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Abstract

Juvenile hormone (JH) acts as a gonadotrophic hormone stimulating insect vitellogenesis

and oogenesis. Paracellular transport of yolk proteins through intercellular channels

(patency) in the follicular epithelium is a developmentally regulated and evolutionarily con-

served process during vitellogenesis. However, the mechanisms underlying patency open-

ing are poorly understood. Using the migratory locust Locusta migratoria as a model

system, we report here that JH-regulated remodeling of zonula adherens (ZA), the belt-like

adherens junction maintaining physical linking between follicle cells controlled the opening

of patency. JH triggered phosphorylation of Partitioning defective protein 3 (Par3) via a sig-

naling cascade including G protein-coupled receptor (GPCR), small GTPase Cell division

cycle 42 (Cdc42) and atypical Protein kinase C (aPKC). Par3 phosphorylation resulted in its

disassociation from β-Catenin, the cytoplasmic partner of ZA core component E-Cadherin.

Release of Par3 from the β-Catenin/E-Cadherin complex caused ZA disassembly at tricellu-

lar contacts, consequently leading to patency enlargement. This study provides new insight

into how JH stimulates insect vitellogenesis and egg production via inducing the opening of

paracellular route for vitellogenin transport crossing the follicular epithelium barrier.

Author summary

Vitellogenesis is one of the most emblematic processes in female reproduction of ovipa-

rous animals. In many insects, the yolk protein precursor, vitellogenin (Vg) is synthesized

in the fat body and transported to oocytes through the intercellular spaces (patency)

among follicular cells. Juvenile hormone (JH), the arthropod-specific sesquiterpenoid

plays a crucial role in paracellular Vg transport, but the molecular mechanisms of JH-

stimulated patency remain elusive. In the present study, we show that JH acts via the

GPCR-Cdc42-aPKC signaling cascade that triggers the phosphorylation of Par3, a critical

scaffold protein of zonula adherens. JH-dependent Par3 phosphorylation results in its dis-

sociation from the β-Catenin/E-Cadherin complex, consequently leading to patency
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opening for Vg transport. The findings reveal an important mechanism by which JH

induces the remodeling of zonula adherens for the opening of paracellular route for Vg

transport crossing the follicular epithelium barrier in the ovary.

Introduction

Vitellogenesis is crucial to egg development and embryonic growth after oviposition in ovipa-

rous animals. In insects, vitellogenesis is characterized by vitellogenin (Vg) synthesis in the fat

body (equivalent to vertebrate liver and adipose tissue), secretion into the hemolymph, trans-

port through intercellular channels (a condition known as patency) in the follicular epithelium

and uptake by maturing oocytes [1,2]. Juvenile hormone (JH), a sesquiterpenoid produced in

corpora allata is the primary hormone governing vitellogenesis in a variety of insect species

[3–5]. Cumulative studies have established that JH acts via its receptor complex comprised of

Methoprene-tolerant (Met) and Taiman (Tai) in activating the transcription of JH-responsive

genes, consequently achieving the previtellogenic effect on fat body competency and the vitel-

logenic effect on Vg synthesis [4–9]. In the mosquito Aedes aegypti, JH triggers Met phosphor-

ylation for enhanced transcriptional activity via a signaling cascade including RTK, PLC, IP3,

CaMKII and PKC, which promotes the previtellogenic development [10,11]. Moreover, JH

promotes the phosphorylation of Serine/Arginine-rich (pre-mRNA) Splicing Factor (SRSF)

via the RTK-PI3K-Akt pathway, thereby inducing the generation of Tai A/B isoforms that

potentiates the transcriptional activity of ecdysone receptor (EcR) for blood meal-induced

vitellogenesis in A. aegypti [12]. In Drosophila melanogaster, JH acts via the RTK-PLC-PKC

cascade for phosphorylation of ultraspiracle (USP), and thus potentiates 20-hydroxyecdysone

(20E) action [13]. In the cotton bollworm Helicoverpa armigera, JH induces Met phosphoryla-

tion for enhanced dimerization with Tai and transcriptional activity in the expression of JH-

early response gene, Kr-h1 [14]. In the migratory locust Locusta migratoria, JH triggers FoxO

dephosphorylation via a signaling cascade including Leucine carboxyl methyltransferase 1

(LCMT1) and PP2A for fat body cell polyploidization and massive Vg synthesis [15]. JH also

promotes Kr-h1 phosphorylation and recruits the coactivator, CREB-binding protein, conse-

quently stimulating the expression of Ribosomal protein L36 and Vg synthesis in the fat body

of L. migratoria [16]. In addition, JH activates the GPCR-PLC-PKCι cascade for Vg receptor

(VgR) phosphorylation that is prerequisite for VgR-mediated endocytosis of Vg and subse-

quent translocation of VgR from oocyte cytoplasm to membrane [17]. While extensive studies

have been conducted for elucidating JH-induced Vg synthesis in the fat body, the molecular

and cellular mechanisms of ovarian Vg transportation are poorly understood.

One of vitellogenic events in the follicle epithelium is patency opening. The follicular epi-

thelium has barrier function during oocyte maturation. Hemolymph yolk protein precursors

must pass the follicular epithelium via patency to reach oocyte membrane for subsequent

VgR-mediated endocytosis [1,2]. JH-dependent patency has been described in insects belong-

ing to diverse orders, from the primitive species with panoistic ovary like L. migratoria to the

more advanced ones with meroistic ovaries like A. aegypti [2,5,18,19]. The involvement of

Na+/K+-ATPase in patency induction has been demonstrated in several insect species includ-

ing the kissing bug Rhodnius prolixus, the beetle Tenebrio molitor, the moth Heliothis virescens
and L. migratoria [20–23]. In vitellogenic females of L. migratoria, JH triggers phosphorylation

of Na+/K+-ATPase α-subunit via a signaling cascade including GPCR, RTK, PLC, IP3R and

PKC, thereby activating Na+/K+-ATPase and inducing patency for Vg transportation [24]. In

addition to Na+/K+-ATPase, an early study on R. prolixus vitellogenesis has suggested a link
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between zonula adherens (ZA) disassembly and patency enlargement in tricellular vertices

[25]. In L. migratoria, ZA disassembly occurs concurrently with patency dilatation during

vitellogenic phase [26]. A recent report has demonstrated that patency is regulated by dynamic

remodeling of adhesion and actomyosin contractility at cell vertices during D. melanogaster
oogenesis [27]. ZA is a belt-like adherens junction encircling epithelial cells to form mechani-

cal adhesion between neighboring cells and building up a compact epithelial sheet. The core

components of ZA consist of a single-pass transmembrane protein, E-cadherin (E-Cad) and

its cytoplasmic partner, β-Catenin (β-Cat) [28,29]. In D. melanogaster, depletion of E-Cad
leads to enlarged patency in the follicular epithelium at mid-vitellogenic stage [27,30]. While

extracellular portion of E-Cad mediates trans-interactions between neighboring cells, its intra-

cellular domain associating with β-Cat anchors to actin cytoskeleton for stable cell-cell adhe-

sions [28,31]. Partitioning defective protein 3 (Par3), a critical scaffold protein of ZA binds to

β-Cat and phosphoinositide membrane lipids, which cooperates with actin filaments and sta-

bilizes junction structures [32–37]. Atypical PKC (aPKC) and Partitioning defective protein 6

(Par6) constitute a classical Par complex with Par3 [38,39]. aPKC is activated by Par6 via pesu-

dosubstrate displacement, consequently leading to Par3 phosphorylation and dissociation

from the partner proteins [40,41]. Despite the description of ZA and cell junction in patency

dynamics, little is known about the mechanisms underlying JH-dependent patency.

