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Abstract

Epithelial cells form continuous membranous structures for organ formation, and these cells

are classified into three major morphological categories: cuboidal, columnar, and squamous.

It is crucial that cells transition between these shapes during the morphogenetic events of
organogenesis, yet this process remains poorly understood. All three epithelial cell shapes can

be found in the follicular epithelium of Drosophila egg chamber during oogenesis. Squamous
cells (SCs), are initially restricted to the anterior terminus in cuboidal shape. They then rapidly
become flattened to assume squamous shape by stretching and expansion in twelve hours during
midoogenesis. Previously, we reported that Notch signaling activated a zinc-finger transcription
factor Broad (Br) at the end of early oogenesis. Here we report that ecdysone and JAK/STAT
pathways subsequently converge on Br to serve as an important spatiotemporal regulator of

this dramatic morphological change of SCs. The early uniform pattern of Br in the follicular
epithelium is directly established by Notch signaling at stage 5 of oogenesis. Later, ecdysone and
JAK/STAT signaling activities synergize to suppress Br in SCs from stage 8 to 10a, contributing
to proper SC squamous shape. During this process, ecdysone signaling is essential for the SC
stretching, while JAK/STAT regulates SC clustering and cell fate determination. This study reveals
an inhibitory role of ecdysone signaling in suppressing Br in epithelial cell remodeling. In this
study we also used single-cell RNA sequencing data to highlight the shift in gene expression
which occurs as Br is suppressed and cells become flattened.
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Introduction

Morphogenesis of developing organisms occurs through the coordination of shape changes
in all tissues. One tissue type, the epithelium, is especially important in separating body
cavities, lining the blood vessels, and mediating the secretion and absorption of chemicals,
all while providing a protective physical barrier for vital organs (Mateo et al., 2015). The
specialized function of these epithelial tissues depends on their characteristic structure.
Complex tissue shape changes like invagination, convergence, extension, and flattening,
contribute to epithelial tissue morphogenesis and are driven by the additive shape changes of
individual adherent epithelial cells (Keller et al., 2003). There are three basic shapes which
an epithelial cell can assume: cuboidal, columnar, and squamous. These categories are based
on the proportions of the cell, wherein cuboidal cells have equal height and width, columnar
cells have a greater height than width, and squamous cells have a greater width than height
(Schock and Perrimon, 2002).

Epithelial cell shape changes are highly organized in development. Its regulation of
morphogenesis is mainly through two mechanisms, one is pulsatile and transient flow,

and another is mechanically-linking cells via supracellular cables (Miao and Blankenship,
2020). The former is always associated with actomyosin networks, a transient imbalance

of which can lead to a dynamic morphological change. From transient activation to lasting
changes, highly orchestrated cell signaling pathways play important roles in regulating the
unidirectional changes. This has recently been an area of intense focus and as a result

many involved signaling pathways have been reported. For example, G protein-coupled
receptors (GPCRs)-based signaling can activate Myosin Il and Rho Kinase at the apical side
to initiate pulsative actomyosin flows, which results in cell shape changes (Kerridge et al.,
2016). In insects, the steroid hormone ecdysone is well-known for its role in triggering the
larval-to-adult metamorphosis, which involves dramatic morphological changes (Thummel,
1996). Broad is a major early ecdysone-inducible gene to further induce secondary-response
genes to regulate the metamorphosis (Karim et al., 1993).

The Drosophila egg chamber is an excellent model for studying not only signaling pathways
in development (Assa-Kunik et al., 2007; Boyle and Berg, 2009; Buszczak et al., 1999;
Deng et al., 2001; Ghiglione et al., 2008; Klusza and Deng, 2011; Nilson and Schupbach,
1999; Roth and Lynch, 2009; Tian et al., 2013), but also morphogenetic movements
including cell migration, tissue elongation, and epithelial rotation (Grammont, 2007;
Montell et al., 2012; Osterfield et al., 2015; Peters and Berg, 2016; (Cetera et al., 2014;
Haigo and Bilder, 2011). Each egg chamber consists of sixteen germline cells (fifteen nurse
cells and one oocyte) enveloped by a monolayered epithelium made up of somatic follicle
cells. Fully formed egg chambers pinch off from the germarium and move posteriorly in a
queue. This development is subdivided into 14 stages based on morphological characteristics
(Jia et al., 2016; Spradling, 1993). Early-stage egg chambers contain only two types of
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follicle cells: the polar cells at the anterior and posterior termini of the egg chamber

(Besse and Pret, 2003; Shyu et al., 2009) and the cuboidal-shaped main-body follicle cells
(MbFCs), which maintain an immature cell fate and undergo mitotic cycles until stage 5.
Notch signaling activation triggers the differentiation and the mitotic to endocycle switch

of these MbFCs (Klusza and Deng, 2011). Afterward, the majority of the MbFCs transition
from cuboidal to columnar shape, whereas around sixty follicle cells at the anterior are
further differentiated into the border cells (BCs) and the squamous cells (SCs, also known
as stretched cells), upon receiving the polar cell-secreted Upd signaling. Concomitantly with
the cell fate change, newly differentiated SCs transition from cuboidal to squamous shape to
accommodate the growing nurse cells (Kolahi et al., 2009). During the process, the anterior
SCs stretch towards the posterior and expand to cover the enlarged anterior volume of egg
chamber, meanwhile the adjacent MbFCs also migrate to the posterior to cede more covering
surface area to SCs (Figure 1). Finishing the cuboidal-to-squamous transition at stage 10a,
approximately fifty SCs spread over the nurse cells, fully covering the anterior half of the
egg chamber, meanwhile MbFCs cover the other half volume at the posterior (Figure 1). In
addition, follicle cells undergo collective movement from stage 5 to stage 9 to rotate the egg
chamber within its surrounding basement membrane, and this process is important for the
egg chamber elongation (Cetera et al., 2014; Haigo and Bilder, 2011).

