomain proteins: an update. 

Chromosoma. 125:497-521. 

Campos-Ortega, J.A. 1997. Asymmetic division: dynastic intricacies of 

neuroblast division. Curr Biol. 7:R726-728. 

Choi, Y.J., M.S. Hwang, J.S. Park, S.K. Bae, Y.S. Kim, and M.A. Yoo. 2008. 

Age-related upregulation of Drosophila caudal gene via NF-kappaB 

in the adult posterior midgut. Biochim Biophys Acta. 1780:1093-1100. 

Cifuentes, F.J., and A. García-Bellido. 1997. Proximo-distal specification in 

the wing disc of Drosophila by the nubbin gene. Proc Natl Acad Sci 

U S A. 94:11405-11410. 

Cleary, M.D., and C.Q. Doe. 2006. Regulation of neuroblast competence: 

multiple temporal identity factors specify distinct neuronal fates 

within a single early competence window. Genes Dev. 20:429-434. 

Clerc, R.G., L.M. Corcoran, J.H. LeBowitz, D. Baltimore, and P.A. Sharp. 

1988. The B-cell-specific Oct-2 protein contains POU box- and 

homeo box-type domains. Genes Dev. 2:1570-1581. 

Cohen, B., A.A. Simcox, and S.M. Cohen. 1993. Allocation of the thoracic 

imaginal primordia in the Drosophila embryo. Development. 117:597-

608. 

Costechareyre, D., F. Capo, A. Fabre, D. Chaduli, C. Kellenberger, A. 

Roussel, B. Charroux, and J. Royet. 2016. Tissue-Specific Regulation 



47 

of Drosophila NF-x03BA;B Pathway Activation by Peptidoglycan 

Recognition Protein SC. J Innate Immun. 8:67-80. 

Danielsen, E.T., M.E. Moeller, E. Dorry, T. Komura-Kawa, Y. Fujimoto, J.T. 

Troelsen, R. Herder, M.B. O'Connor, R. Niwa, and K.F. Rewitz. 

2014. Transcriptional control of steroid biosynthesis genes in the 

Drosophila prothoracic gland by ventral veins lacking and knirps. 

PLoS Genet. 10:e1004343. 

Dantoft, W., M.M. Davis, J.M. Lindvall, X. Tang, H. Uvell, A. Junell, A. 

Beskow, and Y. Engstrom. 2013. The Oct1 homolog Nubbin is a 

repressor of NF-kappaB-dependent immune gene expression that 

increases the tolerance to gut microbiota. BMC Biol. 11:99. 

Dantoft, W., D. Lundin, S.S. Esfahani, and Y. Engström. 2016. The POU/Oct 

Transcription Factor Pdm1/nub Is Necessary for a Beneficial Gut 

Microbiota and Normal Lifespan of Drosophila. J Innate Immun. 

8:412-426. 

de Celis, J.F., M. Llimargas, and J. Casanova. 1995. Ventral veinless, the gene 

encoding the Cf1a transcription factor, links positional information 

and cell differentiation during embryonic and imaginal development 

in Drosophila melanogaster. Development. 121:3405-3416. 

Deneke, V.E., A. Puliafito, D. Krueger, A.V. Narla, A. De Simone, L. Primo, 

M. Vergassola, S. De Renzis, and S. Di Talia. 2019. Self-Organized 

Nuclear Positioning Synchronizes the Cell Cycle in Drosophila 

Embryos. Cell. 177:925-941.e917. 

Dick, T., X.H. Yang, S.L. Yeo, and W. Chia. 1991. Two closely linked 

Drosophila POU domain genes are expressed in neuroblasts and 

sensory elements. Proc Natl Acad Sci U S A. 88:7645-7649. 

Du, W., and N. Dyson. 1999. The role of RBF in the introduction of G1 

regulation during Drosophila embryogenesis. EMBO J. 18:916-925. 

Edgar, B.A., and P.H. O'Farrell. 1990. The three postblastoderm cell cycles of 

Drosophila embryogenesis are regulated in G2 by string. Cell. 62:469-

480. 

Engström, Y., L. Kadalayil, S.C. Sun, C. Samakovlis, D. Hultmark, and I. 

Faye. 1993. kappa B-like motifs regulate the induction of immune 

genes in Drosophila. J Mol Biol. 232:327-333. 

