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Abstract

The past two decades have witnessed incredible progress toward understanding the genetic and 

cellular mechanisms of organogenesis. Among the organs that have provided key insight into how 

patterning information is integrated to specify and build functional body parts is the Drosophila 

salivary gland, a relatively simple epithelial organ specialized for the synthesis and secretion of 

high levels of protein. Here, we discuss what the past couple of decades of research have revealed 

about organ specification, development, specialization and death, and what general principles 

emerge from these studies.

Introduction

Drosophila has proven to be an ideal model system for revealing the molecular and cellular 

underpinnings of organ development. In particular, the salivary gland (SG) has been crucial 

for studying how polarized epithelial organs form and specialize. The SG starts out as two 

plates of approximately one hundred fifty cells each on the ventral surface of the embryo 

(Figure 1). Following internalization and initial tube formation, the fully polarized SG 

elongates and actively migrates to its final position in the embryo. Each of the secretory 

glands connects to an individual duct. Individual ducts connect to one another in a central 

common duct, which attaches to the mouthparts. The SG that forms during embryonic 

development persists through larval life to the beginning of pupation, when it produces a 

final burst of secretion before being destroyed during metamorphosis. Subsequently, the 

imaginal ring cells, which are found between the SG duct and secretory cells and that 

proliferate during larval and pupal stages, form the adult gland.

As a model system, the SG has been a valuable platform for addressing questions of cell fate 

specification and maintenance, and for learning how cells coordinate their activities to build 

an organ of the right size, shape and position in the animal. The SG has been excellent in 
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revealing how the sequential deployment of gene expression programs controls all aspects of 

epithelial tube form and function. Morphogenetic processes, including invagination, tube 

elongation and migration, continue to be studied in the SG, and new molecules driving these 

events are being uncovered. The SG has also been used extensively to study programmed 

cell death in the context of a living organism. In the following review, we discuss our 

current understanding of SG formation, maintenance and death, and how findings from these 

studies have provided insight into more general aspects of organ development and gene 

function.

Specification of Salivary Glands

SG specification and the distinction between secretory, duct and imaginal ring (pre-adult) 

cell populations occur through the integration of anterior-posterior patterning information, 

largely mediated by HOX genes, and the dorsal-ventral patterning system, specifically Dpp-

signaling in dorsal cells and EGF-signaling along the ventral midline. Since SG precursors 

stop dividing once specified, the process of specification determines both where the 

primordia will arise and the final number of cells in the fully formed tissue.

Anterior-posterior patterning genes and SG specification

Scr, Exd and Hth: positive determinants of SG fates: SG specification requires positive 

input from three transcription factors: Sex combs reduced (Scr), Extradenticle (Exd) and 

Homothorax (Hth) (Figure 2)1-3. SGs form from the ventral ectodermal cells of parasegment 

2 (PS2), which express Scr, the only spatially limited component required to activate SG 

formation. Exd, a TALE (three amino acid loop extension) homeodomain protein that is 

expressed throughout the embryo3, is also required for SG formation. Scr and Exd bind each 

other and bind DNA. The physical association of Exd with Scr distorts the N-terminus of the 

Scr homeodomain, allowing it to fit into the relatively narrow minor groove of its target 

DNA sites4. Exd activity is limited by regulated nuclear entry, mediated through binding to 

its essential cofactor Hth5. Hth, another broadly-expressed TALE protein with highly 

conserved mammalian orthologues (MEIS1,2,3 and PREP1,2 proteins) is also absolutely 

required for SG formation2. Whether Hth is directly involved in the binding of the Scr-Exd 

complex to target sequences is not clear, but the homeodomain of Hth, which is present in 

only one of two alternative splice forms, is not required for Scr-Exd dependent activation of 

the single SG target reporter that has been directly tested6. Early expression of Scr in SG 

precursors requires both Exd and Hth, revealing that TALE proteins function at multiple 

levels in SG specification2. Most other Hox proteins also require Exd and Hth for target 

gene regulation3,7. One exception is Abdominal-B (Abd-B), which instead represses Exd 

and Hth expression to mediate specification of another embryonic organ in Drosophila, the 

posterior spiracle8,9.

Ectopic expression of Scr driven by heat shock or by ubiquitous Gal4 causes ectopic 

expression of many SG markers in all segments at early stages1,4,10,11; expression of SG 

markers persists, however, only in PS2 and the two parasegments more anterior, PS0 and 

PS1. Expression of SG markers in posterior segments is transient, disappearing completely 

by mid-embryogenesis11. Moreover, SG marker-expressing cells in posterior regions do not 

invaginate to form SGs – which does occur in the more anterior regions. Persistent 
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expression of SG markers induced by global expression of Scr is only observed in PS3-13 in 

the complete absence of teashirt (tsh) function (see below)10.

Posterior Hox genes and Tsh: Negative regulators of SG fates: SG formation is further 

defined by negative regulation from two transcription factors. The major block to SG 

activation in PS3-13 is Teashirt, a zinc finger containing transcription factor (Figure 2)10,12. 

In the absence of Tsh, Scr early expression expands to PS3 and SGs form in PS3. A role for 

Tsh in blocking Scr-induced SG formation fits well with the previously described role for 

Tsh in distinguishing trunk from head13,14. Tsh directly regulates at least one SG target 

gene 12 and Tsh has been shown to physically contact Scr 15; the exact mechanisms where 

by Tsh prevents Scr's SG-inducing activity, however, remain unclear. Nonetheless, Tsh 

appears to function at two levels: repression of early Scr expression in the ventral cells of 

PS3 and repression of Scr's SG-inducing activities when that transcriptional regulation is 

overridden 10.

In PS14, Scr-induced SG gene activation is blocked by another Hox gene, Abdominal B 

(Abd-B) (Figure 2)10. The block by Abd-B is not absolute and may be due to “posterior 

prevalence”, a phenomenon wherein more posteriorly expressed Hox proteins block the 

activities of more anteriorly expressed Hox proteins16-21. Recent work suggests that 

posterior prevalence occurs because posteriorly expressed Hox proteins compete more 

successfully for the shared essential cofactor Exd6. Alternatively, given recent findings that 

Abd-B shuts off expression of Exd and Hth, the block by Abd-B could be due to the absence 

of these essential SG-inducing cofactors in PS148.

Dorsal-ventral patterning genes further refine SG coordinates—Although Scr, 

Exd and Hth drive SG formation, not all cells that express these transcription factors become 

SGs; SGs form only from ventral ectodermal cells. Thus, dorsal-ventral patterning 

information also feeds into the system. Loss of dorsal (dl), a major early determinant of 

ventral cell fates, results in a complete loss of SG marker expression1. Dl promotes SG 

development by blocking ventral expression of the gene encoding the BMP ligand 

Decapentaplegic (Dpp), which is normally expressed in only dorsal cells. In turn, Dpp 

signaling blocks SG formation (Figure 2); loss of any one component in the Dpp signaling 

pathway results in the dorsal expansion of all tested SG markers1,22,23.