From stage 8 to stage 10, the cuboidal-to-squamous cell transition (referred to here as cell
flattening) results in an anterior epithelial layer in which the cells are remodeled to be highly
flattened and spread out. It has been reported that the gene 7ao controls SC flattening by
promoting Fasciclin 2 endocytosis (Gomez et al., 2012). Two signaling pathways, Notch and
Transforming Growth Factor 8, remodel adherens junctions to induce SC flattening during
Drosophila oogenesis (Brigaud et al., 2015; Grammont, 2007). While studies have revealed
some important molecules that can modify cell shape and those which are especially crucial
in flattening, the genetic control of this dynamic and complicated SC shape change remains
less known.

In this report, we utilized Drosophila egg chamber SCs as the model system to study the
mechanisms underlying SC flattening. Previously, we demonstrated that the early uniform
pattern of Broad (Br), a small group of zinc-finger transcription factors resulting from
alternative splicing, is established in the follicular epithelium by Notch signaling at stage 5
during Drosophila oogenesis (Jia et al., 2014). Here, we report that downregulation of Br in
SCs from stage 9 to 10a is critical for proper SC flattening. Both ecdysone and JAK/STAT
signaling mediate the downregulation of Br. Therefore, Br acts downstream of the Notch,
ecdysone, and JAK/STAT pathways, thus serving as an important spatiotemporal cue for
proper cell flattening. In addition, we confirmed the upregulation of other ecdysone and
JAK/STAT signaling components during the transition from MbFCs to SCs, especially those
mutually exclusive to Br.

The expression of Br gradually disappears in SCs and BCs from stage 9.

Previously, using a Br-core antibody (Emery et al., 1994) we found that Br expression was
activated by Notch signaling at stage 5 during ocogenesis, and was present in all follicle
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cells until stage 8 with the exception of the polar cells (Jia et al., 2014; Rowe et al., 2020).
To identify the Br expression pattern during SC flattening, we stained Br in flies carrying
A90-Gal4, which is expressed specifically in anterior follicle cells, including SCs and BCs,
from stages 6/7 (Tran and Berg, 2003). Using A90-Gal4 driven mRFP as an indicator, we
found that SCs initiate flattening at early stage 9, and become entirely flattened by stage 10a
to cover the increased germline surface area (Figure 1A-D). In early stage 9, Br expression
is reduced in the BCs, and SCs as they begin to undergo the cuboidal-to-squamous cell
transition. By stage 10a, fully flattened SCs have lost Br completely. During this gradual
decrease of Br from stage 9-10, the MbFCs maintain high Br expression, comparable to
their levels during stage 8 (Figure 1). The disappearance of Br expression in the SCs raises
some interesting questions, including the significance and the genetic regulations of Br
downregulation, and the relevance of Br disappearance concurrent with the flattening of
SCs.

Misexpression of Br causes SC stretching defects.

The nuclei of SCs are spaced out over the anteriorly-located nurse cells, occupying half the
volume of the egg chamber at stage 10. Most SC nuclei are located in the hexagonal-shaped
interstitial gaps between nurse cells (Figure 2A). To understand the relationship between Br
downregulation and SC flattening, we first used the flip-out Gal4/UAS technique (Pignoni
and Zipursky, 1997) to misexpress Br-Z1, the most abundant Br isoform during oogenesis
(Tzolovsky et al., 1999). In the anterior end of the egg chamber, Br misexpression resulted in
stretching defects in which SCs accumulated instead of proper flattening and stretching apart
(Figure 2B). However, the flip-out clones were generated mainly during the mitotic stages
of oogenesis (stages 1-5), during which time the misexpression of Br could potentially have
interfered with the differentiation of the SCs. If this were true, the stretching defects would
have resulted from the cells maintaining an immature follicle cell fate rather than from
disturbance of the mechanism of flattening in fully-fated SCs. To circumvent the potential
early effect, we applied the SC-driver, A90-Gal4, which is specifically expressed in SCs
during mid-oogenesis, following the adoption of SC fate (Tran and Berg, 2003). Consistent
with the above-mentioned flip-out results (Figure 2B), A90-driven Br-misexpressing SCs
also failed to stretch and disperse (Figure 2C). The SC flattening defects were alleviated

by introducing 6r RNAI into the Br-misexpressing SCs (Figure 2E), further suggesting that
Br downregulation is important for proper SC stretching and dispersion. Interestingly, we
also found the MbFCs migrated slower than usual, failing to reach the posterior half of the
A90-Gal4/UAS-Br-Z1 egg chambers at stage 10a (Figure 2C”), indicating communication
may be required between SCs and MbFCs to coordinate morphogenetic movement. In
contrast, when ptc-Gal4, which is expressed specifically in MbFCs after stage 8 (Tamori and
Deng, 2013), was used to overexpress Br-Z1 in MbFCs, neither SC stretching nor MbFC
migration was affected (Figure 2D). Together, these results suggest downregulation of Br is
specifically required in SCs for proper SC flattening.

Ecdysone signaling downregulates Br in SCs.

Br is well known as a key downstream target of ecdysone to regulate metamorphosis in
Drosophila (Mugat et al., 2000). The timing of another morphogenetic movement, BC
migration, is controlled by ecdysone signaling during stage 9. The ecdysone receptor
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isoform, which is required for BC migration (EcR-B1), is also present in the SCs from

stage 8 (Jang et al., 2009). This suggests that ecdysone signaling might be involved in
regulating SC morphogenesis as well. We examined the expression pattern of the ecdysone
signaling reporter, EcRE-lacZ (Koelle et al., 1991; Kozlova and Thummel, 2003), and found
ecdysone activity initiates from the anterior-most SCs at stage 8, then extends progressively
towards posteriorly-located SCs, complementary to the expression pattern of Br (Figure
3A). At stage 10a, high levels of ecdysone activity were observed in SCs, while no Br was
detected (Figure 3B). This observation is highly interesting because Br has been reported as
a positively regulated target of ecdysone in all previous publications. Our findings suggest
that ecdysone downregulates Br during SC flattening.