Esfahani, S.S., and Y. Engström. 2011. Activation of an innate immune 

response in large numbers of permeabilized Drosophila embryos. Dev 

Comp Immunol. 35:263-266. 

Evans, C.J., V. Hartenstein, and U. Banerjee. 2003. Thicker than blood: 

conserved mechanisms in Drosophila and vertebrate hematopoiesis. 

Dev Cell. 5:673-690. 

Farrell, J.A., and P.H. O'Farrell. 2014. From egg to gastrula: how the cell cycle 

is remodeled during the Drosophila mid-blastula transition. Annu Rev 

Genet. 48:269-294. 

Ferrandon, D., A.C. Jung, M. Criqui, B. Lemaitre, S. Uttenweiler-Joseph, L. 

Michaut, J. Reichhart, and J.A. Hoffmann. 1998. A drosomycin-GFP 



48 

reporter transgene reveals a local immune response in Drosophila that 

is not dependent on the Toll pathway. Embo j. 17:1217-1227. 

Finney, M., G. Ruvkun, and H.R. Horvitz. 1988. The C. elegans cell lineage 

and differentiation gene unc-86 encodes a protein with a 

homeodomain and extended similarity to transcription factors. Cell. 

55:757-769. 

Fletcher, C., N. Heintz, and R.G. Roeder. 1987. Purification and 

characterization of OTF-1, a transcription factor regulating cell cycle 

expression of a human histone H2b gene. Cell. 51:773-781. 

Foe, V.E. 1989. Mitotic domains reveal early commitment of cells in 

Drosophila embryos. Development. 107:1-22. 

Foe, V.E., and B.M. Alberts. 1983. Studies of nuclear and cytoplasmic 

behaviour during the five mitotic cycles that precede gastrulation in 

Drosophila embryogenesis. J Cell Sci. 61:31-70. 

Foley, E.A., and T.M. Kapoor. 2013. Microtubule attachment and spindle 

assembly checkpoint signalling at the kinetochore. Nat Rev Mol Cell 

Biol. 14:25-37. 

Garcia-Bellido, A., P. Ripoll, and G. Morata. 1976. Developmental 

compartmentalization in the dorsal mesothoracic disc of Drosophila. 

Dev Biol. 48:132-147. 

Gesellchen, V., D. Kuttenkeuler, M. Steckel, N. Pelte, and M. Boutros. 2005. 

An RNA interference screen identifies Inhibitor of Apoptosis Protein 

2 as a regulator of innate immune signalling in Drosophila. EMBO 

Rep. 6:979-984. 

Ha, E.M., C.T. Oh, Y.S. Bae, and W.J. Lee. 2005. A direct role for dual 

oxidase in Drosophila gut immunity. Science. 310:847-850. 

Hales, K.G., C.A. Korey, A.M. Larracuente, and D.M. Roberts. 2015. 

Genetics on the Fly: A Primer on the Drosophila Model System. 

Genetics. 201:815-842. 

Hanson, M.A., A. Dostálová, C. Ceroni, M. Poidevin, S. Kondo, and B. 

Lemaitre. 2019. Synergy and remarkable specificity of antimicrobial 

peptides in vivo using a systematic knockout approach. Elife. 8. 

Heifetz, Y., J. Yu, and M.F. Wolfner. 2001. Ovulation triggers activation of 

Drosophila oocytes. Dev Biol. 234:416-424. 

Hergannan, J.A., and J.V. Rechhart. 1997. Drosophila immunity. Trends Cell 

Biol. 7:309-316. 

Herr, W., R.A. Sturm, R.G. Clerc, L.M. Corcoran, D. Baltimore, P.A. Sharp, 

H.A. Ingraham, M.G. Rosenfeld, M. Finney, and G. Ruvkun. 1988. 

The POU domain: a large conserved region in the mammalian pit-1, 

oct-1, oct-2, and Caenorhabditis elegans unc-86 gene products. Genes 

Dev. 2:1513-1516. 

Holland, A.J., W. Lan, S. Niessen, H. Hoover, and D.W. Cleveland. 2010. 

Polo-like kinase 4 kinase activity limits centrosome overduplication 

by autoregulating its own stability. J Cell Biol. 188:191-198. 