The migratory locust L. migratoria, bearing the panoistic ovary and synchronously matured

oocytes, has been a long-standing model for studying JH-stimulated vitellogenesis and female

reproduction [4,5]. In L. migratoria, JH controls Vg synthesis in the fat body, secretion into

the hemolymph, transport through patency in the follicular epithelium and uptake by the

maturing oocytes [2,3]. With this model system, we found that ZA core protein β-Cat retreated

from tricellular junctions but remained at bicellular contacts when JH-induced patency

enlarged. JH triggered Par3 phosphorylation via a signaling cascade including GPCR, Cell

division cycle 42 (Cdc42), Par6 and aPKC. Phosphorylated Par3 disassociated from β-Cat,

thereby leading to ZA disassembly and patency dilatation.

Results

Remodeling of zonula adherens contributes to JH-induced patency

The first gonadotrophic cycle of adult female locusts under this study was about 8 days, and

vitellogenesis started at approximately 4 days post adult eclosion (PAE). To investigate the

dynamics of ZA structure in the follicular epithelium of adult females during the first gonado-

tropic cycle, we performed immunostaining showing the intercellular localization of β-Cat, a

marker of ZA structure. In ovarian follicular epithelia of 2-day-old previtellogenic females in

which no patency was observed, β-Cat distributed at both tricellular contacts and bicellular

junctions (Fig 1A). At 4 days PAE when patency started opening, β-Cat retreated from tricellu-

lar vertices but sustained in bicellular junctions (Fig 1A). When patency enlarged at 6–8 days

PAE, less staining of β-Cat was observed at bicellular junctions (Fig 1A). The observations

indicate that ZA remodeling is involved in patency induction among follicular cells of vitello-

genic females. In L. migratoria, hemolymph JH is undetectable at adult female eclosion, pro-

gressively elevates in previtellogenic stage, sharply increases in early vitellogenic phase and

rises to a peak in late vitellogenic stage (Fig 1A) [42]. Reduced β-Cat staining along with

patency dilatation suggest a link between ZA disassembly and increased JH titers. As patency

is induced by JH during locust vitellogenesis [24] and enlarged to the maximum size on day 8

(Fig 1A), we next cultured the ovarian follicular epithelium of 7-day-old adult females to fur-

ther examine the responsiveness of β-Cat distribution to JH treatment. As shown in Fig 1B,

application of JH led to enlarged patency (Fig 1B) in the cultured follicular epithelium.
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Statistically, the patency index of JH-treated follicular epithelium increased 6.6 folds compared

to the DMSO control (Fig 1C). Upon JH treatment, β-Cat distribution shrank and limited to

bicellular junctions (Fig 1D). The observations suggest the induction of JH on ZA disassembly

and patency opening.

As the role of β-Cat in JH-dependent locust vitellogenesis had not been previously deter-

mined by gene knockdown, we conducted β-Cat (GenBank: MT036387) RNAi in vitellogenic

adult female locusts. qRT-PCR showed that injection of β-Cat dsRNA (iβ-Cat) caused 67%

reduction of its mRNA levels in the ovary compared to the dsGFP control (Fig 2A). Western

blot demonstrated a remarkable reduction of β-Cat protein levels in the ovary of β-Cat-
depleted adult females compared to the dsGFP control (Figs 2A and S1). Knockdown of β-Cat
resulted in dissociation of neighboring follicle cells and disappearance of typical patency,

accompanied by impaired oocyte maturation and arrested ovarian growth (Fig 2B). The results

indicate that bicellular adherens junction and ZA integrity are critical for maintenance of

monolayer follicular epithelium and intercellular patency. As Par complex plays an important

role in ZA hemostasis, we performed dsRNA-mediated RNAi of Par3 (GenBank: MT036384),

aPKC (GenBank: MT036383) and Par6 (GenBank: MT036385) to elucidate their role in locust

vitellogenesis. qRT-PCR showed that 60.5%, 63.1% and 54% knockdown efficiencies were

obtained with RNAi of Par3 (iPar3), aPKC (iaPKC) and Par6 (iPar6), respectively (Fig 2A).

Likewise, the protein levels of Par3, aPKC and Par6 markedly decreased as demonstrated by

Western blots (Figs 2A and S1). Par3 knockdown also resulted in abnormal follicular epithe-

lium and loss of patency as well as blocked oocyte maturation and inhibited ovarian growth

Fig 1. Dynamics of β-Cat distribution along with patency in the follicular epithelium. (A) Subcellular localization of β-Cat in the follicular epithelium of

adult females during the first gonadotropic cycle. PAE, post adult eclosion; Arrow heads indicate patency. Large square is the amplification of small square. Ol,

ovariole; PO, primary oocyte. Scale bars: ovariole, 0.5 mm; follicular epithelium, 5 μm. (B) Patency in cultured follicular epithelia of 7-day-old adult females

treated by JH at 0.1 μM for 1 h. Scale bars: 5 μm. (C) Statistical analysis of patency index in cultured follicular epithelium of 7-day-old adult females. ��,

P< 0.01 when compared to the DMSO control. n = 8–10. (D) Subcellular localization of β-Cat in cultured follicle epithelium of 7-day-old adult females under

JH treatment. Arrow heads indicate patency. Scale bars: 5 μm.

https://doi.org/10.1371/journal.pgen.1010292.g001
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(Fig 2B). Defective phenotypes of follicular epithelia, patency, oocytes and ovaries were also

observed with depletion of aPKC and Par6 (Fig 2B), resembling those seen with β-Cat and

Par3 knockdown. Notably, knockdown of β-Cat, Par3, aPKC or Par6 appeared to result in

complete dissociation of neighboring follicle cells, abnormal follicular epithelium and loss of

patency. The results suggest that loss of β-Cat, Par3, aPKC or Par6 function could cause break-

down of follicle cell adhesions and patency development. Collectively, these observations indi-

cate a crucial role of Par complex in the integrity of follicular epithelia, vitellogenesis and

oogenesis.