To investigate whether ecdysone activity is required for proper SC flattening and Br
downregulation, we blocked EcR-B1 activity using the flip-out Gal4 to express a dominant
negative construct UAS-EcR-B1 W650A (abbreviated UAS-EcR-B1 PNy (Brown et al.,
2006; Cherbas et al., 2003; Hu et al., 2003; Schubiger et al., 2005). The dominant negative
(DN) form of ECcR-B1 loses the ability to bind ligand properly; thus, its overexpression

acts as a competitive inhibitor of wild-type EcCR-B1 and represses ecdysone function.

SCs with misexpression of EcR-B1PN failed to stretch and disperse properly (Figure 3C).
Meanwhile, upregulated Br expression was observed in these defective SCs (Figure 3C),
suggesting ecdysone signaling is important for SC flattening and downregulation of Br.
Repression of EcR-B1 function driven by A90-Gal4 in SCs caused cells to accumulate at
the anterior (Figure 3D), indicating ecdysone signaling is essential for SC stretching and
dispersion. In contrast, repressing EcR-B1 function in MbFC using ptc-Gal4 did not affect
SC flattening, and MbFC migration (Figure 3E), confirming ecdysone signaling specifically
suppresses Br in SCs for proper cuboidal-to-squamous transition. Introduction of 6r RNAI
into the EcR-B1-suppressed SCs alleviated cell accumulation defects (Figure 3F), indicating
ecdysone signaling regulates proper SC flattening via downregulation of Br. Statistical
quantification and analysis through measuring the Accumulation Percentage (see Methods)
further supported our claim that impaired ecdysone signaling results in SCs accumulating
at the anterior, and downregulation of Br in these ecdysone-suppressed cells reduces the
accumulation of SCs (Figure 3G, 3H).

The stretching defects observed in the EcR-B1PN SCs differed from that of the Br-Z1 SCs
in that the ECR-B1PN SC layer appeared to be no longer contiguous. To investigate this
further, we stained for the cell adhesion molecule Armadillo (Arm) to test if the loss of
stretching due to EcR-B1PN may also increase cell adhesion (Figure 4). When comparing
Arm staining between Br-Z1 and EcR-B1PN SC defects, we found low levels of Arm in

the Br-Z1-misexpressing SCs, despite their lack of stretching (Figure 4C, 4D). Conversely,
EcR-B1PN SCs had accumulated Arm (Figure 4E, 4F). This may explain the large holes

in the SC layer (Figure 4E’, 4F”) which could result from tighter cell-cell contact and a
stiffer, less compliant epithelium which tears as the germline beneath it grows. Despite this
difference in adhesion levels between Br-Z1 and EcR-B1PN conditions, in both cases, SCs
did not attain squamous cell shape as demonstrated by images of the midsagittal plane. Cells
appeared more cuboidal with less space between nuclei and a greater cell height than control
SCs (Figure 4A”-4F™).
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At stage 10a, Br is not detected in fully stretched SCs, while highly expressed in MbFCs
(Figure 1D). We found the expression of ecdysone activity reporter £cRE was highly
upregulated in br mutant MbFCs, while it was undetectable in neighboring wild-type cells
(Figure 5A), indicating Br possesses the ability to suppress ecdysone signaling. Similarly,
knockdown of brin the SCs increased EcRE expression levels (Figure 5B), confirming

Br feeds back to suppress ecdysone activity in SCs as well. Basically, Br and ecdysone
mutually suppress each other’s expression. While strong ecdysone signaling suppresses Br
in SCs, strong Br dominates in the MbFCs.

JAK/STAT signaling downregulates Br in SCs.

Gradient JAK/STAT signaling has been implicated in the anterior cell fate determination
and morphological changes. Similar to ecdysone, JAK/STAT signaling has been known

to mobilize BCs during BC migration (Montell et al., 2012). We hypothesized that JAK/
STAT may also aid SCs in their shape transition from cuboidal to squamous. We found
that JAK/STAT signaling reporter 10XSTAT92E-GFP (abbreviated 10XSTAT-GFP) (Bach
et al., 2007) was highly expressed at the anterior-most SCs at stage 9, in contrast to the
decreased expression pattern of Br (Figure 6A). In addition, during stage 10a, moderate
levels of JAK/STAT activity were still observed in fully flattened SCs lacking Br (Figure
6B). The expression pattern of JAK/STAT activity indicates that JAK/STAT signaling might
also play a similar regulatory role to the EcR pathway in regulating SC flattening through
the repression of Br.

We then used the flip-out Gal4/UAS technique to knock down JAK/STAT signaling in
order to investigate the role of JAK/STAT activity for proper SC flattening through the
downregulation of Br. Similar to the Br-Z1 misexpression phenotype, SCs with JAK/STAT
knockdown failed to stretch and disperse properly and showed upregulated levels of Br
(Figure 6 C), suggesting that JAK/STAT signaling participates in the downregulation of Br
and is important for SC flattening. Downregulation of JAK/STAT driven by A90-Gal4 in
SCs caused cells to form clusters, and weakly elevated Br expression (Figure 6D), while
downregulation of JAK/STAT in MbFCs did not affect SC flattening or MbFC migration
(Figure 6E), confirming JAK/STAT signaling specifically downregulates Br in SCs for
proper flattening. The SCs lacking JAK/STAT accumulated less often in clusters when Br
was concomitantly knocked down (Figure 6F), suggesting JAK/STAT signaling maintains
proper SC dispersion through downregulation of Br. Statistical quantification and analysis
through measuring the Average Number of Clustered Cells (see methods) further confirmed
that loss-of-JAK/STAT activity has a higher average cell number in the cell clusters.
Downregulation of Br in these JAK/STAT-knockdown cells could reduce the number of
SCs in cell clusters (Figure 6G, 6H).