Maintaining the SG fate—Although Scr, Exd and Hth are absolutely required for SG 

formation, their expression/nuclear localization disappears from the SG shortly after the 

onset of morphogenesis2. So, how is cell fate maintained in this tissue? Among the genes 

activated by Scr, Exd and Hth is the winged helix transcription factor Fork head (Fkh), a key 

player in maintaining SG fates (Figure 3). Fkh, the single FoxA family protein in flies, 

maintains its own expression24 and the expression of two other transcription factor genes 

that are highly expressed in the secretory cells – CrebA, which encodes a bZip transcription 

factor related to the Creb3/Creb3L family of mammalian proteins, and Sage, which encodes 

a less well conserved bHLH transcription factor distantly related to several mammalian 

proteins25-27. fkh affects the expression, either directly or indirectly, of about 60% of all SG 

genes, including those it represses in the SG duct (see below), as well as downstream targets 

of CrebA and Sage11,28. As will be discussed later, sustained expression of Fkh, Sage and 
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CrebA is critical for SG function26-29. Fkh, Sage and another downstream transcription 

factor Senseless (Sens) are also required for secretory cell survival; embryos mutant for any 

one of these three genes undergo extensive apoptotic SG cell death following elevated 

expression of the apoptotic activator genes, reaper (rpr) and head involution defective 

(hid)25,28,30. Moreover, Fkh is essential for SG morphogenesis25.

Duct versus secretory fate specification—Ducts form from approximately 25-30 

cells on each side of PS2 between the ventral midline and the more laterally positioned SG 

placodes. Once the SG has internalized, duct and secretory cells can be distinguished at the 

molecular level since expression of several genes is restricted to only one of these domains 

(Figure 1). For example, fkh and its many transcriptional targets, are expressed to high levels 

in the gland cells and levels are either reduced or absent in duct cells. In contrast, expression 

of several other genes, including Serrate (Ser)31,32, breathless (btl)33 and dead ringer 

(dri)34, is duct-specific. The secretory versus duct cell distinction is not so clear prior to 

invagination. Although levels of secretory gene expression in the cells flanking the midline 

are generally lower, there is considerable cell-to-cell variation, variation that disappears as 

morphogenesis proceeds (Figure 1). The changes in secretory versus duct cell marker 

expression may reflect the graded distribution of the signal(s) that induce(s) specific cell 

fates (e.g. EGF – see below) followed by boundary sharpening through repression and/or 

activation of gene expression by the transcription factors expressed to higher levels in one 

versus the other cell type.

Dorsal specifies duct cell fates through activation of EGF signaling: Dl plays an 

instrumental role in distinguishing SG duct versus secretory cell fates (Figure 4). Dl 

(through both direct and indirect mechanisms) activates expression of the bHLH 

transcription factor Single minded (Sim) along the ventral midline35. In turn, Sim activates 

expression of rhomboid (rho)36, which encodes the spatially limited component required for 

Epidermal Growth Factor (EGF) signaling37. Sim, Rho and the EGF ligand Spitz are all 

required for duct specification; loss-of-function mutations in any one of these genes results 

in a ventral expansion of secretory cell markers at the expense of duct cell markers1,38.

EGF signaling specifies duct cell fates by repression of fkh: The boundary between gland 

and duct cells is determined by the combination of two negatively regulated steps; the EGF 

signaling pathway represses fkh expression in the duct cells and Fkh represses expression of 

duct-specific genes in the gland cells38,39. Trachealess (Trh), a basic helix loop helix 

(bHLH)-PAS transcription factor, is initially expressed throughout the entire SG 

primordia22. As with other duct genes, trh expression is repressed by Fkh, remaining on in 

only duct cells22,38. Early experiments suggested that loss of trh resulted in a loss of 

expression of all other tested duct markers38; Trh appears, however, to affect expression of 

only a subset of duct genes, in many cases simply boosting their expression levels39. Thus, 

EGF-dependent duct cell specification appears to be mediated largely by repression of fkh 

expression in future duct cells (Figure 4).

Notch signaling specifies the adult SG primordia—Notch signaling through Ser, 

one of two Drosophila Notch ligands, specifies the imaginal ring cells (Figure 2)39. Ser 
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expression is duct specific31,32, whereas Notch is transiently upregulated in secretory 

cells40. Ser loss results in the absence of imaginal ring cells39. Correspondingly, a mutant 

allele of Notch that specifically affects its response to Ser, but not to Delta, the other Notch 

ligand in flies, also results in a loss of the imaginal ring cells41. Although it is clear that 

imaginal ring cells are specified during embryogenesis39, whether this happens prior to or 

during tube morphogenesis is unknown. Roles for Notch signaling in specifying distinct cell 

types within developing organs has also been documented in the vertebrate vasculature42, 

pituitary gland43, pancreas44 and central nervous system45.

Construction of the Secretory Tubes

Once specified, the SG primordial cells undergo morphological changes and internalize to 

form epithelial tubes. Since no further cell division or cell death occurs during SG 

differentiation, all subsequent changes take place within and between pre-existing cells. 

Polarity is maintained throughout the entire process of tube morphogenesis and, in the fully 

internalized SG tubes, the apical domain forms the luminal surface and the basal domain 

contacts surrounding tissues (Figure 1).

Regulated sequential secretory cell internalization—The first SG cells to 

internalize are located in the dorsal-posterior regions of the SG placodes, plate-like 

structures of columnar epithelial cells that form shortly after Scr expression is first observed 

in the primordia. The dorsal-posterior cells undergo apical constriction, a process whereby 

nuclei move to the basal domain and the apical domain constricts to create the pyramidal 

shaped cells thought to drive tube internalization46. Subsequently, neighboring cells 

invaginate to create nascent epithelial tubes, with their newly formed lumens contiguous 

with the apical surface of the SG cells still on the surface. Through a series of less well-

characterized shape changes and cell rearrangement, the remaining placode cells internalize 

to form elongated fully internalized epithelial tubes.

Fkh is required for secretory cell internalization—Fkh plays a major role in SG 

morphogenesis; the SG primordia in fkh mutant embryos rescued from cell death do not 

undergo apical constriction and completely fail to internalize. Basal movement of nuclei, 

however, is unaffected by fkh loss, indicating that the two processes – apical constriction 

and basal nuclear movement – are separable25. Fkh, as a transcription factor, likely controls 

SG invagination (and other processes) indirectly, through its downstream targets; the Fkh 

targets that mediate internalization, however, remain to be identified and/or characterized.