49 

Horner, V.L., and M.F. Wolfner. 2008. Transitioning from egg to embryo: 

triggers and mechanisms of egg activation. Dev Dyn. 237:527-544. 

Hultmark, D. 1993. Immune reactions in Drosophila and other insects: a 

model for innate immunity. Trends Genet. 9:178-183. 

Hultmark, D. 2003. Drosophila immunity: paths and patterns. Curr Opin 

Immunol. 15:12-19. 

Ilia, M. 2004. Oct-6 transcription factor. Int Rev Neurobiol. 59:471-489. 

Imler, J.L., and P. Bulet. 2005. Antimicrobial peptides in Drosophila: 

structures, activities and gene regulation. Chem Immunol Allergy. 

86:1-21. 

Ingraham, H.A., S.E. Flynn, J.W. Voss, V.R. Albert, M.S. Kapiloff, L. 

Wilson, and M.G. Rosenfeld. 1990. The POU-specific domain of Pit-

1 is essential for sequence-specific, high affinity DNA binding and 

DNA-dependent Pit-1-Pit-1 interactions. Cell. 61:1021-1033. 

Ip, Y.T., M. Reach, Y. Engstrom, L. Kadalayil, H. Cai, S. González-Crespo, 

K. Tatei, and M. Levine. 1993. Dif, a dorsal-related gene that 

mediates an immune response in Drosophila. Cell. 75:753-763. 

Jafari, S., and M. Alenius. 2015. Cis-regulatory mechanisms for robust 

olfactory sensory neuron class-restricted odorant receptor gene 

expression in Drosophila. PLoS Genet. 11:e1005051. 

Jin, Z., M. Che, and R. Xi. 2022. Identification of progenitor cells and their 

progenies in adult Drosophila midgut. Methods Cell Biol. 170:169-

187. 

Junell, A., H. Uvell, M.M. Davis, E. Edlundh-Rose, A. Antonsson, L. Pick, 

and Y. Engström. 2010. The POU transcription factor Drifter/Ventral 

veinless regulates expression of Drosophila immune defense genes. 

Mol Cell Biol. 30:3672-3684. 

Junell, A., H. Uvell, L. Pick, and Y. Engström. 2007. Isolation of regulators 

of Drosophila immune defense genes by a double interaction screen 

in yeast. Insect Biochem Mol Biol. 37:202-212. 

Kamasaki, T., E. O'Toole, S. Kita, M. Osumi, J. Usukura, J.R. McIntosh, and 

G. Goshima. 2013. Augmin-dependent microtubule nucleation at 

microtubule walls in the spindle. J Cell Biol. 202:25-33. 

Kambadur, R., K. Koizumi, C. Stivers, J. Nagle, S.J. Poole, and W.F. 

Odenwald. 1998. Regulation of POU genes by castor and hunchback 

establishes layered compartments in the Drosophila CNS. Genes Dev. 

12:246-260. 

Kaneko, T., T. Yano, K. Aggarwal, J.H. Lim, K. Ueda, Y. Oshima, C. Peach, 

D. Erturk-Hasdemir, W.E. Goldman, B.H. Oh, S. Kurata, and N. 

Silverman. 2006. PGRP-LC and PGRP-LE have essential yet distinct 

functions in the drosophila immune response to monomeric DAP-type 

peptidoglycan. Nat Immunol. 7:715-723. 

Kaneuchi, T., C.V. Sartain, S. Takeo, V.L. Horner, N.A. Buehner, T. Aigaki, 

and M.F. Wolfner. 2015. Calcium waves occur as Drosophila oocytes 

activate. Proc Natl Acad Sci U S A. 112:791-796. 



50 

Kim, L.K., U.Y. Choi, H.S. Cho, J.S. Lee, W.B. Lee, J. Kim, K. Jeong, J. 

Shim, J. Kim-Ha, and Y.J. Kim. 2007. Down-regulation of NF-

kappaB target genes by the AP-1 and STAT complex during the 

innate immune response in Drosophila. PLoS Biol. 5:e238. 

Kim, T., J. Yoon, H. Cho, W.B. Lee, J. Kim, Y.H. Song, S.N. Kim, J.H. Yoon, 

J. Kim-Ha, and Y.J. Kim. 2005. Downregulation of 

lipopolysaccharide response in Drosophila by negative crosstalk 

between the AP1 and NF-kappaB signaling modules. Nat Immunol. 

