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Mitotic cell rounding accelerates epithelial

invagination

Takefumi Kondo' & Shigeo Hayashi'2

Mitotic cells assume a spherical shape by increasing their surface
tension and osmotic pressure by extensively reorganizing their
interphase actin cytoskeleton into a cortical meshwork and their
microtubules into the mitotic spindle'”. Mitotic entry is known to
interfere with tissue morphogenetic events that require cell-shape
changes controlled by the interphase cytoskeleton, such as apical
constriction®*. However, here we show that mitosis plays an active
role in the epithelial invagination of the Drosophila melanogaster
tracheal placode. Invagination begins with a slow phase under the
control of epidermal growth factor receptor (EGFR) signalling; in
this process, the central apically constricted cells, which are sur-
rounded by intercalating cells®’, form a shallow pit. This slow
phase is followed by a fast phase, in which the pit is rapidly
depressed, accompanied by mitotic entry, which leads to the inter-
nalization of all the cells in the placode. We found that mitotic cell
rounding, but not cell division, of the central cells in the placode is
required to accelerate invagination, in conjunction with EGFR-
induced myosin II contractility in the surrounding cells. We pro-
pose that mitotic cell rounding causes the epithelium to buckle
under pressure and acts as a switch for morphogenetic transition
at the appropriate time.

The invagination of epithelial placodes converts flat sheets into the
three-dimensional structures that form complex organs, and it is a key
morphogenetic process in animal development®. A major mechanism
of invagination is apical constriction, which is driven by actomyosin
contraction’. However, not all constricted cells invaginate'®", and
some cell internalization occurs without apical constriction®”'>"?, sug-
gesting that additional mechanisms of inward cell movement contrib-
ute to invagination.

To obtain three-dimensional information about cell behaviour dur-
ing invagination, we performed live imaging of the Drosophila tracheal
placode. Ten pairs of tracheal placodes, each of which is composed of
about 40 cells, are formed in the ectoderm at mid-embryogenesis, and
each placode initiates invagination simultaneously'*. Using an adhe-
rens junction marker, DE-cadherin-green fluorescent protein (E-cad—
GFP)", we found that the adherens junctions of the central placode
cells slowly created a depression by apical constriction, which became
the tracheal pit” (Fig. 1a). After 30 to 60 min of slow movement (slow
phase), the tracheal pit was suddenly enlarged, and the tracheal cells
were rapidly internalized (fast phase) and eventually formed L-shaped
tube structures (Fig. 1a, b, e, Supplementary Fig. 1 and Supplementary
Video 1).

After the fast transition, all the tracheal cells and surrounding epi-
dermal cells entered mitosis 16, the final round of embryonic mitosis'®.
We noticed that the fast invagination was always associated with the
mitotic entry of central cells that were frequently the first to enter
mitosis 16 (10 out of 14 cases) (Fig. 1b, ¢ and Supplementary Fig. 1a).
Intriguingly, mitotic rounding of the central constricted cells occurred
simultaneously with the rapid depression of their apices, followed by
chromosome condensation 10 min later (Fig. 1d and Supplementary
Video 2). In this study, we call this atypical mitotic rounding associated

with apical depression ‘internalized cell rounding’, to distinguish it from
canonical surface mitosis (surface cell rounding).

To determine whether cell rounding is required for invagination, we
analysed zygotic mutants of the cell-cycle gene Cyclin A (CycA), which
fail to enter mitosis 16 (ref. 17), and double parked® (dup™), which
show a prolonged S phase 16 and delayed entry into mitosis 16
(ref. 18). Tracheal invagination was initiated normally in the CycA
and dup® mutants, but proceeded more slowly than in controls
(Fig. 2a, d, Supplementary Fig. 2 and Supplementary Video 3), indi-
cating that entry into mitosis 16 is required for proper timing of the fast
phase.