In addition, JAK/STAT activity reporter L0XSTAT-GFP was highly elevated in br mutant
MbFCs, while it was undetectable in wild-type MbFCs (Figure 7A). Consistently,
knockdown of Br in SCs enhanced 10XSTAT-GFP levels measured by signaling intensity
(Figure 7B), indicating Br feeds back to suppress JAK/STAT activity in SCs. In this case, Br
and JAK/STAT also mutually suppress each other’s expression. Strong Br dominates in the
MbFCs, while strong JAK/STAT signaling suppresses Br in SCs.
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Gene expression shifts during the cuboidal-to-squamous transition.

Our genetic experiments revealed that ecdysone and JAK/STAT signaling suppressed Br for
proper cuboidal-to-squamous transition. To begin to identify the collective shifts in gene
expression which accompany the loss of Br during SC stretching, we turned to single-cell
RNA sequencing techniques. In a recent Deng lab publication, we constructed a single-cell
atlas of adult Drosophila ovary (Jevitt et al., 2020). This ovarian atlas sampled follicle cells
in the process of undergoing the cuboidal-to-squamous transition but an in-depth analysis
of their expression patterns during this transition was beyond the scope of establishing the
atlas. To take a closer look at the expression patterns of the stretched cells, we re-analyzed
these existing sequencing data using an updated version of the R package Seruat (version
4.0) which resulted in a Uniform Manifold Approximation and Projection (UMAP) plot
containing 14 cell clusters (Figure 8A). We then used previously characterized marker
gene expression to identify the cell-type identity of each cluster as in Jevitt et al., 2020
(Supplemental Figure 1). To focus on just the follicle cells of interest undergoing the
cuboidal-to-squamous transition, we created a data subset which included the “Transitional
FCs (Stg. 6-7)” and the “Stretched Cells” (Figure 8B). Using this subset, we could then
ask which genes are more highly expressed in the SCs compared to the Transitional FCs
by performing a differential expression analysis between the two clusters. Through this
analysis, we identified 838 significantly differentially expressed genes; 224 genes were
downregulated and 614 genes were upregulated in SCs (Supplemental Table 1).

We performed a functional enrichment analysis on the list of upregulated SC genes and
identified that 326 Biological Process Gene Ontology (GO) terms were over-represented
(Supplemental Table 2). Since many of these terms are related as parent and child in

the GO hierarchy, we have chosen to highlight the 65 terms which are at the lowest

level of the gene ontology hierarchy and thus are the most specific (Supplemental

Table 2, Supplemental Figure 2). We have grouped these terms by their shared

parent GO term (Supplemental Figure 2). Within this list we found six GO terms

involved in anatomical structure morphogenesis; dorsal closure (GO:0007391), imaginal
disc morphogenesis (GO:0007560), head involution (GO:0008258), imaginal disc-derived
appendage morphogenesis (GO:0035114), post-embryonic appendage morphogenesis
(G0:0035120), and establishment of ommatidial planar polarity (GO:0042067). We also
found the term developmental growth involved in morphogenesis (GO:0060560) from

the developmental process genes is present. During morphogenesis, individual cells must
alter their shapes and this can occur through a number of different mechanisms including
remodeling of the cytoskeleton, junctions, and extracellular matrix and we see GO terms
relating to all of these cellular components. GO terms like regulation of cell shape
(G0:0008360), extracellular matrix organization (GO:0030198), cell-cell junction assembly
(G0O:0007043), actin filament capping (GO:0051693), establishment or maintenance of
cytoskeleton polarity (GO:0030952), and cortical actin cytoskeleton organization (GO:
0030866) are over-represented.

Since our interest is in which cell-shape-related genes are upregulated in the SCs, we
identified the individual genes involved in contributing to cell shape and have highlighted
their expression patterns between the Transitional FCs and SCs (Figure 8C). These
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genes have been color coded to highlight their function in contributing to focal adhesion
(G0:0005925), apical junction complex (GO:0043296), gap junction (GO:0005921), and
cytoskeleton (GO:0005856). Interestingly, we found that collagen trimer (GO:0005581)
genes involved in regulating collagen, a component of the basement membrane, were
downregulated in SCs.

In addition, consistent with our experimental findings, we identified that many commonly-
known ecdysone downstream targets, including Hsp27 (Koelle et al., 1991), /mpL 2, tai (Xie
etal., 2015), Hr4 (Gauhar et al., 2009), fiz-f1 (Knapp et al., 2020), Sox14 (Beckstead et
al., 2005), mys (Kozlova and Thummel, 2003), Diap1 (Lee et al., 2019), and Pax (Chen et
al., 2008) are highly expressed in the SCs, further supporting the importance of ecdysone
signaling in regulating the SC morphogenetic transition (Supplemental Table 1). We have
also highlighted the expression patterns of transcription factors which are upregulated in
SCs including the ecdysone targets Sox14 and fiz-f1 (Figure 8D). Consistent with our
prior findings, Br is significantly downregulated in SCs (Supplemental Table 1). We also
found a previously known JAK/STAT downstream target apontic (ap? (Starz-Gaiano et
al., 2009), which is differentially upregulated during the cuboidal-to-squamous transition
(Supplemental Table 1).