Rho-GTPases and the actinomyosin cytoskeleton mediate secretory gland 
internalization—Several molecules that directly affect SG internalization have been 

discovered, many of which are known to be more generally involved in cell shape changes 

(Table 1). Mutations in folded gastrulation (fog), a secreted ligand for the G protein-coupled 

receptor Mist47, and RhoGEF2, a Rho GTPase exchange factor required for invagination of 

the ventral furrow48,49, result in partial failure of SG internalization49,50. RhoGEF2 affects 

apical constriction by regulating apical accumulation of Spaghetti squash (Sqh), the Myosin 

regulatory light chain49. Embryos mutant for 18 wheeler (18W), a Toll-like receptor protein, 

and two Rho-GAPs, RhoGAP5A and RhoGAP88C/Crossveinless-c (CV-C), also show 

Chung et al. Page 5

Wiley Interdiscip Rev Dev Biol. Author manuscript; available in PMC 2015 May 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



delays and/or partial failure of SG internalization, further supporting the idea that Rho 

signaling is critical50. Indeed, both Rho1 mutants and embryos with SG-specific expression 

of a dominant-negative Rho1 construct showed partial defects in SG invagination51. Rho1 

regulates SG internalization by two mechanisms: 1) upregulation and apical localization of 

transcripts for crumbs (crb), which encodes an apical membrane protein necessary for the 

establishment and maintenance of apical-basal polarity and for apical membrane 

expansion52-55, and 2) induced apical constriction and cell shape changes mediated by Rho-

kinase (Rok)51.

As with other morphogenetic processes, cytoskeletal events associated with cell shape 

changes are key for SG tube formation. Indeed, a prominent multi-cellular Myosin II cable 

forms around the SG placode prior to invagination. This cable is maintained throughout the 

process of SG internalization and cinches up as more cells are internalized, suggesting that 

tension created by this cable provides a motive force driving internalization56. The myosin 

cable forms at the interface between peripheral SG cells and their immediate non-SG 

neighbors through downregulation of Rok. The high levels of Crb and atypical protein 

kinase C (aPKC) found within SG cells (and not in neighboring non-SG cells) negatively 

regulate Rok accumulation, preventing the formation of the Myosin II cable within the 

placodes56. Actin reorganization is also essential for timely invagination of the SG. Null 

mutations in Tec29/Btk29A, a member of the Tec family of non-receptor tyrosine kinases, 

cause a delay in SG invagination due, in part, to a shift in the equilibrium between F- and G-

actin57. Although most mutants with invagination defects appear to affect the apical surface, 

a recent study has revealed that Guanylyl cyclase at 76C (Gyc76C) and its downstream 

cGMP-dependent kinase 1 (DG1) affect invagination, collective migration and SG lumen 

shape partly by regulating localization of Talin and the laminin matrix surrounding the basal 

surface of the SG58.

Elongation of the Secretory Tubes

As the SG primordia internalize and the resulting tube moves to its final correct position in 

the embryo, the tube elongates through both cell shape change and cell rearrangement.

Tube elongation by cell elongation

Hkb regulates polarized growth and delivery of apical membrane: Polarized growth and 

delivery of apical membranes is critical for tube elongation59. In embryos mutant for 

huckebein (hkb), which encodes a zinc finger transcription factor60, the SG cells internalize 

but almost completely fail to elongate, resulting in small ‘puck-shaped’ SGs with very little 

apical surface area46,59. Hkb controls SG apical expansion through increased translation 

and/or stabilization of Crb52-55, and increased transcription of klarsicht (klar), which 

encodes a putative regulator of the dynein ATPase that mediates microtubule-dependent 

vesicle transport to the apical surface61,62. Thus, Hkb facilities tube elongation through both 

Crb-mediated apical membrane expansion and Klar-driven apical targeting of membrane 

vesicles (Table 1).

Ribbon reduces apical stiffness to facilitate membrane expansion: Ribbon (Rib), a BTB-

containing transcription factor, modulates apical membrane expansion to elongate the SG, 
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and two other tubes, the trachea and Malpighian tubules63-65. rib mutant SGs achieve only 

60% of the WT lumen length and live imaging studies indicate that rib mutant SGs elongate 

more slowly than WT66. Rib interacts with Lola like, another BTB-domain containing 

protein required for robust nuclear localization of Rib, to upregulate crb transcription and to 

downregulate the activity of Moesin (Moe), a protein that cross-links the apical membrane 

to the apical cytoskeleton65,67,68. Genetic and mechanical analyses suggest that the 

increased apical stiffness caused by increased Moe activity (increased phosphorylated Moe) 

is a major contributor to the rib mutant phenotype65,66. Thus, tube elongation requires not 

only the generation of sufficient apical membrane for expansion but also modulation of the 

mechanical properties of the apical domain (Table 1).

Tube elongation by cell rearrangement

Rho1 controls tube length by cell elongation and rearrangement: To achieve fully 

elongated tubes, the SG also undergoes cell rearrangement. This process simultaneously 

reduces the number of cells in circumference and increases the number of cells along the 

length of the tube. Some molecules, such as the Rho1 GTPase, control SG lumen size by 

regulating both cell rearrangement and cell shape. Proximal SG cells of Rho1 mutant 

embryos fail to rearrange and the apical domains do not elongate fully69. SG-specific 

knockdown of Rok by RNAi causes similar defects as observed in Rho1 mutants, suggesting 

that Rho1 affects tube architecture, at least in part, through Rok regulation of myosin 

mechanics69. Rho1 also appears to work with Rib to limit apical phosphorylated Moe, 

suggesting more direct effects on the apical actin cytoskeleton, an idea supported by the 

observed changes in F-actin distribution69. Interestingly, cell rearrangements mediated by 

Rho, Rock and Myosin II also drive tube elongation in the vertebrate gut70, suggesting a 

conserved role for Rho1 in cell rearrangement.

Reduced cell-cell adhesion facilitates cell rearrangement: Allowing cells to rearrange 

while maintaining polarity requires tight regulation of the junctional complexes that hold 

epithelial cells together. Since septate junctions (structures equivalent to vertebrate tight 

junctions) do not fully mature until late embryogenesis71, the major junction requiring 

modulation during SG cell rearrangement is the adherens junction (AJ). Regulation of cell 

rearrangement in the SG appears to be through Rac1 modulation of the AJ protein E-

Cadherin (E-Cad)72. Too little Rac1 – through either mutations in multiple Rac1 genes 

[Rac1, Rac2 and Mig 2-like] or through SG expression of a dominant-negative Rac1 

construct – results in increased E-Cad (and another AJ protein – βcatenin) at the AJs. The 

increased pools of AJ-localized E-Cad blocks cell rearrangement. Consequently, the distal 

gland, which likely forms without significant cell rearrangement, forms relatively normally, 

but many of the proximal SG cells, which must rearrange during internalization, remain on 

the embryo surface. As the distal cells continue to migrate posteriorly in the rac1 mutants, 

the gland often breaks, resulting in multiple small glands surrounding separate lumens. 