6:211-218. 

King, D.G. 1988. Cellular organization and peritrophic membrane formation 

in the cardia (proventriculus) of Drosophila melanogaster. J Morphol. 

196:253-282. 

Klein, T. 2001. Wing disc development in the fly: the early stages. Curr Opin 

Genet Dev. 11:470-475. 

Kleino, A., and N. Silverman. 2014. The Drosophila IMD pathway in the 

activation of the humoral immune response. Dev Comp Immunol. 

42:25-35. 

Kleino, A., S. Valanne, J. Ulvila, J. Kallio, H. Myllymäki, H. Enwald, S. 

Stöven, M. Poidevin, R. Ueda, D. Hultmark, B. Lemaitre, and M. 

Rämet. 2005. Inhibitor of apoptosis 2 and TAK1-binding protein are 

components of the Drosophila Imd pathway. EMBO J. 24:3423-3434. 

Klemm, J.D., and C.O. Pabo. 1996. Oct-1 POU domain-DNA interactions: 

cooperative binding of isolated subdomains and effects of covalent 

linkage. Genes Dev. 10:27-36. 

Krauchunas, A.R., and M.F. Wolfner. 2013. Molecular changes during egg 

activation. Curr Top Dev Biol. 102:267-292. 

Kubota, K., S. Goto, K. Eto, and S. Hayashi. 2000. EGF receptor attenuates 

Dpp signaling and helps to distinguish the wing and leg cell fates in 

Drosophila. Development. 127:3769-3776. 

Lanot, R., D. Zachary, F. Holder, and M. Meister. 2001. Postembryonic 

hematopoiesis in Drosophila. Dev Biol. 230:243-257. 

Lécuyer, E., H. Yoshida, N. Parthasarathy, C. Alm, T. Babak, T. Cerovina, 

T.R. Hughes, P. Tomancak, and H.M. Krause. 2007. Global analysis 

of mRNA localization reveals a prominent role in organizing cellular 

architecture and function. Cell. 131:174-187. 

Lemaitre, B., and J. Hoffmann. 2007. The host defense of Drosophila 

melanogaster. Annu Rev Immunol. 25:697-743. 

Lemaitre, B., E. Kromer-Metzger, L. Michaut, E. Nicolas, M. Meister, P. 

Georgel, J.M. Reichhart, and J.A. Hoffmann. 1995. A recessive 

mutation, immune deficiency (imd), defines two distinct control 

pathways in the Drosophila host defense. Proc Natl Acad Sci U S A. 

92:9465-9469. 

Lemaitre, B., and I. Miguel-Aliaga. 2013. The digestive tract of Drosophila 

melanogaster. Annu Rev Genet. 47:377-404. 



51 

Lemaitre, B., E. Nicolas, L. Michaut, J.M. Reichhart, and J.A. Hoffmann. 

1996. The dorsoventral regulatory gene cassette spätzle/Toll/cactus 

controls the potent antifungal response in Drosophila adults. Cell. 

86:973-983. 

Lindberg, B.G., X. Tang, W. Dantoft, P. Gohel, S. Seyedoleslami Esfahani, 

J.M. Lindvall, and Y. Engström. 2018. Nubbin isoform antagonism 

governs Drosophila intestinal immune homeostasis. PLoS Pathog. 

14:e1006936. 

Lockey, T.D., and D.D. Ourth. 1996. Formation of pores in Escherichia coli 

cell membranes by a cecropin isolated from hemolymph of Heliothis 

virescens larvae. Eur J Biochem. 236:263-271. 

Loker, R., and R.S. Mann. 2022. Divergent expression of paralogous genes by 

modification of shared enhancer activity through a promoter-proximal 

silencer. Curr Biol. 

Maeda, K., M. Takemura, M. Umemori, and T. Adachi-Yamada. 2008. E-

cadherin prolongs the moment for interaction between intestinal stem 

cell and its progenitor cell to ensure Notch signaling in adult 

Drosophila midgut. Genes Cells. 13:1219-1227. 

Marianes, A., and A.C. Spradling. 2013. Physiological and stem cell 

compartmentalization within the Drosophila midgut. Elife. 2:e00886. 

Martín, F.A., S.C. Herrera, and G. Morata. 2009. Cell competition, growth 

and size control in the Drosophila wing imaginal disc. Development. 

