Chapter 29. Cargo transport and asymmetric partitioning around curved surface
boundaries: flat sheets, segmented tubes and terminal parasegments.

The succession of embryonic parasegmental fates is allocated with respect to the maternal
Cad and Bcd gradients established in the oocyte, while formation of the D/V (L/R) axis is
dependent the early zygotic transcription of WntD and the Tl signalling pathway. Both Myoll
flux and the convergent-extension movements of gastrulation are constrained by embryonic
surface topography. Meanwhile, cargo transport and preferential microtubule orientation, may
be regulated via En and Wg, as core components of the segmentation cascade. During later
development, the proliferative growth of the larval imaginal discs is predominantly
asynchronous, with uncoupled cell-cycle progression in most cells. However, the fate of
imaginal disc cells remains indeterminate until terminal PCP signalling, with the fine-scale
patterning of adult tissues, and the assignment of differentiated cell fate, taking place during
pupal metamorphosis. Many of the early embryonic functions are re-deployed throughout
development, with their associated mutant phenotypes being dependant on the stage at which
their wild-type functions are disrupted.

During the mid-blastoderm transition, P compartmental fate is allocated by wg and en;
while A fate is specified by wg and distal-less (dIl) '. Meanwhile, lack of the Hth Hox
cofactor blocks the A > P succession of thoracic fates. The Hth and Exd cofactors may select
between leg and wing fate; while Ey is expressed in eye-antennal and wing discs 2 3 4. Over-
expression of Antp deletes the eye-antennal disc, via zenl-zen2; while lack of Antp induces
ectopic eyes in the wing 3 6. However, somatic clones of homoeotic mutants may switch
parasegmental fates autonomously, even when induced late in larval growth. In the wing disc,
Dpp (TGFp) promotes Ap/Ba cell elongation, with apico-lateral localisation of Rhol 7. Dpp is
imported from the peripodial membrane, before being trafficked through baso-lateral cell
interfaces in MVBs 8 ? 1911 Thus, the embryonic axial system is maintained during larval
growth, although the Cartesian axes of twin-field boundary cells may be rotated. In particular,
growth along the Pr/Dist axis of the wing blade is regulated via the rapid degradation of Dpp
in the P compartment 7. At the pre-pupal stage, the marginal (D/V) loop and Pr/Dist ring of
Wg expression intersect each other near the presumptive hinge region. Thus, the wing disc is
divided into four quadrants, with an A/P AMS on both presumptive surfaces of the blade. At
the wing tip, the D/V margin intersects the A/P compartment boundary at 90°, and further
growth is inhibited; consistent with a block in Wg uptake through the Ap disc surface. In this
distal region, the hairs remain aligned with the Pr > Dist axis of the wing blade, rather than
the D/V margin. Notably, the Distal-less (DIl) Hox co-factor is expressed around the D/V
margin, the presumptive veins and in the wing tip (distal to V2 and V5) 2. Phosphorylation of
a Zif/DIl complex may also regulate the asymmetric expression of aPKC and Miranda 3.

By contrast, the rows of bristles in the notum are aligned along the A > P embryonic
axis. By this criterion, the long axis of the wing blade is rotated through 90° in the central
region of the disc during metamorphosis. Notably, the A intersection of the Pr/Dist Wg ring
and D/V loop of Wg expression may act as site for homoeotic tarsal outgrowths, see 4.
Meanwhile, the fate of the hinge region is specified by the Spalt complex TFs: spalt-related
(salr), spalt major (salm) and spalt adjacent (sala) '> '© 17 18, Within the wing blade, salm
regulates inter-vein growth, while the delivery of Dpp is suppressed by Wg 12 20 16, The
presumptive long veins disc run parallel to the A/P compartment boundary and orthogonal to
the cross-veins 2! 22 (Fig. 46A). It is only during pupal metamorphosis that the shape of the
wing blade is remodelled, with compaction of the hinge region. In consequence, the adult
longitudinal veins converge near the hinge, while their distal tips spread out around the D/V
margin. Thus, the wing veins may act like late-forming twin-field boundaries during the
passage of a Pr > Dist morphogenetic wave. These interactions are regulated via TGF[3



growth factor signalling, with the Rho"® protease veinlet, being expressed around the D/V
wing margin and presumptive veins.