Correspondingly, excessive Rac activity results in reduced E-Cad at the AJs and a 

corresponding loss of adhesion – SG cells disperse and eventually die. The dispersion 

phenotype driven by SG expression of constitutively-active Rac can be rescued simply by 

overexpressing E-Cad, supporting the idea that Rac affects cell rearrangement largely 

through the localization of E-Cad. Rac1 appears to modulate E-Cad pools in the different 
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membrane domains by regulated endocytosis, since altering the endocytic pathway also 

alters the Rac1 phenotypic outcomes72.

Not surprisingly, E-Cad turnover is also key to the proximal-distal elongation of individual 

SG cells. In this case, endocytic turnover of E-Cad is differentially regulated along the axis 

of polarity by p21-activated kinase 1 (Pak1). Pak1 belongs to a serine-threonine kinase 

family that in other systems binds and is activated by Cdc42 and/or Rac to regulate diverse 

biological processes73,74. SG expression of dominant-negative Cdc42 and/or loss of Pak1 

results in a complete loss of lateral membrane pools of E-Cad and a widening of cells along 

the dorsal-ventral axis. Correspondingly, high-level expression of activated Pak1 depletes 

the apical pools of E-Cad, resulting in the loss of the single shared apical lumen and the 

appearance of multiple intercellular lumena. The intercellular lumena arise between cells in 

the lateral domains from endocytosed E-Cad containing vesicles75. Pak1 activity in the SG 

depends on Rab5, Dynamin and the ERM protein Merlin, a substrate of Pak175,76.

Just as cells have to release their attachment to their neighbors to rearrange, they also have 

to release their attachment to the matrix77. SGs mutant for AdamTS-A, which encodes an 

apically-targeted and secreted zinc metalloproteinase, have highly irregular luminal surfaces 

due to a failure of the cells to easily rearrange during tube elongation and posterior 

migration. AdamTS-A null mutants also have over-stretched apical domains in the distal-

most SG cells and show increased accumulation of apical actin, suggesting that these cells 

are under increased tension. Further support for a role of AdamTS-A in releasing the apical 

cell surface from the apical matrix emerges from the finding that null mutations in 

Cadherin99C (Cad99C) rescue the apical irregularities associated with AdamTS-A loss77. 

Cad99C, an atypical cadherin with a large extracellular domain, localizes to the apical 

surface of SG cells and other epithelia78,7980. Through its attachment to (currently 

unidentified) apically secreted proteins, Cad99C is proposed to resist and balance the forces 

driving tube elongation80. Thus, associations between the apical surface and apical matrix 

are important in fine-tuning overall SG tube shape.

Positioning the Salivary Glands

To attain its final correct position in the embryo, the SG actively migrates in direct contact 

with several other tissues. Whereas some of the contacting tissues may serve only as tracks 

or barriers to migration, others also provide guidance cues to either attract or repel the gland.

Surrounding tissues promote SG movement

The visceral mesoderm provides a track forSG migration: The internalization process 

positions the secretory tubes in an approximate dorsal-posterior orientation, with the distal 

most cells directly contacting the dorsally-positioned visceral mesoderm (VM) (Figure 5). 

As the secretory cells sequentially contact this tissue, they turn and migrate along it to 

eventually arrive at their final position, with the long axis of the tube aligned with the long 

axis of the embryo. In mutants where the VM is discontinuous, the SG will often continue to 

move dorsally instead of turning posteriorly, although the gland still appears to maximize 

contact with whatever VM tissues remain in these mutants81. Posterior migration of the SG 

absolutely requires integrin expression both in the SG, which expresses αPS1βPS, and in the 
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VM, which expresses not only αPS2βPS, and also an essential laminin that is bound by both 

integrins77,81. With loss of any of these molecules, the SG completely fails to migrate; SG 

tubes still elongate, however, resulting in buckled, U-shaped tubes. These findings suggest 

that the VM provides a suitable substrate for SG migration. At later stages, contact between 

the SG and VM is abrogated by the ingression of caudal mesoderm cells between the gland 

and VM. Failure of this population to migrate results in the continued attachment of the SG 

to the VM and, during the process of head involution, this attachment stretches the glands to 

about twice their normal length82.

Other tissues also provide SG migration cues: The SG either directly contacts or comes 

near several other tissues during migration, including the somatic muscle, the fat body, the 

central nervous system (CNS) and the gastric caeca, long tubular extensions of the midgut 

that emerge during later embryonic stages (Figure 5)82. Studies suggest that most, perhaps 

all, of these tissues provide cues that direct SG movement. Several guidance cues have been 

discovered that seem to function either to attract or repel the migrating SG.

Molecular guidance—Like most migrating tissues, the SG responds to a range of 

guidance cues during its posterior migration. The Netrin/Frazzled (Fra), Slit/Robo, and Wnt/

Derailed (Drl)/Frizzled (Fz) pathways have all been shown to influence SG migration83,84 

(Figure 5). The Netrin ligands are expressed in both the VM and CNS, whereas their 

receptor Fra is expressed in the SG. Loss-of-function mutations in the netrin genes or in fra 

cause a mild migration defect of the glands curving away from the midline84. 

Overexpression of NetrinB (NetB) causes more pronounced mis-migration of the SG 

towards the source of expression, suggesting that NetB acts as an attractant for the fra-

expressing SGs. Conversely, Slit acts as a strong SG repellent. Loss of Robo1 and Robo2, 

receptors for Slit, which is expressed in midline cells, cause the SG to mis-migrate towards 

the midline84. Wnt signaling also acts to repel the migrating SG83. Wnt4 and Wnt5 are 

expressed in the CNS; their respective receptors Fz/Fz2 and Drl are expressed in the SG. 

Loss of any of these factors causes the SG to curve towards the CNS. The PDGF/VEGF 

pathway has been implicated in SG migration: mutations in both the receptor and two of the 

ligands result in ventrally curved SGs83. It remains unclear, however, whether this pathway 

affects migration or some other aspect of SG morphology. Additional cues, provided by 

other cell types, will likely be discovered to influence final SG placement; disrupting these 

pathways, however, may lead to relatively subtle defects in SG placement given the number 

of tissues providing guidance cues. How an intact epithelial tissue, such as the SG, integrates 

signals from multiple different sources to control its movement remains to be discovered.