136:3747-3756. 

McDonald, K.L., E.T. O'Toole, D.N. Mastronarde, and J.R. McIntosh. 1992. 

Kinetochore microtubules in PTK cells. J Cell Biol. 118:369-383. 

McIntosh, J.R., and U. Euteneuer. 1984. Tubulin hooks as probes for 

microtubule polarity: an analysis of the method and an evaluation of 

data on microtubule polarity in the mitotic spindle. J Cell Biol. 

98:525-533. 

Meister, M. 2004. Blood cells of Drosophila: cell lineages and role in host 

defence. Curr Opin Immunol. 16:10-15. 

Mengin-Lecreulx, D., and B. Lemaitre. 2005. Structure and metabolism of 

peptidoglycan and molecular requirements allowing its detection by 

the Drosophila innate immune system. J Endotoxin Res. 11:105-111. 

Micchelli, C.A., and N. Perrimon. 2006. Evidence that stem cells reside in the 

adult Drosophila midgut epithelium. Nature. 439:475-479. 

Michel, T., J.M. Reichhart, J.A. Hoffmann, and J. Royet. 2001. Drosophila 

Toll is activated by Gram-positive bacteria through a circulating 

peptidoglycan recognition protein. Nature. 414:756-759. 

Morgan, D.O. 2007. The cell cycle: principles of control. New science press. 

Myasnikova, E.M., M.A. Sabirov, and A.V. Spirov. 2021. Quantitative 

Analysis of the Dynamics of Maternal Gradients in the Early 

Drosophila Embryo. J Comput Biol. 28:747-757. 



52 

Ng, M., F.J. Diaz-Benjumea, and S.M. Cohen. 1995. Nubbin encodes a POU-

domain protein required for proximal-distal patterning in the 

Drosophila wing. Development. 121:589-599. 

Ohlstein, B., and A. Spradling. 2006. The adult Drosophila posterior midgut 

is maintained by pluripotent stem cells. Nature. 439:470-474. 

Ohlstein, B., and A. Spradling. 2007. Multipotent Drosophila intestinal stem 

cells specify daughter cell fates by differential notch signaling. 

Science. 315:988-992. 

Onfelt Tingvall, T., E. Roos, and Y. Engström. 2001. The imd gene is required 

for local Cecropin expression in Drosophila barrier epithelia. EMBO 

Rep. 2:239-243. 

Petersen, U.M., L. Kadalayil, K.P. Rehorn, D.K. Hoshizaki, R. Reuter, and Y. 

Engström. 1999. Serpent regulates Drosophila immunity genes in the 

larval fat body through an essential GATA motif. EMBO J. 18:4013-

4022. 

Phillips, K., and B. Luisi. 2000. The virtuoso of versatility: POU proteins that 

flex to fit. J Mol Biol. 302:1023-1039. 

Raff, J.W., and D.M. Glover. 1989. Centrosomes, and not nuclei, initiate pole 

cell formation in Drosophila embryos. Cell. 57:611-619. 

Reichhart, J.M., M. Meister, J.L. Dimarcq, D. Zachary, D. Hoffmann, C. Ruiz, 

G. Richards, and J.A. Hoffmann. 1992. Insect immunity: 

developmental and inducible activity of the Drosophila diptericin 

promoter. EMBO J. 11:1469-1477. 

Rizki, T.M., and R.M. Rizki. 1992. Lamellocyte differentiation in Drosophila 

larvae parasitized by Leptopilina. Dev Comp Immunol. 16:103-110. 

Rodrigues, D., Y. Renaud, K. VijayRaghavan, L. Waltzer, and M.S. Inamdar. 

2021. Differential activation of JAK-STAT signaling reveals 

functional compartmentalization in. Elife. 10. 

Ross, J., A. Kuzin, T. Brody, and W.F. Odenwald. 2015. cis-regulatory 

analysis of the Drosophila pdm locus reveals a diversity of neural 

enhancers. BMC Genomics. 16:700. 

Royet, J., and R. Dziarski. 2007. Peptidoglycan recognition proteins: 

pleiotropic sensors and effectors of antimicrobial defences. Nat Rev 

Microbiol. 5:264-277. 