Discussion

Br is upregulated by Notch signaling around stage 5 during Drosophila oogenesis (Jia et
al., 2014; Rowe et al., 2020), and here we report that the uniform pattern of Br in the
follicular epithelium is gradually lost in the anterior follicle cells (SCs and BCs) from stage
9 to 10a. This downregulation of Br appears functionally significant, as misexpression of
Br-Z1 in the SCs blocks their proper cuboidal-to-squamous transition. The ecdysone and
JAK/STAT pathways have been implicated in BC migrations, ecdysone regulates the timing
of BC movement, and the JAK/STAT pathway mobilizes the BCs (Montell et al., 2012).
Here, we show that the strong upregulation of ecdysone and JAK/STAT signaling in the
anterior follicle cell subset SCs mediates the downregulation of Br. The activities of both
pathways are high in the anterior follicle cells from stage 8. Their strong upregulation
mutually antagonizes the downregulated expression pattern of Br. Suppression of either
signaling pathway leads to flattening defects and Br upregulation. Knockdown of brin either
ecdysone- or JAK/STAT-defective SCs alleviates the severity of stretching and dispersion
defects, suggesting the importance of Br suppression for morphological remodeling of SC.

Our results and those of others (Jang et al., 2009) confirmed a pulse of ecdysone activity

at stages 8/9. Given the ability of Br to feed back into JAK/STAT and ecdysone, we

propose that this pulse of ecdysone activity at stages 8/9 leads to downregulation of Br in
SCs, which in turn further de-represses ecdysone activity, leading to a feedback loop to
continuously upregulate ecdysone activity and downregulate Br. Meanwhile, downregulated
Br might also de-repress JAK/STAT activity, which again further suppresses Br. In summary,
ecdysone and JAK/STAT synergize to suppress Br in order to further de-repress themselves
for proper cuboidal-to-squamous transition. Taken together with our previously published
results that Br is upregulated by Notch after stage 5 (Jia et al., 2014), we currently propose
Br expression is sensitive to the Notch, ecdysone and JAK/STAT pathways, serving as an
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important spatiotemporal cue for proper cell differentiation, movement and morphological
changes in SCs (Figure 9). While strong ecdysone and JAK/STAT signaling suppresses Br
in SCs, strong Br dominates in the MbFCs. We showed 6r mutant clones in the MbFCs
expressed highly elevated JAK/STAT activity reporter 10XSTAT-GFP. What signal activates
JAK/STAT? Could Upd reach far toward the posterior of egg chamber? Or can polar cells
from the adjacent egg chamber send the signal at an earlier stage of development? Our
Figure 7A egg chamber is at stage 10A, which should have severed the connection with the
adjacent egg chamber at an earlier stage of development. However, we can’t rule out the
possibility of residual effects caused by previous connection with polar cells of the adjacent
egg chamber. To further confirm whether a downregulation of Br happens in MbFCs by
activating JAK/STAT, we made flip-out clones to activate Upd and Stat92E. We found that
activation of neither Upd nor constitutive active Stat92E could downregulate Br in MbFCs
(Supplemental Figure 3). During Drosophila oogenesis, different subpopulations of follicle
cells undergo distinct differentiation under the influence of multiple signaling pathways. For
instance, MbFCs first receive Notch signaling to undergo the mitotic cycle-endocycle switch
at stages 5/6. In addition to Notch signaling during the endocycle, the EGFR pathway acts
together with JAK/STAT to induce posterior follicle cell fate of MbFCs at the posterior

of the egg chamber. Later upregulation of EcR and Ttk69 switches the cell cycle program
from endocycle to gene amplification in the chorion gene loci of MbFCs (Klusza and

Deng, 2011). The multiple signaling influences and complex signaling networks might
cause the different responses that neither expressing Upd or activating Stat92E in MbFCs
downregulated Br.

Ecdysone signaling is required for initiation of SC stretching

Close examinations suggest Br should not be the only factor acting downstream of ecdysone.
Overexpression of Br caused flattening defects of SCs, but SCs are evenly dispersed on

the surface areas of the anterior follicular epithelium (Figure 2C), while the repressed
ecdysone signaling largely resulted in severe SCs accumulation at the anterior terminus

of egg chamber (Figure 3D), whereas co-suppression of Br and ecdysone only partially
alleviated the accumulation of SCs at the anterior (Figure 3F, 3H). These results suggest

the main role of ecdysone signaling is to initiate the mobility of SCs to stretch, and that
suppression of Br partially contributes to this initiation process. We have identified a number
of potential downstream targets of Br which are complementary to its expression using the
single-cell RNA sequencing data. Consistent with our hypothesis, we identified that many
other ecdysone downstream targets from the single-cell RNA sequencing data, which are
differentially expressed in the SCs. These ecdysone downstream targets include Hsp27,
ImpL2, tai, Hr4, ftz-f1, Sox14, mys, Diap, and Pax (Supplemental Table 1).

JAK/STAT signaling is required for SC dispersion and cell fate determination

JAK/STAT signaling affects the dispersion of SCs, though its effect is weak during the
regulation of morphogenetic movement of SCs. In our report, knockdown of JAK/STAT

in post-mitotic SCs weakly upregulates Br expression (Figure 6D), while knockdown of
JAK/STAT in mitotic SCs has a robust Br upregulation and severe SC clustering (Figure 6C).
These findings indicate effects of JAK/STAT during mitosis might significantly contribute

to the dispersion of SCs. JAK/STAT signaling is restricted to polar cells before the mitotic
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cycle/endocycle (M/E) switch, and it does not affect the M/E switch transition (Assa-Kunik
et al., 2007), suggesting that loss of JAK/STAT does not keep SCs in an undifferentiated cell
fate. In addition, follicle cells with undifferentiated cell fates actually lack Br expression (Jia
et al., 2014). In our study, JAK/STAT-knockdown SCs retain high levels of Br and display
SC clustering, which resembles MbFCs. These findings are consistent with a previous
report that JAK/STAT is important for anterior cell fate determination (Xi et al., 2003).