Formation of the Salivary Duct

Duct cells internalize by wrapping and convergent extension—Duct cells 

internalize immediately following the secretory cells, beginning with the cells that will form 

the individual ducts (Figure 1)85. These cells form tubes by a wrapping type mechanism, 

whereby the cells become wedge-shaped – wider on the basal side, narrower on the apical 

side - as they sink below the embryo surface86. The internalizing individual duct cells 

eventually meet and close, beginning distally and extending proximally until they meet up 

with the common duct primordia at the ventral midline. Once the individual ducts tubes have 
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formed, the common duct tube forms from the more anterior ventral primordia using a 

similar mechanism. The duct tubes also continue to elongate, eventually forming tubes that 

are about two cells in diameter for the individual ducts and 3-4 cells for the common duct. 

Thus, duct elongation occurs by convergent extension85, a common developmental process 

that narrows and elongates tissue by cell intercalation87 and that has been implicated in tube 

elongation in several Drosophila tissues88-91 as well as in the vertebrate neural tube92. 

Posterior migration of the gland coupled with the attachment of the duct to the mouthparts 

may provide the tensile forces required for duct elongation by cell intercalation.

Trh and Eyg are required for duct cell invagination—Trh plays a critical role in 

internalizing both individual and common ducts since the entire duct fails to invaginate and 

remains on the ventral surface in trh mutant embryos22,38. eye gone (eyg), which encodes a 

Pax transcription factor positively regulated by Trh, is required to distinguish individual 

from common duct domains85. Eyg is also necessary for morphogenesis of the individual 

duct tubes85; in eyg mutants, the individual ducts often fail to elongate to connect the 

secretory cells to the common duct, resulting in closed internalized secretory tubes that are 

disconnected from the rest of the digestive tract. We expect that many more genes that 

function in duct morphogenesis await discovery.

Salivary Gland Function: Secretion and Production of Tissue-Specific Gene Products

As the SG undergoes the process of morphogenesis, it simultaneously begins to specialize 

into a secretory organ. Several transcription factor genes that are induced in the earliest 

stages of SG formation – fkh, sage and CrebA - continue to be expressed throughout the life 

of this organ. These same genes are also expressed in the adult gland, suggesting that they 

may play similar roles in both the larval and adult tissues. As will be discussed, Fkh, Sage 

and CrebA play key roles in the main function of the SG – the synthesis and secretion of 

high levels of protein (Figure 3).

Fkh, Sage (and Sens) regulate SG-specific gene products

fkh is required for expression of most SG genes: As mentioned previously, Fkh controls 

many aspects of SG development, from specification to internalization to gland 

maintenance. How can Fkh have so many distinct functions in the SG when it is also 

expressed and required in multiple other tissues93? Whereas there may be some 

commonality in Fkh's role in some tissues, Fkh also has distinct tissue-specific functions. In 

the SG, tissue-specific Fkh function is largely mediated by Sage28, a SG-specific bHLH 

transcription factor.

Sage – a SG-specific bHLH transcription factor – provides specificity to Fkh function: 
In embryos, Sage (salivary gland E-box binding protein) is expressed only in the SG94, 

making it a prime candidate for controlling SG identity and specialization. sage null mutant 

SG cells internalize and form elongated secretory tubes, but undergo massive apoptotic cell 

death once fully internalized. This finding suggests that even after gland formation and 

internalization, the SG must be actively kept alive throughout development. sage mutant 

glands can be rescued from death by co-expression of the anti-apoptotic P35 protein. 
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Although overall gland morphology and polarity is normal, the rescued glands have thin, 

irregular lumens28.

Microarray studies reveal that Sage regulates SG-specific secreted or transmembrane 

proteins and their modifiers. Interestingly, expression of Sage targets entirely depends on 

Fkh; loss of fkh resulted in a complete loss of SG expression of Sage targets. Moreover, 

experiments expressing either fkh or sage alone or co-expressing both genes reveal that the 

combined activity of Fkh and Sage is required for inducing Sage target gene expression in 

multiple distinct cell types27,28. Moreover, Sage, Fkh and another downstream SG 

transcription factor – Sens – localize to largely overlapping sites on SG polytene 

chromosomes28. Thus, Fkh and Sage (+/- Sens) clearly work together to directly regulate 

expression of SG-specific genes; the exact mechanism by which these proteins collaborate, 

however, remains to be elucidated. Similar collaborations between FoxA and Sage-related 

bHLH proteins are likely to underlie tissue specific gene expression in mammalian 

dopaminerginic neurons95,96, pancreas97-99, as well as the secretory cells of the C. elegans 

pharynx100.

CrebA upregulates secretory capacity

CrebA and expression of secretory machinery: Early experiments designed to learn how 

core components of the secretory machinery are regulated in professional secretory cells, 

such as the SG, revealed that regulation occurs at the transcriptional level. Thirty-four genes 

encoding protein components of the machinery required at all early steps of the secretory 

pathway are expressed to significantly higher levels in the SG secretory cells than in 

surrounding tissues26. A combination of in vitro and in vivo DNA binding experiments, as 

well as in vivo expression studies, established that CrebA directly regulates secretory 

pathway component gene (SPCG) expression through a consensus sequence identified by 

computational analysis of the enhancers for all 34 SPCGs29. Genome-wide microarray 

studies revealed that CrebA is largely dedicated to the regulation of secretory capacity – 

well over 200 genes encoding core secretory machinery proteins, as well as secreted cargo, 

require CrebA for their full expression29. Moreover, expression of every SPCG that has 

been tested can be activated in additional cells simply by overexpressing CrebA – or the 

activated form of any of its five human orthologues, the Creb3/Creb3L family of bZip 

transcription factors - in those cells29,101. Thus, CrebA is both necessary and sufficient for 

elevated secretory capacity and Creb3/Creb3L have similar activities. CrebA and its human 

orthologues also appear to boost expression of secreted cargo genes. Whereas direct 

regulation of cargo genes by the mammalian proteins has been observed102, studies in flies 

suggest CrebA may work indirectly by up-regulating expression of Sage (see above); sage 

transcript levels decrease about twofold in CrebA mutants29.

Pasilla encodes a splicing factor also required for high-level SG secretion—
Among the early expressed SG genes that come on and stay on in the SG, is pasilla (ps), 

which encodes a KH domain-containing nuclear splicing factor related to two mammalian 

proteins, Nova1 and Nova2103. Loss of ps in the SG results in late-stage apical lumen 

irregularities that are linked to a significant reduction in material secreted into the lumen and 

a corresponding reduction in the size and number of secretory vesicles. Although more than 
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400 genes have been identified as PS splicing targets in S2 cells, the link to SG secretion 

remains to be discovered104.