Although delayed, the accelerated invagination in the CycA or dup™
mutants eventually occurred, allowing the formation of tube struc-
tures (Fig. 2d and Supplementary Fig. 2b) and suggesting that addi-
tional mechanisms are involved. After invagination, fibroblast growth
factor (FGF) signalling is activated in the tracheal cells to induce
branching morphogenesis through chemotaxis'>*°. To examine the
contribution of FGF signalling to invagination, we analysed mutants
of the FGF ligand branchless (bnl) or the FGF receptor breathless (btl)
(Fig. 2b, e and Supplementary Fig. 3a, c). These mutants invaginated
normally, indicating that chemoattraction to FGF is dispensable for
invagination.

Next, to assess FGF’s role in the mitosis-defective condition, we
analysed double mutants for CycA and bnl or CycA and btl, and found
that they showed slower invagination than CycA single mutants
(Fig. 2¢, f and Supplementary Fig. 3b, d). Furthermore, the invagina-
tion in these double mutants was incomplete, in that the cells failed to
form L-shaped tubular structures (Fig. 2¢c, Supplementary Fig. 3b and
Supplementary Video 4, see 120-min time point). Therefore, FGF
signalling is critical for invagination when mitosis is blocked, serving
a back-up role. Tracheal-specific CycA expression rescued the defects
in invagination speed and tube structure in the CycA btl mutants
(Supplementary Fig. 4). In addition, we occasionally observed mitosis
of cells outside the pit that occurred before the mitosis of the central
apically constricted cells and was not correlated with the fast invagina-
tion phase (Supplementary Fig. 1c). Thus, mitosis of the surrounding
epidermal cells is dispensable for tracheal invagination. Taken together,
we conclude that mitotic entry of central cells is a major mechanism for
accelerating tracheal invagination.

To distinguish the role of cell rounding from that of cell division in
the fast phase, we used the microtubule inhibitor colchicine to arrest
the cell cycle after cell rounding. Colchicine treatment after mitosis 15
induced M-phase arrest at mitosis 16, but the fast invagination move-
ment accompanied by cell rounding was not affected (Fig. 3 and
Supplementary Video 5). This result indicates that cell rounding,
but not cell division, is responsible for the acceleration phase of the
tracheal invagination.

Mitosis of cells in the columnar epithelium normally occurs at the
apical surface after surface rounding®"*>. We next asked how the apical
surface of the central cells becomes depressed during internalized cell
rounding. One possible model explains internalized cell rounding as
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Figure 1 | Two-step process of tracheal invagination. a, Time-lapse images
of E-cad-GFP (green) and histone H2Av-red fluorescent protein (His-RFP)
(magenta) during tracheal invagination. Red dashed lines outline the adherens
junctions. Time zero was the initiation of adherens junction depression.

b, Time course of pit-depth change measured for the images in a. Red circle
indicates the timing of the first appearance of condensed chromosomes (46 min

cell-autonomously controlled by the association of the cells with the
basement membrane or underlying mesodermal cells. However, gene-
tic removal of basement-membrane adhesion by the maternal and
zygotic mutation of fPS-integrin (also known as mys)** did not com-
promise the speed of invagination, and snail twist double-mutant
embryos, which lack mesodermal cells*, still showed tracheal inva-
gination with internalized cell rounding (Supplementary Fig. 5). These
results suggest that anchoring to the basal side is probably not required.

A second model proposes that the apical depression of the rounding
cells is driven by local planar interactions among the tracheal cells.
Before and during tracheal invagination, myosin II is enriched at the
cell boundaries tangential to the centre of the placode and regulates cell
intercalation” (Supplementary Fig. 6a). We noted that the myosin II
level in the central cells was lower than in the surrounding, intercala-
ting cells (Supplementary Fig. 6a, compare to myosin II distribution in
the ventral furrow in Supplementary Fig. 6¢). Nevertheless, the apices
of the central cells were constricted during the slow phase (Supplemen-
tary Fig. 6b), strongly suggesting that the surrounding cells exerted
centripetal pressure on the central cells through myosin II cables.
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Germband retraction
(in epidermis)

in ¢). ¢, Time-lapse images of the fast transition. The first 12 mitotic cells are
coloured as shown. d, Time-lapse images of GFP-CAAX (membrane-GFP).
Cells that became spherical are coloured green. Time zero was defined by the
complete mitotic rounding of the green cell. e, Schematic of tracheal
invagination. Scale bars, 10 pm.