JH induces aPKC and Par3 phosphorylation for ZA disassembly and

patency opening

Par3 phosphorylation leads to its conformational change and release from E-Cad binding

[32,36,43]. Knowing that aPKC and Par3 were required for patency opening (Fig 2B), we then

performed Western blot to examine the phosphorylation status of aPKC and Par3 in ovarian

follicular epithelia of adult females during the first gonadotropic cycle. As shown in Figs 3A

and S2A, phosphorylation of aPKC (p-aPKC) and Par3 (p-Par3) was observed at 4 days PAE

and significantly enhanced on day 6–8, which coincided with elevated JH titer and patency

development (Fig 1A). We next defined the effect of JH on aPKC and Par3 phosphorylation

Fig 2. Effect of β-Cat, Par3, aPKC and Par6 knockdown on patency and vitellogenesis. (A) qRT-PCR and Western blot showing RNAi-mediated

knockdown efficiency of β-Cat (iβ-Cat), Par3 (iPar3), aPKC (iaPKC) and Par6 (iPar6) in the ovary of adult females at 8 days PAE. �, P< 0.05. n = 6–8. (B)

Representative phenotypes of follicular epithelium (FE), primary oocytes (Po), ovarioles (Ol) and ovaries (Ov) of adult females subjected to β-Cat, Par3, aPKC
or Par6 RNAi. Arrow heads indicate patency. Empty arrow heads indicate break of bicellular junctions. Scale bars: ovary, 5 mm; ovariole, 0.5 mm; follicular

epithelium, 5 μm.

https://doi.org/10.1371/journal.pgen.1010292.g002
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using the cultured follicular epithelium. As displayed in Figs 3B and S2B, the levels of p-aPKC

and p-Par3 significantly increased at 15–30 min post JH application. Administration of an

aPKC-specific inhibitor, 2-acetyl-1, 3-cyclopentanedione (ACPD) [44] prior to JH treatment

precluded JH-induced phosphorylation of aPKC and Par3 (Figs 3C and S2C). The data suggest

that aPKC mediates JH-induced phosphorylation of Par3. We next performed immunostain-

ing with anti-phospho-aPKC and anti-phospho-Par3 antibodies to visualize the subcellular

localization of p-aPKC and p-Par3 in the follicular epithelium of vitellogenic females on day 8.

As shown in Fig 3D and 3E, p-aPKC and p-Par3 primarily localized at tricellular patency but

not bicellular junctions in cultured follicular epithelia treated with DMSO, suggesting the

requirement of aPKC and Par3 phosphorylation in ZA disassembly and patency opening.

Additional JH treatment led to extended distribution of p-aPKC and p-Par3 along with

enlarged patency (Fig 3D and 3E). Prior application of ACPD restrained JH-induced extension

of p-aPKC and p-Par3 distribution and enlargement of tricellular patency (Fig 3D and 3E).

Immunoprecipitation and Western blot displayed that Par3 but not p-Par3 interacted with β-

Cat (Fig 3F). Immunostaining exhibited that JH treatment led to diminished β-Cat distribu-

tion at bicellular junctions along with enlarged opening of patency (Fig 3G). Pretreatment of

Fig 3. JH-induced phosphorylation of aPKC and Par3 as well as zonula adherens disassembly. (A) The levels of phosphorylated aPKC (p-aPKC) and Par3 (p-Par3) in

the follicular epithelium of adult females during the first gonadotropic cycle. (B) Phosphorylation of aPKC and Par3 in cultured follicular epithelia of 7-day-old females

treated by JH at 0.1 μM for 5–30 min. (C) Suppression of ACPD on JH-induced aPKC and Par3 phosphorylation in cultured follicle cells of 7-day-old females. ACPD was

applied at 0.1 μM prior to JH treatment. (D) Distribution of p-aPKC in cultured follicular epithelium from adult females on day 8 and treated with DMSO, JH and ACPD

+JH, respectively. Blue: nuclei. Green: F-actin. Arrow heads indicate patency. Scale bars: 5 μm. (E) Distribution of p-Par3 in cultured follicular epithelia from adult

females on day 8 and treated with DMSO, JH and ACPD+JH, respectively. Arrow heads indicate patency. Scale bars: 5 μm. (F) Immunoprecipitation (IP) and Western

blotting (WB) showing inhibition of ACPD on JH-induced disassociation of p-Par3 and β-Cat. (G) Distribution of β-Cat in the follicular epithelium treated with DMSO,

JH and ACPD+JH. Arrow heads indicate patency. Scale bars: 5 μm.

https://doi.org/10.1371/journal.pgen.1010292.g003
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ACPD resulted in extended distribution of β-Cat at bicellular junctions as well as shrunk

patency (Fig 3G). Collectively, the data indicate that JH triggers Par3 phosphorylation via

aPKC for ZA disassembly and patency induction.

To further characterize the role of p-aPKC and p-Par3 in JH-induced patency, we per-

formed both in vivo and in vitro studies with ACPD treatment. In cultured follicular epithelia

of vitellogenic females on day 7, preincubation of ACPD inhibited JH-induced patency dilata-

tion (Fig 4A). Statistically, the average patency index of JH-treated follicular epithelia increased

3.6 folds compared to that of DMSO controls (Fig 4B). In the follicular epithelia treated with

ACPD and JH, the average patency index reduced to 1.2 (Fig 4B). Injection of ACPD into vitel-

logenic females also abolished patency induction (Fig 4C). The average patency index

decreased by 88.7% in the follicular epithelium of ACPD-injected females compared to the

DMSO control (Fig 4D). As a consequence, the primary oocytes and ovaries of ACPD-injected

adult females were much smaller than the DMSO control at 7 days PAE (Fig 4C). In compari-

son with that of DMSO controls, the average length�width index of ACPD-treated primary

oocytes reduced by 58.9% (Fig 4E). Notably, while remaining constant in the fat body, Vg pro-

tein levels increased 3.4 folds in the hemolymph but declined by 73.2% in the ovary of 7-day-

old adult females injected with ACPD compared to the DMSO control (Fig 4E). The data indi-

cate that ACPD treatment causes Vg accumulation in the hemolymph due to blocked patency

Fig 4. Effect of ACPD treatment on JH-induced patency and vitellogenin transport. (A) Effect of ACPD treatment on JH-induced patency in cultured follicular

epithelium isolated from adult females on day 7. Arrow heads indicate patency. Scale bars: 5 μm. (B) Statistical analysis of patency index in cultured follicular epithelium

as represented by Fig 4A. Means labeled with different letters indicate significant difference at P< 0.05. n = 8–10. (C) Effect of ACPD on patency, oocyte maturation and

ovarian growth of 7-day-old adult females. Vitellogenic adult females were injected with 40 μg ACPD once per day from 5 to 7 days PAE and phenotypes were evaluated 6

h after the final injection. Ov, ovary; Ol, ovariole; Po, primary oocyte. Arrow heads indicate patency. Scale bars: ovary, 5 mm; ovariole, 0.5 mm; follicular epithelium,

5 μm. (D) Statistical analysis of patency index in the follicular epithelium of 7-day-old adult females subjected ACPD injection vs. the DMSO control. �, P< 0.05.

n = 8–10. (E) Statistical analysis for the index of primary oocytes of ACPD- and DMSO-treated adult females at 7 days PAE. ��, P< 0.01 when compared to the DMSO

control. n = 8–10. (F) Western blot showing the abundance (upper panel) and quantitative analysis of band intensity (lower panel) of vitellogenin proteins in the fat body

(FB), hemolymph (Hl) and ovary (Ov) of ACPD-injected adult females vs. the DMSO controls. � P< 0.05 compared to the respective DMSO control. n = 8–10. n.s., no

significant difference.

https://doi.org/10.1371/journal.pgen.1010292.g004
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opening and that phosphorylation of aPKC and Par3 is required for JH-dependent ZA remod-

eling and patency induction.