Fig. 45. Eversion of the imaginal wing disc. A. In the L3 disc, the presumptive long veins
(L2-L5) are roughly parallel to the A/P boundary, with V1 running along the anterior D/V
margin, reproduced from Sturtevant and Bier 1995. B. Confocal image wg-Gal4, UAS-GFP-
mCDS8-mCherry L3 disc. The Pr ring of wg-Gal4 expression marks the hinge/blade boundary,
with a Pr/Dist loop around the D/V margin (yellow/red), background Dapi (blue) marks nuclei
in the focal plane around edge of the disc, white line indicates position of A/P boundary
crossing wing blade and notum. C. Everted disc from mature pupa: wg-Gal4; UAS-GFP-
mCDS8-mCherry. The wg-Gal4 expressing cells along the D/V margin (yellow/green /red) are
trapezoidal, consistent with axial rotations of these cells around the edge of the wing blade.
These marginal cells may constrain the shape of the wing blade. Gubb and Gurrero,
unpublished. D. Distal tip of pupal wing blade: wg-Gal4; UAS-GFP-mCDS8-mCherry. Ap/Ba
orientation of marginal cells appears orthogonal to the plane of the wing blade. The GFP fluor
may be partially suppressed in putative MVBs (bright red punctae).

Notably, regulatory mutations of embryonic functions may affect the shape and
venation pattern of the wing 23. In particular, amorphic mutations in the 5’ regulatory region
of the gap gene kni" (radius incompletus) delete the entire V2; while hypomorphic kni" alleles
remove only its distal tip (Lindsley and Zimm 1992) 24 14, Similarly, hypomorphic cubitus
interruptus (ci) alleles delete the proximal cross-vein, while amorphic ci alleles alter the wing
shape and venation pattern, via the Hh signalling pathway. Mutants of the segmentation gene
hairy show ectopic bristles along the wing veins, and on other parts of the body surface 2°. By
contrast, viable gf mutants extend the larval growth phase, and increase the size of adult flies;
consistent with partial insensitivity to ecdysone signalling 2. Thus, the morphogenetic
functions that determine regional fate during embryogenesis may be re-deployed, with mutant
phenotypes that reflect later functions during terminal differentiation.

Towards the end of larval growth, the presumptive vein cells become more compact
than surrounding intervein cells, before hexagonal tessellation during the pupal stage 27 5.
The Wg expressing cells along the D/V margin, however, become trapezoidal; consistent with



axial rotations in the epithelial plane (Fig. 45). Thus, the Pr > Dist morphogenetic waves may
re-align cell interfaces, and canalise morphogen flux, as the pupal wing blade is remodelled.
Occasional rosette cell clusters form sensory organ precursors (SOPs) along the anterior D/V
margin and veins, giving rise to innervated bristles and campaniform sensillae. Notably, the
ectopic bristles in hairy and Hairy wing mutants have the same orientation as surrounding
wing hairs, in both wild-type and PCP mutant backgrounds ?°. In notal bristle-forming SOPs,
Par3, Mir and Numb are trafficked along the mitotic spindle; with asymmetric partitioning of
Numb and N between daughter cells as they adopt differential (M-twin) fates 3° 3!, In the
absence of Par6, neuroblast spindles become misoriented, the Ap localisation of Par3 (Baz)
fails and the Ba localisation of Numb and Miranda is blocked *!. Thus, asymmetrical
partitioning of Par/Cdc42 couples the spindle axes of dividing cells and may displace all three
Cartesian axes during terminal PCP signalling. On the Ap epithelial surface, the Fz, Wg
signal-receptor, and the Stan, transmembrane cadherin, interact with Par3 (Baz) ** 33,
Meanwhile, Vang localises to the anterior SOP daughter cell as Baz is distributed in a P
crescent **, In all these interactions, the distribution of Baz may be linked to the asymmetric
localisation of Centrosomin, see 3.

In transgenic ap-Gal4,; UAS-DII, the misexpression of DIl may induce growth of
homoeotic tarsal outgrowths from the anterior D/V margin near the A hinge; while the distal
tip of the haltere may transform to T5, with pre-tarsal claws !2. In these regions, altered Wg
flux may switch between D and V disc fates. However, overexpression of UAS-pk*’ in the D
wing (in ap-Gald; UAS-pk*" flies) reverses bristle polarity along the D margin, without
affecting adjacent bristles on the V surface, which retain their wild-type orientation (Fig. 22).
By implication, alterations in Wg flux may not be transmitted across the N/Delta interface
along the D/V margin. However, overexpression of UAS-pk®’ along the presumptive veins
(in DII-Gal4; UAS-pk*" wings) gives a PCP pattern, like that of pk”* mutants (Fig. 46).
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Fig. 46. Overexpression of the Pk isoform along wing veins in dll-Gal4,; UAS-pk*'
wing. A. and B. Phase contrast wing blade, showing PCP pattern similar to pk°¥, consistent
with altered Wg flux during terminal PCP signalling. C. DII-Gal4 expression in adult wing,
confocal image of adult wing (V1/V2): DIllI-Gal4; UAS-GFP-mCDS8-mCherry.