Myosin II cables fail to form in EGFR signalling mutants (such as rho,
the rhomboid endopeptidase required for EGF ligand maturation, and
Egfr), and apical constriction is impaired in these mutants®’. The first
few cells undergoing mitosis 16 in the tracheal placode of rho or Egfr
mutants showed surface cell rounding with expanded apices (Sup-
plementary Figs 7 and 8b), indicating that EGFR signalling is required
to couple the mitotic cell rounding with fast apical depression. We
speculate that the columnar shape of the central cells resists centripetal
movements, resulting in the accumulation of inward pressure during the
slow phase. The existence of such resistance was supported by the results
of a physical perturbation experiment using a pulsed ultraviolet laser
(Supplementary Fig. 9, Supplementary Videos 7-9, and Supplementary
Notes). The cell rounding associated with mitotic entry would release the
stored inward pressure by means of cytoskeletal remodelling that causes
rapid depression of apical surface together with the active shortening of
cell height, leading to rapid buckling of the apical surface and the fast
phase of invagination (Fig. 4m and Supplementary Fig. 10a).

Even with the loss of both EGFR and FGF signalling, the trach-
eal placodes form moderately invaginated structures® (Fig. 4e-h,
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Figure 2 | Mitosis is required for the acceleration of invagination.
a—c, Time-lapse images of tracheal invagination in CycA (a), bnl (b) and CycA
bnl (c) mutants carrying E-cad—-GFP (green) and His-RFP (magenta).

Supplementary Fig. 8d and Supplementary Video 6), compared to the
flat tracheal placode observed in the rho bnl CycA triple mutant at the
same stage (Fig. 4i-1 and Supplementary Video 10), indicating that
cells needed to undergo mitosis 16 to induce invagination, independ-
ent of EGFR and FGF signalling. In rhio bnl double mutants, although
the cells undergoing the earliest mitoses showed surface cell rounding
(Fig. 4f), some of the subsequent mitotic events were coupled to apical
depression and internalized cell rounding (Fig. 4g), and invaginated
structures eventually appeared (Fig. 4h and Supplementary Video 6).
Unlike the earlier mitotic events on the surface, the internalized round-
ing cells in the rho bnl embryos showed constricted apices and were
surrounded by apically rounded cells before mitosis (Supplementary
Fig. 8b). Internalized rounding with a constricted apical surface were
shared properties of cells in mitoses leading to invagination, in both
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Figure 3 | Mitotic cell rounding is sufficient for the fast transition.

a-b, Time-lapse images of tracheal invagination in a colchicine-treated embryo
with E-cad-GFP (green) and His—RFP (magenta). The first rounding cell is
coloured magenta, and an additional rounding cell is coloured green. In b, 223
indicates single plane at the z section 23 from the top. ¢, Mean pit depth of the
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d-f, Depth of tracheal pits in the mutants and control. Error bars indicate s.d.
(control: n = 14; CycA: n = 9; bnl: n = 8; and CycA bnl: n = 7). Scale bars,
10 pm.

control and rho bnl embryos (Supplementary Fig. 8c). We suggest that
the first few cells undergoing surface cell rounding compress the adja-
cent interphase cells and restrict their apical area, so that they are
forced to move internally after rounding, causing the epithelial layer
to buckle and invaginate.