Rulifson, E.J., and S.S. Blair. 1995. Notch regulates wingless expression and 

is not required for reception of the paracrine wingless signal during 

wing margin neurogenesis in Drosophila. Development. 121:2813-

2824. 

Rushlow, C.A., K. Han, J.L. Manley, and M. Levine. 1989. The graded 

distribution of the dorsal morphogen is initiated by selective nuclear 

transport in Drosophila. Cell. 59:1165-1177. 

Ryu, J.H., K.B. Nam, C.T. Oh, H.J. Nam, S.H. Kim, J.H. Yoon, J.K. Seong, 

M.A. Yoo, I.H. Jang, P.T. Brey, and W.J. Lee. 2004. The homeobox 

gene Caudal regulates constitutive local expression of antimicrobial 

peptide genes in Drosophila epithelia. Mol Cell Biol. 24:172-185. 



53 

Sackton, K.L., N.A. Buehner, and M.F. Wolfner. 2007. Modulation of MAPK 

activities during egg activation in Drosophila. Fly (Austin). 1:222-

227. 

Sallé, J., L. Gervais, B. Boumard, M. Stefanutti, K. Siudeja, and A.J. Bardin. 

2017. Intrinsic regulation of enteroendocrine fate by Numb. EMBO J. 

36:1928-1945. 

Sandborn, E.B., S. Duclos, P.E. Messier, and J.J. Roberge. 1967. Atypical 

intestinal striated muscle in Drosophila melanogaster. J Ultrastruct 

Res. 18:695-702. 

Sartain, C.V., and M.F. Wolfner. 2013. Calcium and egg activation in 

Drosophila. Cell Calcium. 53:10-15. 

Schaefer, J., K.J. Kramer, J.R. Garbow, G.S. Jacob, E.O. Stejskal, T.L. 

Hopkins, and R.D. Speirs. 1987. Aromatic cross-links in insect 

cuticle: detection by solid-state 13C and 15N NMR. Science. 

235:1200-1204. 

Steiner, H. 2004. Peptidoglycan recognition proteins: on and off switches for 

innate immunity. Immunol Rev. 198:83-96. 

Steiner, H., D. Andreu, and R.B. Merrifield. 1988. Binding and action of 

cecropin and cecropin analogues: antibacterial peptides from insects. 

Biochim Biophys Acta. 939:260-266. 

Sturm, R.A., G. Das, and W. Herr. 1988. The ubiquitous octamer-binding 

protein Oct-1 contains a POU domain with a homeo box subdomain. 

Genes Dev. 2:1582-1599. 

Sullivan, W., and W.E. Theurkauf. 1995. The cytoskeleton and 

morphogenesis of the early Drosophila embryo. Current Opinion in 

Cell Biology. 7:18-22. 

Tadros, W., S.A. Houston, A. Bashirullah, R.L. Cooperstock, J.L. Semotok, 

B.H. Reed, and H.D. Lipshitz. 2003. Regulation of maternal transcript 

destabilization during egg activation in Drosophila. Genetics. 

164:989-1001. 

Takehana, A., T. Katsuyama, T. Yano, Y. Oshima, H. Takada, T. Aigaki, and 

S. Kurata. 2002. Overexpression of a pattern-recognition receptor, 

peptidoglycan-recognition protein-LE, activates imd/relish-mediated 

antibacterial defense and the prophenoloxidase cascade in Drosophila 

larvae. Proc Natl Acad Sci U S A. 99:13705-13710. 

Tang, X., and Y. Engström. 2019. Regulation of immune and tissue 

homeostasis by Drosophila POU factors. Insect Biochem Mol Biol. 

109:24-30. 

Tang, X., Y. Zhao, N. Buchon, and Y. Engström. 2018. The POU/Oct 

Transcription Factor Nubbin Controls the Balance of Intestinal Stem 

Cell Maintenance and Differentiation by Isoform-Specific 

Regulation. Stem Cell Reports. 10:1565-1578. 

Tantin, D. 2013. Oct transcription factors in development and stem cells: 

insights and mechanisms. Development. 140:2857-2866. 



54 

Theopold, U., D. Li, M. Fabbri, C. Scherfer, and O. Schmidt. 2002. The 

coagulation of insect hemolymph. Cell Mol Life Sci. 59:363-372. 