The expression of Delta in wild-type L3 discs is restricted to the presumptive veins, while N
and Pk are expressed in the inter-veins regions 3¢ . By these criteria, the wing veins may
represent late-forming field boundaries. By contrast, overexpression of the Pk*" isoform (in
da-Gal4; UAS-pk" flies) gives altered bristle polarity along the anterior D/V margin; with



topological disclinations in hairs, at variable positions within the wing blade 37 (Fig. SE).
Such alterations in planar polarity are also dependent on the Ap/Ba epithelial axis, as
overexpression of Baz (Par3) in somatic mosaics alters the Ap/Ba localisation of Stan, with
domineering PCP alterations in surrounding wild-type cells *3

The organisation of the leg discs is similar to that of the wing in that the peripheral
regions give rise to notum, followed by proximal leg segments, with the tarsal segments (T1-
T5) being delineated by concentric rings towards the disc centre 4. In this system, Distalless
(D1I) selects the central, tarsal, fates via the Wg and Dpp signalling pathways 3% 3 40, Disc
eversion is driven primarily via actomyosin contractions in the peripodial membrane; which
may require proteolytic degradation of the extracellular matrix #! 42 43, The infolding cells at
tarsal segmental boundaries become cuboidal **. Growth of the central disc region may be
regulated via the Ft/Ds/Fj cassette, by the criterion that the middle (T2/T3) segmental joint is
lost in fj mutants *° %, During normal development, the expression of a ring of ap in T4 may
restrict Wg transmission to the distal limb tip, see *’. The concentric rings of wg transcription
at tarsal segmental boundaries may be co-incident with N expression, with Wg trafficked
through lateral cell interfaces, in either direction along the Pr/Dist limb axis. The critical role
of the N is also apparent in somatic N clones, which induce foreshortened limbs, lacking
segmental boundaries, with T1 fused to the T5 pre-tarsus, see *®. By contrast, reduced Wg
uptake through the Ap epithelial surface may halve the length of each tarsal segment in PCP
mutants, generating ectopic AMSs with mirror-image joints in T1 to T4, (Fig. 47), see .
However, the Dist TS5 remains unaffected, consistent with a lack of Ap Wg uptake in the
centre of the disc during normal development. Wg transport between lateral cell interfaces
may continue in the pre-tarsus, with twin-field rotation to terminate the chain of
parasegments, replacing a Dist joint structure with tarsal claws.

Fig. 47. Tarsal leg segments. A. wild-type. B. pk®’¢!. C. pk***! ectopic segmental boundary
in T3 (red arrow), with double (Pr and Dist) AMSs (blue lines), phase contrast. D. Confocal
image pk*’ tarsal segments pk-GFP green; E-Cad-TFP red, pkMiMICQ7065-GFP ppsplel . E_Cad-
TFP. The E-Cad-TFP Teal fluor signal is shown in red, Gubb and Reichhart, unpublished.
White arrows indicate putative ectopic Pr and Dist AMSs in the T3 segment.

At the transcriptional level, the TS pre-tarsal joint is delimited by Fascilin-2 (Fas-2)
expression, with terminal TFs expression including aristaless, B, DI, clawless, tarsalless, ap
and LIM] 3° 5152535455 In addition, the Zn-finger TFs Odd, Sop, Drm and Bowl are



expressed at tarsal segmental boundaries, and within the pre-tarsus; with the Homeobox TFs
acting through Groucho ¢ 37 38, In conjunction, these morphogenetic functions may block the
formation of a terminal T5 joint and substitute the alternative pathway that terminates limb
growth. Strikingly, the pre-tarsus develops a terminal infolding along the A/P boundary,
separating mirror-image tarsal claws ** >°. By implication, an axial rotation takes place around
the Pr/Dist AMS of T5, Fig. 48. On this interpretation, the Dist tip of the A/P compartment
infolds as a radial segmental boundary, with a 90° rotation of Cartesian axes and mirror twin
tarsal claws. Overexpression of activated Notch* (or Odd) along the A/P boundary induces a
deep radial groove near the disc centre, in ptc-Gal4; UAS-N*, or ptc-Gald, UAS-odd larvae .