Diaphanous targets apical secretion—Apical targeting of secretory vesicles in 

multiple epithelial tubular organs in Drosophila, including the SG, is mediated by 

Diaphanous (Dia), an actin-nucleation factor that localizes tightly to the apical surface, and 

by Myosin V (MyoV)105. Loss of Dia, which is expressed to high levels in the SG and other 

secretory organs, or of MyoV has no effect on overall apical-basal polarity but significantly 

compromises apical secretion. Apical localization of Dia is mediated by its interactions with 

PIP2 and Rho1, both of which are enriched in the apical membrane106. Dia is proposed to 

nucleate apically directed actin filaments, towards which secretory vesicles are targeted via 

MyoV-based transport. Mammalian Dia plays a similar role in other secretory organs, 

including the pancreas and submandibular gland107.

The Larval-Pupal Salivary Gland

The larval SG of Drosophila has been used to study several basic cellular functions, 

including secretion, hormone responsiveness and the cell death pathways. Morphologically, 

the larval SG looks quite similar to the late embryonic SG, with the salivary duct, imaginal 

ring cells and secretory gland arranged from proximal to distal (Figure 6). In the larva, the 

proximal region of the secretory gland is termed the transition zone and the cells in the most 

distal portion of the secretory tube are called the corpus cells. The SG is among the last 

larval tissues to be destroyed prior to pupation, and its contents are vital to pupae formation 

as the fly transitions to adulthood.

Ecdysone signaling in the SG—One of the most notable characteristics of the larval 

SG is its responsiveness to the hormone 20-hydroxy-ecdysone (20E or ecdysone). During 

the third instar stage, the final stage of larval development, there are three relatively small 

pulses of ecdysone, followed by a large pulse that signifies the transition from larva to 

prepupa108 (Figure 7). This final pulse of ecdysone is approximately five times larger than 

the earlier pulses109. An early observation of insect SGs was that the presence of ecdysone 

led to the formation of puffs along the polytenized chromosomes110. Successful in vitro 

culture of the Drosophila larval SGs allowed for a more complete study of this phenomenon 

as well as the mapping of the ecdysone-induced puffs to specific chromosomal 

regions111,112. The small pulses of ecdysone induce the intermolt puffs in late larvae that 

regress during the large ecdysone pulse at the end of the third instar stage113. The next set of 

ecdysone-sensitive puffs has been separated into three distinct groups based on how rapidly 

they are induced by the large ecdysone pulse: early genes, early-late genes, and late genes. 

Many early genes encode transcription factors, such as the Broad complex (Br-C), E74, and 

E75114-119. The early genes, in turn, activate expression of the late genes and repress their 

own expression120. There are many more late genes than early genes, indicating a 

transcriptional hierarchy in the larval SG not unlike that seen the embryonic gland.

The identification of the receptor for 20-hydroxyecdysone was made in the early 1990s121. 

The ecdysone receptor (EcR) was cloned and shown to be a zinc-finger containing nuclear 

hormone receptor. The expression of three Ec-R isoforms was shown to be upregulated prior 
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to the larval ecdysone pulses122. Of these, EcR-B1 is most highly expressed in the SG123. 

EcR function is critical for continued SG development. Loss of EcR results in SGs that die 

before secretion occurs124. Although EcR and another zinc-finger nuclear hormone receptor, 

Ultraspiracle (Usp), were subsequently shown to function as a heterodimeric receptor for 

ecdysone125, more recent findings suggest that the EcR-Usp heterodimer may not be the 

functional ecdysone receptor, at least for the SG. Experiments using RNAi against all three 

EcR isoforms revealed that larvae without any EcR do not secrete at all, and that expression 

of any one EcR isoform can rescue this phenotype126. Surprisingly, RNAi of Usp did not 

block secretion, but its overexpression did. This finding suggested that EcR either forms 

functional homodimers and/or that EcR forms a heterodimer with a receptor other than Usp. 

Further studies identified DHR96, a broadly expressed orphan nuclear receptor, as apotential 

EcR binding partner. Knocking down DHR96 with RNAi results in a block in gland 

secretion that cannot be rescued by over-expressing any of the EcR isoforms127.

SG glue secretion—The first genes to be induced by the small pulses of ecdysone are 

those in the intermolt puffs, many of which contain Salivary glue secretion (Sgs) genes. 

Expression of at least three Sgs genes (Sgs 1, 3, and 4) is controlled by Fkh128,129 and 

several Sgs genes were identified as potential targets of Sage 130, suggesting that the same 

transcription factors that cooperate to regulate SG specific expression in embryos also work 

together to activate larval SG-specific genes. Sgs genes encode glue proteins, several of 

which are highly glycosylated. Once secreted, glue proteins adhere the pupa to a solid 

surface during metamorphosis129,131,132. The Sgs proteins are synthesized in both the 

transition and corpus cells of the SG124, where they accumulate in approximately eleven 

thousand secretory granules per cell, which coalesce into fewer larger granules prior to their 

secretion133. The final large pulse of ecdysone has two effects on the Sgs genes: 

transcriptional repression and glue protein secretion134. Secretion of the glue granules is 

dependent on Clathrin, the AP adaptor proteins AP-1, AP47, and EpsinR135. Overexpression 

of E63-1, an early gene that encodes a calcium binding protein, induces premature secretion 

of glue granules124. Moreover, loss of E63-1 and calmodulin impairs secretion136. Together, 

these data suggest a coordinated sequence of events that starts with accumulation of Sgs 

transcripts and glue proteins, followed by a halt in Sgs transcription due to increased 

ecdysone, which also signals the cells to secrete their contents. Without glue protein 

secretion, the pupa cannot adhere to solid substrates and further development is arrested. In 

signaling pupa formation, the large ecdysone pulse also signals the larva to destruct 

(discussed below).

SG death—In addition to spurring secretion of SG contents, the final large pulse of 

ecdysone also signals gland death. By this time, many other larval tissues are already 

partially destroyed. How does the SG remain intact for longer than the surrounding tissues? 

Two molecules keep the glands alive until after all of their glue is expelled: Fkh, which has 

kept SG cells alive since the gland was first specified25, and Drosophila inhibitor of 

apoptosis 1 (Diap1)137. The late pulse of ecdysone induces Br-C transcription, which, in 

turn, represses fkh transcription and induces the apoptotic cell death cascades. Sustained 

expression of fkh in the SGs delays death, whereas RNAi knockdown of fkh at earlier stages 

induces premature cell death137. Although expression of both rpr and hid RNA are repressed 
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by Fkh, hid seems to have the most impact on SG death; overexpression of hid alone can 

induce death and hid loss results in gland persistence138. Overexpression of other known 

pro-apoptotic genes - rpr, dronc, sickle or grim -does not lead to cell death, at least not on 

their own, and loss of rpr alone does not affect gland persistence76. The upregulation of hid 

(and rpr) that occurs when Fkh is shut off overcomes the action of Diap1, allowing 

apoptosis to proceed. Overexpression of p53 alone induces some SG death through apoptotic 

mechanisms, but is insufficient by itself to cause full gland death139. Indeed, SGs also show 

many signs of autophagic cell death140. Overexpression of the autophagy gene atg1 results 

in premature cell death139, which can be rescued by the simultaneous knock down of atg12. 