In summary, JAK/STAT determines anterior cell fate in the mitotic cycle, together with

this early effect, the post-mitotic effect of JAK/STAT in SCs further contributes to the SC
dispersal. Interestingly, we also found a previously known JAK/STAT downstream target apt
to be differentially upregulated during the cuboidal-to-squamous transition (Supplemental
Table 1). Previous studies have identified that APT is a feedback regulator of the JAK/STAT
pathway. A graded signal molecule Unpaired (UPD) emerges from the anterior follicle cells
to activate the JAK/STAT pathway, STAT then locally activates APT, its own repressor, to
have a negative feedback. When JAK/STAT signaling is highly expressed, it activates Slow
Border Cells (SLBO) as well, which can inhibit the APT feedback repression. In this case,
the border cells (BCs) are nice examples. BCs have high levels of JAK/STAT and SLBO,
and eventually migrate out of the anterior epithelial cell layer. When JAK/STAT signaling

is lower, with more APT than SLBO, the cells will eventually lose JAK/STAT activity, and
stay in the follicular epithelium (Starz-Gaiano et al., 2009). In our results, APT is highly
expressed in the SCs, while SLBO is not. It perfectly explains that JAK/STAT is a transient
signaling, its pulsative activation might only briefly influence Br at the beginning of stage

8. In consistent with it, our experimental results showed JAK/STAT signaling actually goes
down from stage 8 to stage 10 in SCs, and its activity is significantly lower than BCs (Figure
6A,6B).

Mechanistic understanding of SC flattening defects.

Throughout early oogenesis, follicle cells maintain a cuboidal shape, interconnected with
adherens junctions made up of adhesion proteins like E-Cadherin (E-cad) and Armadillo
(Arm, also known as B-catenin in humans). Later, in midoogenesis, SCs start to transition
from cuboidal to squamous in shape. During this cell shape remodeling, E-cad and Arm
gradually decrease, and disappear at stage 10a (Grammont, 2007; Melani et al., 2008),
similar to the Br expression pattern. The dynamics of adherens junction remodeling has been
known to control SC flattening, and downregulation of E-cad and Arm is responsible for
the reduced SC density in the anterior half of egg chamber (Grammont, 2007; Melani et al.,
2008). In addition, E-cad and Arm are interchangeable as markers for adherens junctions
(Melani et al., 2008). We focused on Arm to ascertain the adhesion status of the defective
SCs.

In EcR-B1-repressed SCs, where stretching defects were more extreme, Arm was highly
accumulated and the SC layer was seemingly less compliant. This resulted in large tears
in the epithelium (Figure 4). This EcR-B1 knockdown stretching defect was distinct from
that of br-Z1 overexpression. Overexpression of br-Z1 resulted in a lack of stretching with
a very low level of Arm and no apparent tearing of the epithelial layer. These results

are consistent with the idea that SC flattening is a response to growth of the germline

and is reliant on SC compliance (Kolahi et al., 2009). Establishing the proper level of
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compliance in SCs may be controlled by EcR-B1 through suppression of Arm which would
reduce the number of adherens junctions thereby reducing the rigidity of the SC layer.

We proposed that ecdysone and JAK/STAT synergize to suppress Br in order to further
de-repress themselves for proper cuboidal-to-squamous transition. There are still many
unknowns regarding to the molecular mechanisms underlying this transition. For instance,
this study is the first to reveal an inhibitory role of ecdysone signaling in suppressing Br for
SC stretching. Br has been known to be a positively regulated target by ecdysone, therefore
there could be another possibility that ecdysone might activate a Br repressor, and indirectly
downregulate Br. To explore the molecular mechanisms, we further performed a differential
expression analysis, which identified 838 significantly differentially expressed genes; 224
genes were downregulated and 614 genes were upregulated in SCs (Supplemental Table

1). We performed a GO analysis and included the full results in the Supplemental Table

2. We also included the Supplemental Figure 2 highlighting the morphogenesis, cell-shape
change related, as well as other GO terms, which were overrepresented in the SCs. This
result further reinforced that biological processes involved in morphogenesis were indeed
statistically over-represented in this SC cluster compared to the transitional FC cluster.
Additionally, genes that were upregulated in SCs were also involved in other morphogenetic
events such as tube development and neuron development. These are interesting new
insights. Further analysis of these genes potentially gives us a better understanding of
participants involved in regulating SC morphological functions.

Materials and Methods

Fly Strains and Genetics

The following fly Strains were used: 6773 (amorphic allele) (Jia et al., 2014; Kiss

et al., 1980), UAS-br-Z1 (Zhou and Riddiford, 2002), UAS-br RNA/J (Bloomington
Drosophila Stock Center, BDSC#27272), EcRE-lacZ (BDSC#4516), UAS-EcR-B1 W650A
(BDSC#6872), 1I0XSTATI2E-GFP (BDSC#26197), UAS-Stat92F RNAI (BDSC#33637),
UAS-dome RNAi (Vienna Drosophila Resource Center, VDRC #106071), A90-Gal4, UAS-
mRFP (Tran and Berg, 2003), B42-lacZ (kindly provided by Trudi Schiipbach), UAS-Upd
(Harrison et al., 1998) (kindly provided by Norbert Perrimon), UAS-Stat92ECA (Ekas et al.,
2010) (kindly provided by Erika Bach), patched (ptc)-GAL4, UAS-GFP (Tamori and Deng,
2013), and w118 as a wild-type control.