JH induces aPKC and Par3 phosphorylation via the GPCR-Cdc42 signaling

cascade

It has been previously reported that Cdc42 interacts with Par6, thereby activating aPKC for

Par3 phosphorylation [45,46]. We evaluated the role of Cdc42 in JH-stimulated aPKC activa-

tion, Par3 phosphorylation and patency initiation using the cultured follicular epithelia of

7-day-old adult females. Prior application of Cdc42 inhibitor, ML141 blocked JH-induced

patency (Fig 5A). The patency index dropped 3-fold in follicular epithelia pretreated with

ML141 followed by JH application compared to that of JH treatment alone (Fig 5B). The levels

of p-aPKC and p-Par3 significantly declined in ML141-preincubated follicular epithelia fur-

ther treated with JH (Figs 5C and S3). The data imply that JH promotes aPKC and Par3 phos-

phorylation via Cdc42.

As GPCR and RTK convey JH membrane signaling [2,10,13,18,47], we next applied their

inhibitors in cultured follicular epithelia from adult females on day 7. When follicular epithelia

treated with GPCR inhibitor suramin plus JH, the extent of patency became significantly

smaller than that of JH treatment alone (Fig 6A and 6B). However, when RTK inhibitors genis-

tein and Su6668 were applied, patency size was insignificantly altered (Fig 6A and 6B). West-

ern blot demonstrated that pretreatment of suramin but not genistein or Su6668 caused

significant decrease of p-aPKC and p-Par3 levels (Figs 6C and S4). The data indicate that

GPCR is involved in JH-stimulated phosphorylation of aPKC and Par3 as well as ZA disassem-

bly and patency enlargement.

Discussion

Ovarian follicle cells are organized as a monolayer via intercellular junctions and function as a

barrier for the enveloped oocytes [2,18]. During insect vitellogenesis and oogenesis, JH-induced

patency in the follicular epithelium is prerequisite for hemolymph Vg to gain access to oocyte

membrane where Vg is subsequently taken up by maturing oocytes via VgR-mediated endocyto-

sis [18,48]. By imaging the distribution of β-Cat, we analyzed ZA dynamics in the follicular epithe-

lium during the first gonadotropic cycle of L. migratoria. In previtellogenic phase, β-Cat was

present in both bicellular junctions and tricellular vertices. However, at early vitellogenic stage

when patency was initiated, β-Cat started disappearing from tricellular vertices. While tricellular

patency enlarged in mid- and late-vitellogenic follicular epithelia, β-Cat was restricted to bicellular

contacts. These observations support the previous reports on the involvement of ZA remodeling

in patency opening in vitellogenic follicle epithelium of L. migratoria, R. Prolixus and D. melano-
gaster [25–27,30]. dsRNA-mediated knockdown of β-Cat caused removal of cell adhesions and

loss of patency. Consequently, oocyte maturation and ovarian growth arrested. Such defective

phenotypes were also seen with depletion of aPKC, Par6 and Par3. These data provide a clear

indication that ZA remodeling is involved in JH-induced patency and vitellogenesis. Previously,

we reported that JH induces patency via activating Na+/K+-ATPase and follicular cell shrinkage

[24]. We found in this study that while incubation of JH with cultured follicular epithelia caused

patency enlargement, the distribution of β-Cat limited to shortened bicellular junctions. It is con-

ceivable that in addition to Na+/K+-ATPase-modulated cell shrinkage, JH promotes ZA disassem-

bly for patency opening, allowing paracellular transport of yolk protein precursors to cross

follicular epithelium barrier and reach oocyte surface during vitellogenesis.

Patency opening occurs at onset of vitellogenesis and correlates with increased JH titers [1–

3,5]. We observed in the present study that JH promoted aPKC and Par3 phosphorylation,
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whereas pretreatment of aPKC inhibitor ACPD abolished JH-induced phosphorylation of

aPKC and Par3. Thus, it is plausible that aPKC mediates JH-induced Par3 phosphorylation.

Interestingly, phosphorylated aPKC localized around tricellular patency but not bicellular

junctions. aPKC interacts with Par6 through their PB1 domains and binds to Par3 at the con-

served region 3 (CR3) through its kinase domain, which forms a stable Par complex [49,50].

Our data demonstrated that along with JH-induced patency opening, Cdc42-mediated phos-

phorylation of aPKC led to Par3 phosphorylation and its subsequent dissociation from β-Cat.

While β-Cat was distributed at bicellular junctions, p-aPKC together with p-Par3 localized at

tricellular patency. Additional JH treatment resulted in more distribution of p-aPKC at

Fig 5. Involvement of Cdc42 in JH-dependent patency and phosphorylation of aPKC and Par3. (A) Inhibitory role of a Cdc42

specific inhibitor, ML141 (at 10 μM) in JH-induced patency of cultured follicular epithelium from 7-day-old adult females. Arrow

heads indicate patency. Scale bars: 5 μm. (B) Statistical analysis of patency index in cultured follicular epithelia treated with JH, ML41

+JH and DMSO. Means labeled with different letters indicate significant difference at P< 0.05. n = 8–10. (C) Effect of ML141

treatment on JH-stimulated phosphorylation of aPKC and Par3.

https://doi.org/10.1371/journal.pgen.1010292.g005
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tricellular patency but less distribution of β-Cat at bicellular contacts, together with enlarged

patency. This is in agreement with previous reports that aPKC-mediated Par3 phosphorylation

led to its dissociation from β-Cat [32, 40]. Our findings extend the view on aPKC and Par3

phosphorylation by JH regulation. aPKC-mediated Par3 phosphorylation in the remodeling of

occluding junctions has been reported in paracellular transport crossing other types of epithe-

lia [51,52]. Our results provide new insight into JH regulation of ZA remodeling in the follicu-

lar epithelium for patency opening. Cumulative studies have established that the evolutionarily

conserved Par6/aPKC/Par3 complex plays a crucial role in apical-basal polarity of epithelial

cells [32,39,53]. In addition, the Scribble (Scrib) complex including Scrib, Discslarge (Dlg) and

Lethal giant larvae (Lgl) as well as the Hippo pathway coordinate with the Par6/aPKC/Par3

modules in regulation of cell polarity [54,55]. The establishment and maintenance of cell

polarity are essential for multiple cellular processes including cell adhesion, cell shape and

paracellular trafficking. Our data, together with the published studies, suggest a link between

patency and cell polarity. By utilizing a series of inhibitors, we further unfolded the