Moreover, atg8a and atg18 mutant SGS show cleavage of a caspase substrate as well as 

positive TUNEL staining, suggesting that the apoptotic death pathways remain active when 

autophagy is blocked. These data reinforce the idea that both autophagy and apoptosis 

collaborate to ensure the timely death of the SG during metamorphosis.

Genes separate from the canonical death pathways also play important roles in SG death. 

The matrix metalloprotease Mmp1 is upregulated in the dying glands, whereas its inhibitor 

Timp (Tissue inhibitor of metalloprotease) is downregulated141. Small GTPases are also 

induced, indicative of cell rearrangements and migration142. Mdh2, a mitochondrial malate 

dehydrogenase, also plays a unique role in cell death143. mdh2 mutant SGs survive longer 

than wild-type, and although autophagy is initiated in mdh2 mutant glands, it is not 

completed. Caspase-3 activation is blocked in mdh2 mutants, but expression of rpr, hid and 

grim occurs normally. mdh2 mutants also have reduced ATP levels relative to wild-type 

larva. These studies suggest that Mdh2 functions downstream of the previously described 

death pathways. The findings that Mdh2 and other factors impact SG death suggest that 

many additional genes function to provide for both the timely death and clean destruction of 

the larval SG.

Conclusion

Studies of the Drosophila SG have broader implications regarding how epithelial organs are 

specified, formed, specialized, maintained and eventually destroyed. Importantly, cell fate is 

determined by integrating patterning information along both major body axes – anterior-

posterior and dorsal-ventral. This is true not only of the SG, but of all other Drosophila 

tissues that have been studied to the same level of detail, such as the trachea and 

mesodermal derivatives144,145. Although this finding suggests that there may be no true 

“organ-specifying” genes, clearly there are genes that play major roles in organ development 

and homeostasis. For the SG, Fkh has this role, affecting all aspects of gland biology. 

Nonetheless, approximately 40% of SG expressed genes are unaffected by fkh loss and Fkh 

(even with its SG-specific partner Sage) is incapable of stably converting other cell types to 

a SG fate11. Importantly, the only additional cells that persistently express SG markers upon 

ubiquitous expression of Fkh and Sage, are cells that also express Scr, the Hox gene required 

for SG formation28. To date, Scr itself is the only gene capable of driving ectopic gland 

formation1,10.

Excellent progress has been made regarding contributions of the small GTPases and 

cytoskeletal components to SG morphogenesis, particularly with respect to converting a 
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plate of polarized epithelial cells on the embryo surface into an elongated, fully internalized 

secretory tube (Table 1)49-51,56,69. Understanding the initiation and coordination of these 

events within the gland primordia is the next challenge. We expect that the identification and 

characterization of early-expressed Fkh targets will be key to fully understanding this 

process, since fkh mutant SGs completely fail to internalize25.

The SG also provides an excellent model for collective cell migration. The SG is the 

ultimate collective, since the gland migrates (and elongates) as a fully polarized epithelium. 

Several pathways and tissues that guide migration have been discovered, but very few of 

these pathways completely impede migration, leading to the hypothesis that additional 

guidance molecules exist. Much remains to be learned about how the SG responds to each of 

the signals and integrates this information to reproducibly arrive at its appropriate final 

destination, where carrying out its functions is presumably optimized and where the SG in 

turn can provide cues for positioning other body parts. Understanding the forces fueling tube 

elongation will also be key.

The past decade has been exciting with regards to learning how SGs specialize – 

specifically, how SG cells prepare for their major function – high-level secretion – and how 

SG cells become programmed to produce the right products. High-level secretion is 

controlled by a single transcription factor – CrebA, which appears to directly activate 

expression of the entire battery of proteins that make up the early secretory machinery26,29. 

Having a single protein (as in flies) or very few proteins (as in humans) with the capacity to 

coordinately up-regulate the entire secretory pathway provides a simple mechanism for 

generating sufficient machinery to meet the very different levels of secretory load 

experienced by various cell types. The beauty of addressing this issue in flies is that with 

only a single gene with this activity (instead of up to five potentially redundant genes), the 

consequences of gene loss are much more apparent.

Fkh – like the vertebrate FoxA proteins – is expressed and required in a broad array of 

embryonic tissues, from cells of the nervous and immune systems to multiple different organ 

types. Studies of Sage have revealed that Drosophila Fkh achieves SG specificity by 

partnering up with this tissue-specific bHLH protein28. We predict that Fkh will partner with 

other tissue-specific proteins (perhaps also other bHLH transcription factors) to regulate 

completely different sets of targets in the other cells in which it is expressed and required. 

The next task is to uncover the mechanisms by which Fkh and Sage cooperate to control SG 

specific gene expression.

Finally, the SG performs vital functions for the animal up to the minutes and hours before its 

demise. To ensure that these functions can be achieved, Fkh continues to hold death at bay 

until the final task is completed137. Fkh (and likely Sage) work together with the ecdysone-

signaling pathway to ensure that not only are the right proteins made at the right time, but 

that the SG is quickly and cleanly disposed of once its function is accomplished. A relatively 

complex and seemingly redundant set of events – including what appears to be death by 

multiple mechanisms – occur to ensure that even death is done right.
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Figure 1. 
Confocal images of the embryonic SG. (A) Ventral views of the SG stained with nuclear 

markers. The secretory portion of the SG forms from two placodes of cells on the surface of 

the embryo, with the duct precursors located between the two secretory placodes (st 10). At 

this stage, the expression of duct (red) versus secretory (green) markers is not so clear. 

During st 11, the gland invaginates into the embryo. At this stage, the distinction between 

duct (red) and secretory markers (green) is more evident. As development progresses (st 

12-15), the secretory tubes elongate, and the individual duct (id) and common ducts (cd) 

form. (B) Lateral views of SG during elongation and migration. All membranes are marked 

in green, with the apical membrane specifically marked in red. Following invagination, the 

SG moves dorsally (st 11) and then turns (st 12) and migrates posteriorly. Posterior 

migration continues (st 14-16) until the SG reaches its final resting place. Throughout this 

dynamic process, the SG migrates as an intact fully polarized tissue.
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Figure 2. 
SGs are specified by the integration of patterning information along both major body axes. 