For FLP/FRT clone induction (Golic and Lindquist, 1989; Xu and Rubin, 1993), previously
described procedures were followed (Sun and Deng, 2005). To generate mosaic egg
chambers expressing UAS constructs, the flip-out Gal4 (Pignoni and Zipursky, 1997) stock
hsFLP;actin<CD2<Gal4, UAS-RFP/TM3,5b was applied. Flip-out clones were induced by
30 minute heat shock at 37°C and fed with yeast for two days before dissection. The
temporal and regional gene expression targeting (TARGET) technique was applied to control
spatiotemporal gene expression (McGuire et al., 2004). Flies were raised at 18°C until
adulthood, then shifted to 29°C for 48h before dissection.
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Immunohistochemistry and Image Analysis

Immunohistochemistry and image acquisition were performed as previously described (Jia
et al., 2015; Sun and Deng, 2005). The following antibodies were used: mouse anti-Br-
Core (25E9) 1:30, mouse anti-Arm (N2 7A1) 1:40 (Development Studies Hybridoma
Bank, USA), rabbit anti-p-Galactosidase 1:5000 (Sigma, USA). Corresponding Alexa Fluor
secondary antibodies (1:400; Invitrogen) were selected according to primary antibodies.
Images were acquired with Zeiss confocal microscopes (LSM 510 at Florida State
University, LSM 700 at Georgia Southern University, LSM 800 at Tulane University) and
processed in Photoshop and Image J. Signal intensity was measured by the Interactive 3D
Surface Plot Plugin of Image J. To generate line profiles, images were opened in Image J, a
12 pm line was drawn perpendicular to the stretched cell layer using the straight line tool,
and the Intensity Profile tool was used to plot the profile.

Statistical Quantification and Analysis

In order to measure the accumulation of SCs, we calculated the Accumulation Percentage
(AP). AP=(a/b)*100% (Figure 3H); aas the width of clustered cells (distance between

the anterior terminus and the posterior end), & as the width of the anterior half of the

egg chamber. In order the count the Average Number of Clustered Cells (ANCC), we
calculated the number of clustered cells in the anterior half of the egg chamber, excluding
the anterior-most termini. ANCC=(X+ Y+2)/3 (Figure 6H); X, Y, Zare the numbers of the
top three most abundant clustered cells within one cell diameter distance. The statistical
analyses were performed using GraphPad Prism (version 6.0; GraphPad Software). Data
were expressed as the mean = SEM. Intergroup differences were assessed by Student’s #test.
Statistical significance is denoted with asterisks in the figures.

Single-Cell RNA Sequencing Analysis

Our wild-type ovary single-cell RNA sequencing dataset is currently publicly available
(GEO accession #GSE146040), and was used as in a previous work (Jevitt et al., 2020).
We re-analyzed the data focusing on the cuboidal-to-squamous transition. All analyses
were done using Seurat version 4.0 (Stuart et al., 2019). The entire dataset containing 14
clusters were identified using Subset data with just transitional FCs and SCs was made
using the Seurat function subset. Differential expression analysis was performed using the
Seurat function FindMarkers with ident.1 = SCs and ident.2 = transitional FCs. Heatmaps
were generated for markers of interest with the DoHeatmap function. In addition, the R
script used for sequencing analysis in this work can be found at https://github.com/ajevitt3/
ScRNA-sequencing-analysis-stretched-cells.git.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Notch, ecdysone and JAK/STAT signaling controls Broad to change the
epithelial shape.

Ecdysone signaling regulates follicle cell stretching and dispersion.
JAK/STAT ensures proper spacing between cells to prevent clustering.

Single-cell RNA sequencing data reveal genes expressed during cell shape
change.
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Figure 1.
The Br pattern in follicle cells during midoogensis. (A-D) SCs marked by RFP (A90-Gal4,

UAS-mRFP) in white. (A”) Br was expressed in all MbFCs at stage 8. (B’) Br expression
started to decrease in anterior follicle cells at stage 9, including SCs (surrounded by red
dotted line). (C’) Br expression was absent in SCs (surrounded by red dotted line) at by
late stage 9 and remains absent in stage 10a (D) Br expression remains absent in SCs
(surrounded by red dotted line) in stage 10a. (E) Illustration depicting that from stage 8 to
stage 10a, SCs gradually flatten in shape, from cuboidal to squamous as Br expression is
gradually reduced. DAPI staining marks cell nuclei. Anterior is to the left. Bars, 20 um.
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B42-lacZ control

UAS-br-Z1/+; flip-out RFP/

UAS-br-Z21/G80ts;
A90-G4, UAS-RFP/+

ptc-G4, UAS-GFP/ UAS-br-21;
G80ts/+ 3

UAS-br-Z1/G80ts; A90-G4,
UAS-RFP/UAS-br RNAi

o

wildtype control A90-G4; UAS-br-Z1 A90-G4; UAS-br-Z1; UAS-br RNAi

Figure 2.
Misexpression of Br in the SCs disrupts proper SC stretching. (A) Expression of enhancer

trap line B42-lacZ (white in A) was applied to visualize proper SC flattening. (B) Br-Z1-
misexpressing clones (red in B, white in B’; outlined) created by the flip-out Gal4/UAS
technique caused failed SC flattening. (C) Br-Z1 misexpression (white in C; outlined)
driven by SC-expressed A90-Gal4 caused failed SC flattening and slower MbFC migration.
(D) Br-Z1 misexpression (white in D) driven by MbFC-specific ptc-Gal4 did not affect

SC flattening and MbFC migration. (E) Introducing 6r RNAI in Br-Z1-misexpressing SCs
(white in E) driven by A90-Gal4 restored proper SC flattening and MbFC migration. (F)
Diagrams depict the accumulation of SCs in different genetic backgrounds. DAPI staining
marks cell nuclei. Anterior is to the left. Bars, 20 um.
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Figure 3.
Ecdysone signaling mediates downregulation of Br in the SCs. (A-B) Expression of

ecdysone activity reporter EcRE-lacZ showed a pulse of ecdysone activity from stage 9