Fig 6. The role of GPCR in patency opening and phosphorylation of aPKC and Par3. (A) Effect of GPCR inhibitor suramin (1 μM) as well as RTK

inhibitors genistein (10 μM) and Su6668 (10 μM) on JH-induced patency of cultured follicular epithelium from 7-day-old adult females. Arrow heads indicate

patency. Scale bars: 5 μm. (B) Statistical analysis of patency index in cultured follicular epithelia treated with DMSO, JH, suramin, genistein and Su6668. Means

labeled with different letters indicate significant difference at P< 0.05. n = 8–10. (C) Effect of suramin, genistein and Su6668 treatment on JH-stimulated

phosphorylation of aPKC and Par3.

https://doi.org/10.1371/journal.pgen.1010292.g006
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involvement of GPCR and Cdc42 in JH-stimulated phosphorylation of aPKC and Par3 along

with ZA remodeling and patency enlargement. The above data shed light on a molecular

mechanism by which JH triggers Par3 phosphorylation via the GPCR-Cdc42-Par6-aPKC sig-

naling cascade, which in turn induces ZA disassembly at tricellular vertices for patency open-

ing. It is noteworthy that β-Cat was used as a marker to analyze ZA disassembly in the present

study. The effect of Par3 phosphorylation on ZA disassembly was observed by imaging the

subcellular distribution of p-Par3 and β-Cat, along with extrapolation from published studies

[27,43,56]. Our immunoprecipitation and Western blot demonstrated that Par3 phosphoryla-

tion led to its dissociation from β-Cat. Immunostaining showed that β-Cat localized at bicellu-

lar junctions when patency enlarged. In contrast, p-Par3 localized at tricellular patency but not

bicellular junctions. Recent studies have demonstrated that GPCR conveys JH signaling in

insect metamorphosis and reproduction. In the cotton bollworm Helicoverpa armigera, JH

promotes Broad-complex phosphorylation via the context of GPCR-PLC-PKC pathway,

thereby repressing ecdysone-induced metamorphosis [47]. In L. migratoria, JH activates the

GPCR-PLC-IP3R-PKC signaling cascade that triggers Na+/K+-ATPase phosphorylation for

patency induction and Vg transport [24]. JH also promotes VgR phosphorylation via the

GPCR-PLC-PKCι cascade for receptor-mediate endocytosis and Vg deposition in oocytes

[17]. It is of interest to identify the specific GPCR and other molecules involved in the regula-

tion of JH-stimulated ZA remodeling and patency opening.

In synopsis with our findings and current knowledge, we propose a model for the regula-

tion of ZA remodeling and patency opening during JH-stimulated vitellogenesis and oogenesis

(Fig 7). JH activates a signaling cascade including GPCR, Cdc42, Par6 and aPKC, which trig-

gers Par3 phosphorylation. Phosphorylated Par3 disassociates from E-Cad, causing zonula

adherens disassembly at tricellular contacts in the follicular epithelium. Separation of adhesion

junctions at tricellular vertices subsequently leads to enlarged opening of patency for Vg

transport.

Materials and methods

Insects

The gregarious colony of migratory locusts was maintained under 14L:10D photoperiod and

at 30±2˚C as previously described [57]. ACPD (Sigma-Aldrich) was intra-abdominally injected

at 40 μg once per day from 5 to 7 days PAE. The phenotypes were evaluated at 6 h after the

final injection. Adult females injected with the same volume of DMSO were used as controls.

In vitro patency induction

Ovarioles were dissected from ovaries of 7-day-old adult females and desheathed in medium

containing 60% Schneider’s Drosophila medium and 40% Basic Medium Eagle as previously

described [58], followed by incubation with fresh medium containing 0.1 μM JH III (Santa

Cruz) for 1 h. In pharmacological experiments with inhibitors, ovarioles were separately

exposed to ACPD (0.1 μM), ML141 (10 μM, MedChemExpress), suramin (1 μM, Sigma-

Aldrich), genistein (10 μM, MedChemExpress) and Su6668 (10 μM, MedChemExpress) for 30

min, followed by JH III (Santa Cruz) treatment for additional 1 h. DMSO was used as the con-

trol. After the incubation, CellMask Orange Plasma Membrane Stain (Invitrogen) was added

and further incubated for 5 min. The images were captured with a ZEISS LSM710 laser confo-

cal microscope and processed with Zen2012 software (Carl Zeiss). Area of follicle cell and

patency were measured with Image-Pro Plus 6.0 (NIH). Patency index was calculated by com-

paring the area of patency surrounding a follicle cell to the area of this follicle cell.
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RNA interference and tissue imaging

Double-stranded RNA (dsRNA) was synthesized using the T7 RiboMAX Express System (Pro-

mega) according to the manufacturer’s manual. Adult females were intra-abdominally injected

with 15 μg dsRNA (3μg/μl H2O) within 12 h after eclosion and boosted once on day 5. Pheno-

types were examined at 8 days PAE. Green fluorescent protein (GFP) dsRNA was used as a

mock control. Primers used in the dsRNA synthesis are listed in S1 Table. Ovaries and ovari-

oles were imaged with Canon EOS550D camera and M205A microscope (Leica), respectively.

RNA isolation and qRT-PCR

Total RNA was isolated from the ovary of 8-day-old adult females using Trizol reagent (Invi-

trogen). First-strand cDNA was reverse transcribed with FastQuant RT Kit (with gDNase)

(Tiangen). qRT-PCR was performed using a Light cycler 96 (Roche) and a SuperReal Premix

Plus kit (Tiangen), initiated at 95˚C for 15 min, followed by 40 cycles of 95˚C for 10 s, 60˚C for

20 s and 72˚C for 30 s. Melting curve analysis was performed to confirm the specificity of

amplification. Ribosomal protein 49 (rp49) was used as a reference control. The 2-ΔΔCt method

was applied to calculate relative expression levels. Primers used for qRT-PCR are listed in

S1 Table.

Immunostaining

Sheath-free ovarioles were fixed in 4% paraformaldehyde and then permeabilized in 0.3% Tri-

ton X-100. F-actin and nuclei were stained with 0.165 μM Phalloidin-Alexa Flour 488

Fig 7. A proposed model for JH-stimulated ZA disassembly and vitellogenin transport in the follicular epithelium. JH promotes Par3 phosphorylation via a signaling

cascade including GPCR, Cdc42, Par6 and aPKC. Phosphorylated Par3 disassociates from E-Cad/β-Cat complex, consequently causing ZA disassembly at tricellular

vertices and patency opening. Patency allows yolk protein precursors to pass through the barrier of follicular epithelium and reach the surface of maturing oocytes.

https://doi.org/10.1371/journal.pgen.1010292.g007

PLOS GENETICS Zonula adherens remodeling for paracellular Vg transport

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010292 June 27, 2022 12 / 17

https://doi.org/10.1371/journal.pgen.1010292.g007
https://doi.org/10.1371/journal.pgen.1010292


(Invitrogen) and 5μM Hoechst 33342 (Sigma-Aldrich), respectively. β-Cat and phosphorylated

aPKC staining was conducted with primary antibodies against β-Cat (Cell Signaling Technol-

ogy) and phospho-aPKC (Thr555/563) (Invitrogen) and corresponding Alexa Fluor 594 goat

anti-rabbit IgG secondary antibody (Invitrogen). Images were captured and processed as

described above.