Although invagination was largely blocked in the rh10 bnl CycA triple
mutants, any double mutant combination permitted invagination to
some degree (Figs 2 and 4 and Supplementary Figs 3, 8 and 11),
indicating that three qualitatively distinct mechanisms, mitotic cell
rounding, myosin II contractility (EGFR) and active cell motility
(FGFR), can independently trigger invagination (Supplementary
Fig. 11m and Supplementary Notes). In the normal context of wild-
type development the combination of cell rounding and EGFR signal-
ling may optimize the timing and speed of invagination, and then
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colchicine-treated tracheal invagination. Error bars indicate s.d. (control: n = 14
and colchicine: n = 8). Although almost all the cells arrested at the M phase and
the epithelial structure were eventually disrupted (b), the tracheal placodes
invaginated normally (c) with cell rounding identical to those of controls (a). Scale
bar, 10 pm.
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Figure 4 | Mitosis triggers invagination independent of EGF and FGF
signalling. a-1, Time-lapse images of tracheal placode in control (a-d), rho bnl
(e-h) and rho bnl CycA (i-1) embryos with PAR-6-GFP, which labels the
subapical region, and His—-RFP (magenta). Time zero is the initiation of
germband retraction. Arrows indicate mitotic cells. Arrowheads in j indicate
delayed mitosis 15. m, Model for tracheal invagination with mitotic rounding

invaginated tracheal sacs subsequently respond to FGF emanating
from several target tissues guiding branching morphogenesis.

Our observations demonstrates a new role for mitosis in tissue
morphogenesis to generate mechanical force through cell rounding,
independent of cell division. This is distinct from previously described
invagination mechanisms involving cell-autonomous constriction by
the apical activation of actomyosin contractility>*°, which is incom-
patible with mitosis®~* (Fig. 4m and Supplementary Fig. 10). Mitosis 16
outside the tracheal placode occurs in clusters on the ectoderm surface,
but does not lead to invagination, suggesting that the tracheal placode
is sensitized to invaginate upon mitosis, independent of EGFR and
FGEFR signalling. Future research to uncover the properties of the
tracheal placode that enables it to respond to clustered mitosis will
explain not only this new mode of morphogenesis, but also the home-
ostasis mechanisms of epithelial architecture.

METHODS SUMMARY

Drosophila eggs were collected at 25 °C. Dechorionated embryos were mounted on
a glass-bottomed dish (IWAKI) with glue and covered with water. Fluorescent
images were captured by a confocal laser-scanning microscope (Olympus FV1000
with 15 mW laser diode 473 nm and 15 mW laser diode 559 nm lasers) with a X60
oil immersion objective (PLAPON 60XO, numerical aperture 1.42, Olympus) at
25 °C, until the initiation of germband retraction (end of stage 11). All the acquired
images were smoothed with a 1-pixel-radius median filter and a 1-pixel full-width
at half-maximum Gaussian filter, and movements along the x—y position between
time points were corrected by iSEMS”. The y-z or x-z projected views were
generated by software developed by K. Kato (unpublished software). The apical
area and depth of the apical surface were measured using Image J and calculated
with Microsoft Excel.

Detailed information about the reagents and methods used in this paper,
including the Drosophila stocks, live imaging, laser ablation, image processing,
plasmid construction, drug treatment and immunohistochemistry is included in
the Methods.
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(left). Mitotic cell rounding releases the resistance of central cells (blue arrow) to
centripetal forces (red arrows) as the cells shorten, leading to rapid epithelial
buckling (large red arrow). In the model (right) of invagination with active apical
constriction (red arrows above constricted cells labelled with magenta), mitotic
entry interferes with invagination owing to the disappearance of inward forces
(red dashed arrows). See Supplementary Fig. 10 for details. Scale bars, 10 pm.