Tichy, A.L., A. Ray, and J.R. Carlson. 2008. A new Drosophila POU gene, 

pdm3, acts in odor receptor expression and axon targeting of olfactory 

neurons. J Neurosci. 28:7121-7129. 

Tingvall, T.O., E. Roos, and Y. Engström. 2001. The GATA factor Serpent is 

required for the onset of the humoral immune response in Drosophila 

embryos. Proc Natl Acad Sci U S A. 98:3884-3888. 

Tokusumi, T., R.P. Sorrentino, M. Russell, R. Ferrarese, S. Govind, and R.A. 

Schulz. 2009. Characterization of a lamellocyte transcriptional 

enhancer located within the misshapen gene of Drosophila 

melanogaster. PLoS One. 4:e6429. 

Tripathi, B.K., and K.D. Irvine. 2022. The wing imaginal disc. Genetics. 220. 

Truman, J.W., K. Hiruma, J.P. Allee, S.G. Macwhinnie, D.T. Champlin, and 

L.M. Riddiford. 2006. Juvenile hormone is required to couple 

imaginal disc formation with nutrition in insects. Science. 312:1385-

1388. 

Tzou, P., S. Ohresser, D. Ferrandon, M. Capovilla, J.M. Reichhart, B. 

Lemaitre, J.A. Hoffmann, and J.L. Imler. 2000. Tissue-specific 

inducible expression of antimicrobial peptide genes in Drosophila 

surface epithelia. Immunity. 13:737-748. 

Uttenweiler-Joseph, S., M. Moniatte, M. Lagueux, A. Van Dorsselaer, J.A. 

Hoffmann, and P. Bulet. 1998. Differential display of peptides 

induced during the immune response of Drosophila: a matrix-assisted 

laser desorption ionization time-of-flight mass spectrometry study. 

Proc Natl Acad Sci U S A. 95:11342-11347. 

Uvell, H., and Y. Engström. 2007. A multilayered defense against infection: 

combinatorial control of insect immune genes. Trends Genet. 23:342-

349. 

Valanne, S., L. Vesala, M.K. Maasdorp, T.S. Salminen, and M. Rämet. 2022. 

The Drosophila Toll Pathway in Innate Immunity: from the Core 

Pathway toward Effector Functions. J Immunol. 209:1817-1825. 

Valanne, S., J.H. Wang, and M. Rämet. 2011. The Drosophila Toll signaling 

pathway. J Immunol. 186:649-656. 

Verrijzer, C.P., A.J. Kal, and P.C. van der Vliet. 1990. The oct-1 homeo 

domain contacts only part of the octamer sequence and full oct-1 

DNA-binding activity requires the POU-specific domain. Genes Dev. 

4:1964-1974. 

Vitre, B., N. Gudimchuk, R. Borda, Y. Kim, J.E. Heuser, D.W. Cleveland, and 

E.L. Grishchuk. 2014. Kinetochore-microtubule attachment 

throughout mitosis potentiated by the elongated stalk of the 

kinetochore kinesin CENP-E. Mol Biol Cell. 25:2272-2281. 

Wasserman, S.A. 1993. A conserved signal transduction pathway regulating 

the activity of the rel-like proteins dorsal and NF-kappa B. Mol Biol 

Cell. 4:767-771. 



55 

Xu, T., and G.M. Rubin. 1993. Analysis of genetic mosaics in developing and 

adult Drosophila tissues. Development. 117:1223-1237. 

Yang, X., S. Yeo, T. Dick, and W. Chia. 1993. The role of a Drosophila POU 

homeo domain gene in the specification of neural precursor cell 

identity in the developing embryonic central nervous system. Genes 

Dev. 7:504-516. 

Yeo, S.L., A. Lloyd, K. Kozak, A. Dinh, T. Dick, X. Yang, S. Sakonju, and 

W. Chia. 1995. On the functional overlap between two Drosophila 

POU homeo domain genes and the cell fate specification of a CNS 

neural precursor. Genes Dev. 9:1223-1236. 

Zasloff, M. 2006. Defending the epithelium. Nat Med. 12:607-608. 

Zhao, Y., B.G. Lindberg, S.S. Esfahani, X. Tang, S. Piazza, and Y. Engström. 

2021. Stop codon readthrough alters the activity of a POU/Oct 

transcription factor during Drosophila development. BMC Biol. 

19:185. 

 