Scr (purple in cartoon), a Hox protein expressed in PS2 and dorsal cells of PS3, is the only 

spatially-regulated activator of SG cell fates. The more globally expressed Exd and Hth 

Tale-homeodomain proteins are also required for SG formation and these proteins function 

at multiple levels. Tsh (brown in cartoon), expressed in PS3-13, and AbdB (red in cartoon), 

expressed in PS14, block SG activation in the trunk and abdomen. SG formation is limited 

to the ventral cells of PS2 by Dpp signaling (blue in cartoon) in the dorsal cells. EGF-

signaling (green in cartoon) along the ventral midline specifies the duct cell fate by blocking 

expression of Fkh. In turn, Fkh plays a major role in maintaining the secretory cell fate by 

regulating itself as well as multiple other secretory-specific genes and by blocking 

expression of duct-specific genes. Ser, which is expressed in duct cells, signals adjacent 

Notch expressing cells in the common secretory/imaginal ring cell primordia to become 

imaginal ring cells (dark blue in diagram) – the precursors to the adult SG.
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Figure 3. 
The secretory specific genes directly activated by Scr, Exd and Hth include several 

transcription factors – CrebA, Fork head (Fkh), Sage and Huckebein – as well as a splicing 

factor – Pasilla. The early expressed genes both maintain and implement the secretory cell 

fate decision. Pasilla and CrebA function to increase secretory capacity in the professional 

secretory cells of the SG. Fkh maintains its own expression as well as expression of CrebA 

and Sage. Fkh also controls morphogenesis and in collaboration with Sage and their 

downstream target Senseless, activates expression of SG-specific genes and represses the 

apoptotic genes reaper and hid, keeping the SGs alive. Huckebein mediates tube elongation.
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Figure 4. 
The duct is specified by Scr, Exd and Hth in combination with EGF signaling. EGF 

signaling blocks expression of Fkh in the most ventral cells of PS2, allowing the expression 

of duct-specific genes such as Trh and its downstream targets, btl, eyg and, presumably, 

other genes. The absence of Fkh expression in the ventral cells also allows expression of two 

other duct-specific factors: Dri and Ser. Ser in duct cells is important for establishing the 

imaginal ring cell fate.
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Figure 5. 
The SG contacts or comes close to several tissues as it migrates to its correct final position 

in the embryo, including the circular (c) visceral mesoderm (cVM), the longitudinal (l) 

visceral mesoderm (lVM), the fat body, the somatic musculature and the central nervous 

system. The cVM provides a suitable substrate for posterior SG migration through the 

expression of αPS2βPS integrin that binds a secreted laminin also expressed in the cVM. 

The SG expresses αPS1βPS integrin, which also binds the secreted laminin. Both the 

integrins and laminin are essential for posterior migration (starred). The lVM migrates 

between the SG and the cVM to detach these two cell types. The SG also expresses several 

receptor genes, which allow it to properly navigate to its final correct position in response to 

local sources of the corresponding ligands. In turn, the SG is likely to also provide cues for 

the migration of other cell types in the embryo. For example, the fat body migrates over 

specific parts of the SG at late embryonic stages.
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Figure 6. 
Confocal image of the larval salivary gland with the different cell types artificially 

colorized. The larval salivary gland includes the large polytenized secretory cells (light 

blue), the medium sized duct cells (light purple) and the small imaginal ring cells (blue). The 

fat body (green) attaches to the secretory cells at several places.
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Figure 7. 
Fkh (likely in collaboration with Sage and Sens) keeps the SG alive until the prepupal stage 

by preventing expression of the apoptosis inducers reaper (rpr) and head involution 

defective (hid). Fkh (and Sage +/- Sens) in combination with low level ecdysone signaling 

activate transcription of the Salivary glue secretion (Sgs) genes in late larvae. High-level 

ecdysone signaling just prior to pupation activates expression of the early ecdysone-

responsive genes, which encode transcription factors. A subset of these transcription factors 

repress fkh and Sgs transcription and activate expression of genes required for glue 

secretion. Thus, the glue is secreted when Fkh begins to disappear. In turn, the 

disappearance of Fkh results in rpr and hid expression, which overcome DIAP and activate 

the cell death pathway. Thus, the SG dies shortly after it completes its final task of glue 

secretion.
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Table 1
Genes Implicated in Salivary Gland (SG) Morphogenesis with Their Currently 
Understood Roles and Interactions

Process: Secretory cell invagination

MOLECULE ROLE

Fkh

Transcription factor
Regulates expression of ≈60% of SG genes
Maintains SG viability (with Sage and Sens)

Mediates invagination

Fog Ligand for GPCR Mist in mesoderm
Coordinates invagination

Rho1
GTPase

Increases Crb levels
Maintains Crb, aPKC, and Stardust apical localization

Crb
Apical membrane protein

Establishes and maintains apical/basal polarity
Along with aPKC, prevents Rok accumulation and Myoll cable formation in SG

aPKC Along with Crb, negatively regulates Rok and Myoll

Rok
Rho kinase

Induces cell-shape changes and apical constriction
Positive regulator of Myoll

RhoGEF2 Rho guanine nucleotide exchange Factor
Regulates apical constriction via Sqh localization

Sqh Myosin regulatory light chain
Creates intracellular myosin network

RhoGAP88C Basolaterally localized GTPase activating protein
Coordinates invagination

18-Wheeler
Toll-like receptor

Component of Rho pathway
Coordinates invagination

Tec29/Btk29A
Non-receptor tyrosine kinase

Affects F- and G- actin dynamics
Coordinates invagination and migration

Gyc76C
Guanylyl cyclase
Upstream of DG1

Regulates Talin and laminin localization

DG1
cGMP-dependent kinase 1
Downstream of Gyc76C

Regulates Talin and laminin localization

Process: Tube elongation via cell elongation

MOLECULE ROLE

Hkb
Transcription factor

Upstream of Klar, Crb
Mediates apical expansion

Klar Mediates apical membrane delivery via vesicle transport

Crb Transmembrane protein
Mediates apical membrane expansion

Rib
Transcription factor

Upstream of Crb
Regulates moesin activity (indirect)

Lolal Mediates nuclear localization of Rib in the SG (and other ectoderm)

Moesin ERM family member; actin linker
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Process: Secretory cell invagination

MOLECULE ROLE

Increases apical stiffness when phosphorylated

Cdc42 Rho GTPase; activates Pakl

Pakl Serine-threonine kinase
Regulates lateral E-Cad endocytosis through Merlin, Dynamin, and Rab5

E-Cadherin Cell-cell adhesion
Mediates cell shape changes in the SG [e.g. expansion along the apical P/D axis]

Process: Tube elongation via cell rearrangement

MOLECULE ROLE

Racl Rho GTPase; regulates junctional E-Cad turnover

E-Cadherin Regulates cell-cell adhesion [too little, cells disperse; too much, cells are unable to rearrange properly]

Gonl
Apically secreted metalloprotease

Influences apical membrane release from ECM and consequent cell rearrangements
Genetically interacts with Cad99C

Cad99C Apically secreted protocadherin
Influences apical membrane release from ECM and consequent cell rearrangements
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