Full Methods and any associated references are available in the online version of
the paper.
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METHODS

Imaging. Eggs were collected at 25 °C. Dechorionated embryos were mounted on
a glass-bottomed dish (IWAKI) with glue and covered with water. Fluorescent
images were captured by a confocal laser-scanning microscope (Olympus FV1000
with 15 mW laser diode 473 nm and 15 mW laser diode 559 nm lasers) with a X60
oil immersion objective (PLAPON 60XO, numerical aperture 1.42, Olympus) at
25 °C. The confocal aperture was opened to 200 pum. Forty to sixty z stacks with a
0.7-um interval were taken every 1-4 min for up to 300 min until the beginning of
germband retraction. All the acquired images were smoothed with a 1-pixel-radius
median filter and 1-pixel full-width at half-maximum Gaussian filter, and move-
ments along the x-y position between time points were corrected by iSEMS”. The
y-z or x-z-projected views were generated by software developed by K. Kato
(unpublished software). ‘xy” shows the Z-projection view (except for Fig. 3b)
and ‘yz’ and xz” show X-projection and Y-projection views of the boxed area in
the ‘xy’ view, respectively. In Supplementary Figs 1 and 8, ‘yz’ and ‘xz’ views are
generated along the position of the mitotic cell. The apical area and depth of the
apical surface were measured using Image J and calculated with Microsoft Excel.
The depth of the tracheal pits was measured as the minimum length between the
line of adherens junctions of the surrounding epidermal cells and the most inter-
nalized adherens junctions of tracheal pit as shown in Fig. 1b, inset. In Sup-
plementary Fig. 8, the depth of the apical surface was measured as the minimum
length between the line of PAR-6-GFP labelling of surrounding epidermal cells
and that of each rounded cell (coloured). The developmental timing was deter-
mined in a variety of ways depending on the mutant conditions, as described in the
figure legends. When obvious tracheal pits were observed (control, CycA and FGF-
signalling mutants), the initiation of adherens junction depression at the centre
was taken as time zero. Under conditions in which no clear tracheal pit formation
was observed (EGFR-signalling mutants), the onset of germband retraction (ini-
tiation of the distance shortening between two adjacent tracheal pits) was set as
time zero. In some cases, onset of the first mitosis 16 was set as time zero.

Fly strains. The following fly strains were used: ubi-DE-cadherin-GFP (E-cad-
GFP)'**; histone H2Av-mRFP (His-RFP)*, sqh-mCherry (myosin-mCherry)*,
par-6-GFP*, UAS-mCherry-CAAX®" and UAS-CycA*. Information on the
following stocks can be found in FlyBase (http://flybase.net/): rho™"!, Egfr/**,
b1, b0, CycACgLRJ, dup"3, snail™®, twist™, mysXG43 and level (trh-lacZ).
btl*©"?*is an imprecise excision mutant* from bt!**’, in which a region including
btl, Fbpl and Sox21a is deleted. In this study, bt/ 4010 and pjOn10/40h21
were used as bt! mutants. We noticed that bt} ©#2%49"2% mytant embryos showed
the proper invagination movement, but could not initiate branching morphogene-
sis, the same as btl! M40 7yeotic mutant embryos were distinguished using
green balancers (CyO, twi-GAL4 UAS-2xEGFP or TM3, twi-GAL4 UAS-
2xEGFP)*. Germline clones of mys*“* were generated in females of the genotype
mys“*3 FRT19A/OvoP" hsFLP FRT19A; ubi-DE-cad-GFP and mated to FM7a
Dfd-GMR-YFP/Y; ubi-DE-cad-GFP using the Ovo™' system®. Embryos that were
negative for Dfd-GMR-YFP*, were identified as maternal/zygotic mys mutant
embryos. ubi-GFP-CAAX (membrane-GFP) and trh66-GAL4 strains were gene-
rated by ®C31-mediated transgene integration into attP target sites of the 22A or
86Fa strain®” with the pUbi-GFP-CAAX and pGAL4-trh66 plasmid, respectively.
Plasmid construction. All plasmids were constructed using PCR with
PrimeSTAR (Takara Bio) and the In-Fusion PCR cloning kit (Clontech). For
pUbi-attB, the promoter sequence of the ubiquitin gene* was amplified by PCR
and used to replace the UAS enhancer and hsp70 promoter region of pUAST-attB.
In addition, the 3’ untranslated region (UTR) region of the ubiquitin gene was
amplified by PCR from the genomic DNA of the Oregon R strain, and cloned into
the Kpnl site of the previously mentioned plasmid. The resulting plasmid was
named pUbi-attB. For Ubi-GFP-CAAX, GFP fused with a 20-amino-acid car-
boxy terminal CAAX motif of human HRAS was amplified by PCR and cloned
into Notl/KpnI-digested pUbi-attB. For pGAL4-attB, GAL4 was amplified by
PCR and cloned into NotI/KpnI-digested pUAST-attB. Then the hs43 promoter
with the multi-cloning site of pCaSpeR-hs43-lacZ was amplified by PCR and
cloned into the above plasmid digested with HindIII/Notl. The resulting plasmid
was named pGAL4-attB. For pGAL4-trh66, the early trachealess enhancer
(trh66)** was amplified from genomic DNA by PCR and cloned into Kpnl/
NotI-digested pGAL4-attB.