in the anterior cells, including SCs. The increased expression of EcRE-lacZ (red in A, A’,
white in A”) is in contrast to decreased Br expression (green in A, A’, white in A’”).
Ecdysone activity peaks at stage 10a (red in B, white in B’), and no Br (green in B, white
in B”) was detected. (C) In EcR-B1 function repressed clones (green in C, white in C’)
created by the flip-out Gal4/UAS technique, SCs of a stage 10a egg chamber failed to flatten
properly. (D) EcR repression driven by the SC-expressed A90-Gal4 (white in D) caused
severe accumulation of SCs at the anterior. (E) Loss of EcR function in MbFCs (white in
E) did not affect SC flattening and MbFC migration. (F) Introducing 6r RNAi in EcR-B1-
repressed SCs partially restored proper SC flattening and MbFC migration. (G) Diagrams
depict the accumulation of SCs in different genetic backgrounds. (H) The Accumulation
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Percentage (AP) was applied to measure the accumulation of SCs. Statistical differences of
AP were observed between A90-Gal4 control (n=19) and A90-Gal4; UAS-EcR-BIPN group
(n=39), A90-Gal4; UAS-EcR-BIPN and A90-Gal4; UAS-EcR-BIPN: UAS-br RNAI group
(n=19), respectively. ***p<0.001. DAPI staining marks cell nuclei. Anterior is to the left.
Bars, 20 um.
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A AS0.G4, UAS-RFP control A’
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Figure 4.
Ecdysone signaling suppresses arm in the SCs. (A-F) Arm staining (black) for each

genotype at stage 10 from images taken of the midsagittal plane (A, C, E) and projection (B,
D, F). Red dotted lines outline the SCs. (A’-F’) RFP driven by the SC-expressed A90-Gal4
(white). Asterisks mark holes in the SC layer. (A”, C”, E”) RFP driven by the SC-expressed
A90-Gal4 (red) with DAPI staining (white). White box marks region of interest (ROI)
which is shown below each image. (B”, D”, F’) ROl zoomed in to show SCs from the
image above. White dotted line demonstrates where 12 um line was drawn for the line
profile shown below. Gray value is the intensity measurement of the A90-Gal4 driven RFP
expression. DAPI staining marks cell nuclei. Anterior is to the left. Bars, 20 um.
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A 19A.REP/19A br;
AECRE-lacZ

cRE-lacZ; flip-out RFP;
IAS-br RNAi

Figure 5.
Br feeds back to suppress ecdysone activity. (A) Stage 10a br?~3 follicle-cell clones

(marked by the absence of RFP, red in A, white in A’; outlined) showed elevated EcRE-lacZ
expression (green in A, white in A”). (B) br RNAi-misexpressing clones (red in B, white in
B’) of a late stage 9 egg chamber created by flip-out Gal4/UAS technique showed enhanced
ECcRE-lacZ expression (green in B, white in B”). Signal intensity was measured by the
Interactive 3D Surface Plot Plugin (B’”). Anterior is to the left. Bars, 20 pm.
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Figure 6.
JAK/STAT signaling downregulates Br in the SCs. (A-B) Expression of JAK/STAT signaling

reporter ZOXSTAT-GFP showed an increased expression at stage 9 (green in A, white in
A’), which is in contrast to decreased Br expression (red in A, white in A”). Moderate
JAK/STAT activity persisted at stage 10a (green in B, white in B”), and no Br (red in

B, white in B”) was observed. (C) In the flip-out knockdown clones of a stage 10a egg
chamber (red in C, white in C”) of Stat92E, a key component of JAK/STAT signaling, SCs
failed to disperse properly. (D) Stat92E RNAI-induced JAK/STAT downregulation driven
by A90-Gal4 (white in D) caused accumulation of SCs in clusters of four to five cells,

and showed elevated Br expression. (E) Stat92E RNAi-induced JAK/STAT downregulation
in MbFCs (white in E) did not affect SC flattening and MbFC migration. (F) Introducing
brRNAI in domeless RNAi-induced JAK/STAT-knockdown SCs partially restored proper
SC dispersion, in clusters of around three cells. (G) Diagrams depict the distribution of
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SCs in different genetic backgrounds. (H) The Average Number of Clustered Cells (ANCC)
was applied to count the number of clustered SCs. Statistical differences of ANCC were
observed between A90-Gal4 control (n=20) and A90-Gal4; UAS-JAK/STAT RNAI (Stat92E
RNAiand dome RNAJ) groups (n=14 and 32, respectively), A90-Gal4, UAS- dome RNAJ
(n=32) and A90-Gal4, UAS- dome RNAI;, UAS-br RNAI group (n=35). ***p<0.001. DAPI
staining marks cell nuclei. Anterior is to the left. Bars, 20 pm.
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Figure 7.
Br feeds back to suppress JAK/STAT activity. (A) Stage 10a br?~3 follicle-cell clones

(marked by the absence of RFP, red in A, white in A”; outlined) showed elevated Z0XST7AT-
GFPexpression (green in A, white in A”). (B) br RNAi-misexpressing clones (red in

B, white in B”) of a stage 10a egg chamber created by flip-out Gal4/UAS technique

showed enhanced Z10XSTAT-GFP expression (green in B, white in B’”). Signal intensity was
measured by the Interactive 3D Surface Plot Plugin (A’”, B””). Anterior is to the left. Bars,
20 pm.
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Figure 8.
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Transcriptional patterns before and during cell stretching. (A) Uniform Manifold
Approximation and Projection (UMAP) plot of wild-type RNA sequencing data with all
clusters labeled according to cell type. (B) Subset UMAP containing just the transitional
FCs (Stg. 6-7) and SCs. A black arrow overlay indicates the direction of developmental
time. (C) Heatmap reporting the scaled expression of significant cell shape organization
genes from differential expression analysis between the subset transitional FC and SC
clusters. Genes are organized at right with colored bars indicating the GO term each gene
belongs to. (D) Heatmap reporting the scaled expression of significant transcription factors
from differential expression analysis between the subset transitional FC and SC clusters.
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Figure 9.
Notch, ecdysone and JAK/STAT signaling regulates Br. Notch signaling induces and

maintains Br expression from stages 5/6, ecdysone initiates the SC stretching while JAK/
STAT signaling affects SCs distribution. DAPI staining marks cell nuclei. Anterior is to the
left. Bars, 20 pm.
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