Fig. 48. Ectopic ectopic expression of Odd (or activated Notch*) disrupts formation of pre-
tarsal fold in the TS5 of ptc-Gal4; UAS-N*, or ptc-Gal4, UAS-odd leg discs. A. ptc-Gal4 is
expressed in a narrow (green) ribbon just anterior to the A/P boundary, white arrow. E-Cad
localisation at cell interfaces (red) is increased at tarsal segmental boundaries. B. Ectopic
expression of Odd along the A/P boundary in the central disc converts the putative radial
AMS into a deep furrow between pre-tarsal twin-fields. From Natori et al., 2012.

These coordinated alterations in TF activity are consistent with reduced Ap Wg import with
residual Wg flux in terminal parasegments, without an extracellular Wg gradient being
formed, see *°.

The polarity of abdominal bristles is also aligned with respect to A/P compartmental
boundaries, with occasional SOP rosettes recruited from the surrounding interstitial cells .
As the migrating histoblasts meet during the pupal stage an irregular interface is formed
between A and P cell populations. Actomyosin cables are coupled through lateral cell
interfaces (D/V, L/R) with pulsatile contractions causing progressive straightening of the A/P
boundary . The alignment of heterotypic interfaces at the A/P boundary gradually spreads
outwards to give a sheet of elongated, parallel-sided cells, with homotypic (A/A and P/P)
interfaces. As during gastrulation, this epithelial remodelling is dependent on 77 and en,
although with the parallel-side cells are aligned with respect to D/V (L/R), rather than the A/P
axis, of the abdomen. The Dachs (D) myosin anchor is localised preferentially to the P
interface of A cells, and the A interface of P cells ¢! ©2 63, Taken together, these results
confirm the critical role of contractile shortening of matrix-coupled actomyosin cables in
driving the realignment of cellular interfaces.

During larval growth, epithelial cells are free-cycling and intercalate with
neighbouring cells as they divide. In general, disc cells show salt-and-pepper expression of
cyclin-dependent fluors, except for Gi arrest at the D/V boundary, in the wing disc, and along
the advancing morphogenetic furrow, in the eye-antennal disc. Notably, the A/P boundary in
the wing and the perimeter of the eye twin-field are not apparent ®* . By contrast, during
terminal PCP signalling Pr/Dist morphogenetic waves aligns cellular interfaces and regulates
asymmetrical partitioning. These coordinated changes deploy cell-cycle dependent regulation



of actin microfilaments and the microtubule cytoskeleton. Cytoskeletal remodelling may
drive axial rotations around Ap/Ba epithelial axis, or in the epithelial plane. However, rotation
around any one Cartesian axis must displace the other two (Fig. 28), with differential Ap/Ba
trafficking to either side of AMSs. Thus, morphogenetic twin-fields may adopt differential
fates during normal development, or a mutant patch of cells may be allocated an alternative
fate during larval growth. In this sense, differentiated cell fate, and fine-scale tissue
patterning, are set without reference to a global positional information matrix.

Summary:

Cytoplasmic remodelling regulates the alignment of cellular interfaces and the surface
topography of epithelial sheets, with altered mitotic spindle orientations, asymmetric
partitioning of TFs, and canalised morphogen flux. These constraints are relatively loose
during the proliferative growth of imaginal discs; but become critical during terminal
PCP signalling. Most larval disc cells are free-cycling, with G; arrest at twin-field
boundaries. In general, the embryonic axes are maintained, but may be rotated in the
centre of imaginal discs with tubular limb outgrowths. In this context, the tarsal
segmental joints may represent late-forming twin-field boundaries, consistent with a
harmonic standing wave along the Pr/Dist limb axis. The growth of the TS pre-tarsus
and the tip of the wing blade may be supressed by a block in Wg import through the Ap
epithelial surface. Similarly, PCP mutants may halve the length, and double the
number, of the T1-T4 segments. Metachronal waves of contraction drive the alignment
of cytoplasmic interfaces within SOP rosettes and their surrounding interstitial cells. In
this sense, the allocation of differentiated cell fate does not require a global positional
information matrix. The region-specific patterns of TF expression may be maintained in
adult tissues, as the metabolic range of individual cells is restricted.
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