Drug treatment. Dechorionated embryos were treated with heptane for 5-10s,
and immediately washed with PBS containing 0.9 mM CaCl, and 0.5 mM MgCl,

(PBS+). Embryos were mounted on a glass-bottomed dish (IWAKI) with glue and
covered with PBS+, and fluorescent images were captured by a confocal laser-
scanning microscope as already described. After mitosis 15, the covering PBS+
was replaced with PBS+ containing 50 mM or 500 mM colchicine, and time-lapse
imaging was restarted. Only samples in which cells entered and were arrested at
mitosis 16 were used for this analysis. (In the rest of the samples, the cells did not
enter mitosis 16 and embryogenesis was arrested.)

Laser ablation. Laser ablation was performed using a confocal laser-scanning
microscope (Olympus FV1000 with 15 mW laser diode 473 nm and 15mW laser
diode 559 nm lasers) equipped with an ultraviolet laser system (Olympus UV-
ASU-P2) and a X60 oil immersion objective (UPLSAPO 60XO, numerical aper-
ture 1.35, Olympus). For fluorescent image acquisition, six z stacks with a 1-pum
interval were taken every 3.53s. Simultaneously with the image acquisition, a
single pulse of a 349-nm laser (pulse duration <5ns) was applied to cells at a
specific time and defined depth. The area and depth of the cells were measured as
described previously. A box plot was drawn using R software, showing the median
as a line, the upper and lower quartiles as boxes, and the 1.5-interquartile range as
whiskers. The P values were calculated using a Student’s #-test (for two samples
with similar variances, two-tailed) or Welch’s t-test (for two samples with passively
unequal variances, two-tailed).

Immunohistochemistry. Dechorionated embryos were fixed in 4% para-
formaldehyde for 30 min at room temperature, and blocked with 0.1% bovine
serum albumin, 0.2% Triton X-100 and 0.2% Tween-20 in PBS. The first antibody
was diluted in the blocking solution and incubated overnight with gentle rotation
at 4 °C. After washing, the second antibody, diluted in the blocking solution, was
added, and the tissue was further incubated for 2h at room temperature. After
washing, the embryos were mounted in Vectashield mounting medium with 4/,
6-diamidino-2-phenylindole (DAPI, Vector Laboratories) and photographed
using an Olympus FV1000 confocal microscope with a X20 objective lens
(UPLSAPO 20X numerical aperture 0.75, Olympus) and a X 60 water immersion
objective lens (UPLSAPO 60XW numerical aperture 1.2, Olympus). The following
antibodies were used: mouse anti--galactosidase (1:100, 40a-1, DSHB), rabbit
anti-B-galactosidase (1:1,000, Cappel), rabbit anti-DsRed (1:5,000, BD Bio-
sciences), rat anti-DEcad (1:20, DSHB), anti-mouse IgG Alexa 488 (1:500,
Molecular Probes), anti-rabbit IgG Alexa 555 (1:500, Molecular Probes) and
anti-rat IgG Dylight649 (1:500, Jackson Laboratory).
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