Antibody preparation

cDNA fragments coding for locust Par3, aPKC and Par6 were amplified with the respective

primers (S1 Table) using Pfu DNA polymerase (Novoprotein), cloned into pET-32a (+)-His,

and confirmed by sequencing. The recombinant peptides were expressed in Rosetta host cells

under IPTG induction, purified by Ni2+-His affinity column and examined by SDS-PAGE.

Polyclonal antibodies were raised in New Zealand White rabbits using the purified peptides

mixed with Freund’s complete adjuvant (Sigma-Aldrich) to form a stable emulsion for immu-

nization. The rabbits were injected subcutaneously at four sites, and boosted once a week for a

total of 4 times. The antiserum specificity was verified by Western blot using proteins extracted

from ovaries of adult females subjected to respective gene knockdown. The custom antibody

against p-Par3 was generated by Beijing Protein Innovation. Its specificity was verified by

Western blot using protein extracts isolated from follicular epithelia of adult females subjected

to Par3 RNAi, aPKC RNAi and phosphatase λpp treatment (S5 Fig).

Western blot and immunoprecipitation

Total proteins were isolated from the tissues of adult females, and quantified with a BCA pro-

tein assay kit (Applygen Technologies) as described previously [59]. Western blots were per-

formed using the primary antibodies against β-Cat, Par3, aPKC, Par6, p-Par3, p-aPKC

(Invitrogen), and VgA [60], the corresponding HRP-conjugated secondary antibodies

(CWBIO) and an enhanced chemiluminescent reagent (CWBIO). Application of β-actin was

used as the loading control. Bands were visualized by an Amersham Biosciences Imager 600

(GE Healthcare) and quantified by ImageJ. For immunoprecipitation, protein extracts were

precleared with Protein A-agarose (Sigma-Aldrich) for 1 h at 4˚C and incubated with the anti-

body of β-Cat at 4˚C overnight. The immunocomplexes were captured with Protein A agarose

(Sigma-Aldrich) and eluted in Laemmli sample buffer, followed by Western blot with

antibodies.

Data analysis

Statistical analysis was performed with Student’s t-test or one-way analysis of variance

(ANOVA) with Tukey’s post-hoc test using STATISTICA 12.0 software (StatSoft). Significant

difference was considered at P< 0.05. Values were reported as mean ± SE.

Supporting information

S1 Fig. Quantitative analysis of β-Cat, Par3, aPKC and Par6 band intensity from Western

blots representatively shown in Fig 2A. �, P< 0.05 compared to the respective dsGFP con-

trol. n = 3.

(TIF)

S2 Fig. Quantitative analysis of band intensity from Western blots representatively shown

in Fig 3. (A), (B) and (C) Relative band intensity of p-Par3 and p-aPKC from Western blots

representatively shown in Fig 3A, 3B and 3C, respectively. �, P< 0.05 compared to the DMSO

control; n.s., no significant difference compared to the DMSO control; means labeled with
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different letters indicate significant difference at P< 0.05. n = 3.

(TIF)

S3 Fig. Quantitative analysis of p-Par3 and p-aPKC band intensity from Western blots

representatively shown in Fig 5C. Means labeled with different letters indicate significant dif-

ference at P< 0.05. n = 3.

(TIF)

S4 Fig. Quantitative analysis of p-Par3 and p-aPKC band intensity from Western blots

representatively shown in Fig 6C. Means labeled with different letters indicate significant dif-

ference at P< 0.05. n = 3.

(TIF)

S5 Fig. Validation of p-Par3 antibody specificity. Upper panel: Western blots using protein

extracts isolated from follicular epithelia of 8-day-old adult females subjected to Par3 RNAi

(A), aPKC RNAi (B) and λPP treatment (C). Lower panel: quantitative analysis of band inten-

sity from Western blots representatively shown in the upper panel. �, P< 0.05; ��, P< 0.01;

compared to the dsGFP control. n = 3.

(TIF)

S1 Table. Primers used for PCR cloning, RNAi and qRT-PCR.

(DOCX)
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16. Wu Z, Yang L, Li H, Zhou S. Krüppel-homolog 1 exerts anti-metamorphic and vitellogenic functions in

insects via phosphorylation-mediated recruitment of specific cofactors. BMC Biol. 2021; 19(1):222.

PubMed Central PMCID: PMC34625063. https://doi.org/10.1186/s12915-021-01157-3 PMID:

34625063

17. Jing Y-P, Wen X, Li L, Zhang S, Zhang C, Zhou S. The vitellogenin receptor functionality of the migra-

tory locust depends on its phosphorylation by juvenile hormone. Proc Natl Acad Sci USA. 2021; 118

(37):e2106908118. PubMed Central PMCID: PMC34493670. https://doi.org/10.1073/pnas.

2106908118 PMID: 34493670

18. Raikhel AS, Brown MR, Belles X. Hormonal control of reproductive processes. In: Gilbert LI, Iatrou K,

Gill SS, editors. Comprehensive Molecular Insect Science. Oxford: Elsevier; 2005. p. 433–91.

19. Zhu S, Liu F, Zeng H, Li N, Ren C, Su Y, et al. Insulin/IGF signaling and TORC1 promote vitellogenesis

via inducing juvenile hormone biosynthesis in the American cockroach. Development. 2020; 147(20):

dev188805. https://doi.org/10.1242/dev.188805 PMID: 33097549

20. Abu-Hakima R, Davey KG. A possible relationship between ouabain-sensitive (Na+-K+) dependent

ATPase and the effect of juvenile hormone on the follicle cells of Rhodnius prolixus. Insect Biochem.

1979; 9(2):195–8. https://doi.org/10.1016/0020-1790(79)90050-7.

21. Webb TJ, Major M, Ellams KM, Hurd H. The Interplay between patency, microsomal Na+/K+ ATPase

activity and juvenile hormone, in Tenebrio molitor parasitized by Hymenolepsis diminuta. J Insect Phy-

siol. 1997; 43(4):337–43. PubMed Central PMCID: PMC12769895. https://doi.org/10.1016/s0022-1910

(96)00109-6 PMID: 12769895

22. Sevala VL, Davey KG. Juvenile hormone dependent phosphorylation of a 100 kDa polypeptide is medi-

ated by protein kinase C in the follicle cells of Rhodnius prolixus. Invertebr Reprod Dev. 1993; 23(2–

3):189–93. https://doi.org/10.1080/07924259.1993.9672314.

23. Pszczolkowski MA, Peterson A, Srinivasan A, Ramaswamy SB. Pharmacological analysis of ovarial

patency in Heliothis virescens. J Insect Physiol. 2005; 51(4):445–53. https://doi.org/10.1016/j.jinsphys.

2005.01.008 PMID: 15890188.

24. Jing Y, An H, Zhang S, Wang N, Zhou S. Protein kinase C mediates juvenile hormone-dependent phos-

phorylation of Na+/K+-ATPase to induce ovarian follicular patency for yolk protein uptake. J Biol Chem.

2018; 293(52):20112–22. https://doi.org/10.1074/jbc.RA118.005692 PMID: 30385509.

25. Huebner E, Injeyan H. Follicular modulation during oocyte development in an insect: formation and

modification of septate and gap junctions. Dev Biol. 1981; 83(1):101–13. PubMed Central PMCID:

PMC7239004. https://doi.org/10.1016/s0012-1606(81)80012-7 PMID: 7239004

PLOS GENETICS Zonula adherens remodeling for paracellular Vg transport

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010292 June 27, 2022 15 / 17

https://doi.org/10.1073/pnas.1116123109
http://www.ncbi.nlm.nih.gov/pubmed/22167806
https://doi.org/10.7554/eLife.74581
http://www.ncbi.nlm.nih.gov/pubmed/35258453
https://doi.org/10.1038/s41586-020-2610-4
http://www.ncbi.nlm.nih.gov/pubmed/32788724
https://doi.org/10.1073/pnas.1423204112
http://www.ncbi.nlm.nih.gov/pubmed/25825754
https://doi.org/10.1016/j.ibmb.2015.12.001
https://doi.org/10.1016/j.ibmb.2015.12.001
http://www.ncbi.nlm.nih.gov/pubmed/26689644
https://doi.org/10.1073/pnas.1808146115
https://doi.org/10.1073/pnas.1808146115
http://www.ncbi.nlm.nih.gov/pubmed/30061397
https://doi.org/10.1016/j.scib.2021.06.019
https://doi.org/10.1016/j.ibmb.2021.103519
http://www.ncbi.nlm.nih.gov/pubmed/33450383
https://doi.org/10.1242/dev.188813
http://www.ncbi.nlm.nih.gov/pubmed/32907849
https://doi.org/10.1186/s12915-021-01157-3
http://www.ncbi.nlm.nih.gov/pubmed/34625063
https://doi.org/10.1073/pnas.2106908118
https://doi.org/10.1073/pnas.2106908118
http://www.ncbi.nlm.nih.gov/pubmed/34493670
https://doi.org/10.1242/dev.188805
http://www.ncbi.nlm.nih.gov/pubmed/33097549
https://doi.org/10.1016/0020-1790(79)90050-7
https://doi.org/10.1016/s0022-1910%2896%2900109-6
https://doi.org/10.1016/s0022-1910%2896%2900109-6
http://www.ncbi.nlm.nih.gov/pubmed/12769895
https://doi.org/10.1080/07924259.1993.9672314
https://doi.org/10.1016/j.jinsphys.2005.01.008
https://doi.org/10.1016/j.jinsphys.2005.01.008
http://www.ncbi.nlm.nih.gov/pubmed/15890188
https://doi.org/10.1074/jbc.RA118.005692
http://www.ncbi.nlm.nih.gov/pubmed/30385509
https://doi.org/10.1016/s0012-1606%2881%2980012-7
http://www.ncbi.nlm.nih.gov/pubmed/7239004
https://doi.org/10.1371/journal.pgen.1010292


26. Lauverjat S, Szollosi A, Marcaillou C. Permeability of the ovarian follicle during oogenesis in Locusta

migratoria L. (Insecta, Orthoptera). J Ultrastruct Res. 1984; 87(3):197–211. https://doi.org/10.1016/

S0022-5320(84)80060-X.

27. Isasti-Sanchez J, Münz-Zeise F, Lancino M, Luschnig S. Transient opening of tricellular vertices con-

trols paracellular transport through the follicle epithelium during Drosophila oogenesis. Dev Cell. 2021;

56(8):1–17. PubMed Central PMCID: PMC33831351. https://doi.org/10.1016/j.devcel.2021.03.021

PMID: 33831351

28. Knust E, Bossinger O. Composition and formation of intercellular junctions in epithelial cells. Science.

2002; 298(5600):1955–9. PubMed Central PMCID: PMC12471248. https://doi.org/10.1126/science.

1072161 PMID: 12471248

29. Meng W, Takeichi M. Adherens junction: molecular architecture and regulation. Cold Spring Harb Per-

spect Biol. 2009; 1:a002899. PubMed Central PMCID: PMC20457565. https://doi.org/10.1101/

cshperspect.a002899 PMID: 20457565

30. Row S, Huang YC, Deng WM. Developmental regulation of oocyte lipid intake through ’patent’ follicular

epithelium in Drosophila melanogaster. iScience. 2021; 24(4):102275. PubMed Central PMCID:

PMC33817579. https://doi.org/10.1016/j.isci.2021.102275 PMID: 33817579

31. D’Souza-Schorey C. Disassembling adherens junctions: breaking up is hard to do. Trends Cell Biol.

2005; 15(1):19–26. PubMed Central PMCID: PMC15653074. https://doi.org/10.1016/j.tcb.2004.11.002

PMID: 15653074

32. Coopman P, Djiane A. Adherens Junction and E-Cadherin complex regulation by epithelial polarity. Cell

Mol Life Sci. 2016; 73(18):3535–53. PubMed Central PMCID: PMC27151512. https://doi.org/10.1007/

s00018-016-2260-8 PMID: 27151512

33. Wei SY, Escudero LM, Yu F, Chang L, Chen L, Ho YH, et al. Echinoid is a component of adherens junc-

tions that cooperates with DE-Cadherin to mediate cell adhesion. Dev Cell. 2005; 8(1534–5807

(Print)):493–504. PubMed Central PMCID: PMC15809032. https://doi.org/10.1016/j.devcel.2005.03.

015 PMID: 15809032

34. Pilot F, Philippe J-M, Lemmers C, Lecuit T. Spatial control of actin organization at adherens junctions by

a synaptotagmin-like protein. Nature. 2006; 442(7102):580–4. PubMed Central PMCID:

PMC16862128. https://doi.org/10.1038/nature04935 PMID: 16862128

35. Georgiou M, Baum B. Polarity proteins and Rho GTPases cooperate to spatially organise epithelial

actin-based protrusions. J Cell Sci. 2010; 123(1477–9137 (Electronic)):1089–98. PubMed Central

PMCID: PMC20197404. https://doi.org/10.1242/jcs.060772 PMID: 20197404

36. Gladden AB, Hebert AM, Schneeberger EE, McClatchey AI. The NF2 tumor suppressor, Merlin, regu-

lates epidermal development through the establishment of a junctional polarity complex. Dev Cell.

2010; 19(5):727–39. PubMed Central PMCID: PMC21074722. https://doi.org/10.1016/j.devcel.2010.

10.008 PMID: 21074722

37. Krahn MP, Klopfenstein D.R., Fischer N, Wodarz A. Membrane targeting of Bazooka/PAR-3 is medi-

ated by direct binding to phosphoinositide lipids. Curr Biol. 2010; 20(7):636–42. PubMed Central

PMCID: PMC20303268. https://doi.org/10.1016/j.cub.2010.01.065 PMID: 20303268

38. Green KJ, Getsios S, Troyanovsky S, Godsel LM. Intercellular junction assembly, dynamics, and

homeostasis. Cold Spring Harb Perspect Biol. 2010; 2(2):a000125. https://doi.org/10.1101/

cshperspect.a000125 PMID: 20182611.

39. Chen J, Zhang M. The Par3/Par6/aPKC complex and epithelial cell polarity. Exp Cell Res. 2013;

319:1357–64. https://doi.org/10.1016/j.yexcr.2013.03.021 PMID: 23535009

40. Nagai-Tamai Y, Mizuno K, Hirose T, Suzuki A, Ohno S. Regulated protein-protein interaction between

aPKC and PAR-3 plays an essential role in the polarization of epithelial cells. Genes Cells. 2002; 7

(11):1161–71. PubMed Central PMCID: PMC12390250. https://doi.org/10.1046/j.1365-2443.2002.

00590.x PMID: 12390250

41. Morais-de-Sá E, Mirouse V, St Johnston D. aPKC phosphorylation of Bazooka defines the apical/lateral

border in Drosophila epithelial cells. Cell. 2010; 141(3):509–23. PubMed Central PMCID:

PMC20434988. https://doi.org/10.1016/j.cell.2010.02.040 PMID: 20434988

42. Guo W, Wu Z, Yang L, Cai Z, Zhao L, Zhou S. Juvenile hormone-dependent Kazal-type serine protease

inhibitor Greglin safeguards insect vitellogenesis and egg production. FASEB J. 2018; 33(1):917–27.

https://doi.org/10.1096/fj.201801068R PubMed Central PMCID: PMC30063437. PMID: 30063437

43. Bertocchi C, Vaman Rao M, Zaidel-Bar R. Regulation of Adherens Junction Dynamics by Phosphoryla-

tion Switches. J Signal Transduct. 2012; 2012:125295. https://doi.org/10.1155/2012/125295 PMID:

22848810; PubMed Central PMCID: PMC3403498.

44. Ratnayake WS, Apostolatos AH, Ostrov DA, Acevedo-Duncan M. Two novel atypical PKC inhibitors;

ACPD and DNDA effectively mitigate cell proliferation and epithelial to mesenchymal transition of

PLOS GENETICS Zonula adherens remodeling for paracellular Vg transport

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010292 June 27, 2022 16 / 17

https://doi.org/10.1016/S0022-5320(84)80060-X
https://doi.org/10.1016/S0022-5320(84)80060-X
https://doi.org/10.1016/j.devcel.2021.03.021
http://www.ncbi.nlm.nih.gov/pubmed/33831351
https://doi.org/10.1126/science.1072161
https://doi.org/10.1126/science.1072161
http://www.ncbi.nlm.nih.gov/pubmed/12471248
https://doi.org/10.1101/cshperspect.a002899
https://doi.org/10.1101/cshperspect.a002899
http://www.ncbi.nlm.nih.gov/pubmed/20457565
https://doi.org/10.1016/j.isci.2021.102275
http://www.ncbi.nlm.nih.gov/pubmed/33817579
https://doi.org/10.1016/j.tcb.2004.11.002
http://www.ncbi.nlm.nih.gov/pubmed/15653074
https://doi.org/10.1007/s00018-016-2260-8
https://doi.org/10.1007/s00018-016-2260-8
http://www.ncbi.nlm.nih.gov/pubmed/27151512
https://doi.org/10.1016/j.devcel.2005.03.015
https://doi.org/10.1016/j.devcel.2005.03.015
http://www.ncbi.nlm.nih.gov/pubmed/15809032
https://doi.org/10.1038/nature04935
http://www.ncbi.nlm.nih.gov/pubmed/16862128
https://doi.org/10.1242/jcs.060772
http://www.ncbi.nlm.nih.gov/pubmed/20197404
https://doi.org/10.1016/j.devcel.2010.10.008
https://doi.org/10.1016/j.devcel.2010.10.008
http://www.ncbi.nlm.nih.gov/pubmed/21074722
https://doi.org/10.1016/j.cub.2010.01.065
http://www.ncbi.nlm.nih.gov/pubmed/20303268
https://doi.org/10.1101/cshperspect.a000125
https://doi.org/10.1101/cshperspect.a000125
http://www.ncbi.nlm.nih.gov/pubmed/20182611
https://doi.org/10.1016/j.yexcr.2013.03.021
http://www.ncbi.nlm.nih.gov/pubmed/23535009
https://doi.org/10.1046/j.1365-2443.2002.00590.x
https://doi.org/10.1046/j.1365-2443.2002.00590.x
http://www.ncbi.nlm.nih.gov/pubmed/12390250
https://doi.org/10.1016/j.cell.2010.02.040
http://www.ncbi.nlm.nih.gov/pubmed/20434988
https://doi.org/10.1096/fj.201801068R
http://www.ncbi.nlm.nih.gov/pubmed/30063437
https://doi.org/10.1155/2012/125295
http://www.ncbi.nlm.nih.gov/pubmed/22848810
https://doi.org/10.1371/journal.pgen.1010292


metastatic melanoma while inducing apoptosis. Int J Oncol. 2017; 51(5):1370–82. https://doi.org/10.

3892/ijo.2017.4131 PMID: 29048609.

45. Henrique D, Schweisguth F. Cell polarity: the ups and downs of the Par6/aPKC complex. Curr Opin

Genet Dev. 2003; 13(4):341–50. PubMed Central PMCID: PMC12888006. https://doi.org/10.1016/

s0959-437x(03)00077-7 PMID: 12888006

46. Pichaud F, Walther RF, Nunes de Almeida F. Regulation of Cdc42 and its effectors in epithelial morpho-

genesis. J Cell Sci. 2019; 132(10):jcs217869. PubMed Central PMCID: PMC31113848. https://doi.org/

10.1242/jcs.217869 PMID: 31113848

47. Cai MJ, Liu W, Pei XY, Li XR, He HJ, Wang JX, et al. Juvenile hormone prevents 20-hydroxyecdysone-

induced metamorphosis by regulating the phosphorylation of a newly identified broad protein. J Biol

Chem. 2014; 289(38):26630–41. https://doi.org/10.1074/jbc.M114.581876 PMID: 25096576.

48. Belles X. Vitellogenesis directed by juvenile hormone. In: Raikhel AS, Sappington TW, editors. Repro-

ductive Biology of Invertebrates, Vol 12, Part B: Progress in Vitellogenesis. 12. Enfield, NH/Plymouth,

UK: Sci Publ; 2005. p. 157–98.

49. Wodarz A, Ramrath A, Grimm A, Knust E. Drosophila atypical protein kinase C associates with

Bazooka and controls polarity of epithelia and neuroblasts. J Cell Biol. 2000; 150(6):1361–74. https://

doi.org/10.1083/jcb.150.6.1361 PMID: 10995441.

50. Renschler FA, Bruekner SR, Salomon PL, Mukherjee A, Kullmann L, Schütz-Stoffregen MC, et al.
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