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Abstract 

Background  Insect fat body, a central tissue for nutrient storage, energy metabolism, and protein synthesis, 
degrades by apoptosis and autophagy during larval metamorphosis. After adult emergence, the fat body grows 
rapidly with cell proliferation and polyploidization during the previtellogenic period but ceases cell proliferation 
in the vitellogenic phase. So far, the regulatory mechanisms underlying fat body cell fate decisions in adulthood 
remain unknown.

Results  Transcriptomic analysis of locust fat body revealed the enrichment of pathways associated with cell cycle, 
nuclear division, and DNA replication. Decapentaplegic (Dpp) was among the top of differentially expressed genes 
in the signaling cascades involved in regulating cell proliferation. Abundance of Dpp, phosphorylated Mad (p-Mad), 
and Medea increased during the previtellogenic stage and subsequently declined in the vitellogenic phase. Knock-
down of Dpp, Mad, and Medea resulted in suppressed fat body cell proliferation, along with remarkably reduced 
cell number and blocked vitellogenin (Vg) expression in the fat body as well as consequent arrest of egg develop-
ment. Mad/Medea complex bound to the promoters of cyclin B (CycB) and polo-like kinase 1 (Plk1) and stimulated 
their expression. Depletion of CycB and Plk1 caused the defective phenotypes resembling Dpp, Mad, and Medea 
knockdown. In the vitellogenic phase, the high levels of juvenile hormone (JH) promoted the degradation of Medea 
via fizzy-related protein (Fzr)-mediated ubiquitination, leading to inhibited cell proliferation. The results suggest 
that fat body cell proliferation in the previtellogenic development is promoted by the bone morphogenetic protein 
(BMP) signaling pathway, whereas high levels of JH in the vitellogenic stage antagonize BMP signaling for ceasing cell 
proliferation.

Conclusions  The findings provide novel insights into the regulation of fat body cell fate during the transition of pre-
vitellogenic growth to vitellogenic Vg synthesis for reproductive requirements.
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Background
Insects have evolved intricated regulatory mechanisms to 
control essential life processes, including metamorpho-
sis and reproduction. The fat body plays a pivotal role in 
these processes, serving as the primary site for vitellogen-
esis [1–3]. During the juvenile stage, the fat body expands 
and accumulates nutrients necessary for metamorpho-
sis [1]. As insects transition into adulthood, the fat body 

*Correspondence:
Shutang Zhou
szhou@henu.edu.cn
1 State Key Laboratory of Cotton Bio‑Breeding and Integrated Utilization, 
School of Life Sciences, Henan University, Kaifeng, China

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12915-025-02247-2&domain=pdf


Page 2 of 14Wu et al. BMC Biology          (2025) 23:143 

undergoes significant structural and functional remod-
eling, shifting from a state of growth to one that supports 
reproductive activities, particularly vitellogenin (Vg) syn-
thesis. Extensive studies in holometabolous insects have 
explored the degradation of the larval fat body through 
programmed cell death mechanisms, such as apoptosis 
and autophagy [4–7]. During the previtellogenic stage, 
the adult fat body rapidly grows through cell prolifera-
tion, preparing for large-scale Vg production during the 
vitellogenic phase. However, the molecular mechanisms 
underlying this cell proliferation and the subsequent 
transition of fat body cell fate from a proliferative state 
to one that focused on reproductive roles, especially in 
hemimetabolous insects, remain poorly understood.

The development and growth of insect tissues are 
orchestrated by a complex network of signaling pathways 
that regulate cell proliferation, differentiation, and tissue 
remodeling [8]. Key pathways, including the extracellular 
signal-regulated kinase/mitogen-activated protein kinase 
(ERK/MAPK), PI3K/TOR, Wingless/Wnt, Notch, bone 
morphogenetic protein (BMP), and Janus kinase-signal 
transducer and activator of transcription (JAK/STAT), 
play critical roles in these processes in insect models, 
such as the fruit fly, cockroach, and cricket [9–13]. These 
signaling cascades not only drive cellular growth but also 
balance somatic development with reproductive matura-
tion. For instance, Notch signaling modulates the tran-
sition from cell proliferation to differentiation in follicle 
cells, ensuring the proper progression of reproductive 
development [14]. Exploring how these signaling path-
ways regulate cell proliferation offers valuable insights 
into the broader mechanisms that govern tissue growth 
and developmental transitions in insects.

Juvenile hormone (JH), a sesquiterpenoid secreted by 
the corpora allata, plays a vital role in stimulating vitello-
genesis and egg maturation across various insect species 
[15–17]. JH exerts its effects through both genomic and 
non-genomic pathways: it binds to methoprene-tolerant 
(Met) and Taiman (Tai) receptor complex to mediate pre-
vitellogenic and vitellogenic effects [18–22], and rapidly 
activates membrane signaling cascades independently of 
transcription [23–27]. JH has been implicated in regulat-
ing cell proliferation and organismal growth. JH and its 
mimics inhibit cell proliferation in a lepidopteran imagi-
nal disc cell line [28], while also reducing mitotic activity 
and preventing apoptosis in worker bee ovaries, promot-
ing queen-like ovarian development and caste differenti-
ation [29]. In addition, JH interacts with various signaling 
pathways, such as ERK/MAPK pathway, to regulate gene 
expression and coordinate growth, reproduction, and 
adaptive responses to environmental challenges in Plu-
tella xylostella and Bemisia tabaci [30, 31]. JH also works 
through insulin signaling to control cell division and 

body size as well as further vitellogenesis of Drosophila 
melanogaster and Pogonomyrmex rugosus [32, 33]. More-
over, JH downregulates the miR-2/13/71 cluster, which 
alleviates their suppression of Notch signaling, thereby 
promoting the activation of Notch for JH-dependent 
vitellogenesis and oogenesis [34]. Despite advances in 
understanding the role of JH, its precise interactions with 
other pathways in the dynamic regulation of cell prolif-
eration and cell fate transition remain underexplored.

In this study, using the migratory locust Locusta migra-
toria as a model, we investigated the mechanisms of fat 
body cell proliferation during the previtellogenic stage 
and the regulation in terminating this phase to facilitate 
the transition to Vg synthesis in the vitellogenic fat body. 
Our findings revealed that BMP signaling promotes fat 
body cell proliferation by activating key mitotic genes, 
such as cyclin B (CycB) and polo-like kinase 1 (Plk1). 
Additionally, we demonstrated that JH attenuates BMP 
signaling during the vitellogenic phase by promoting 
Fzr-mediated ubiquitination and degradation of BMP 
signaling component, Medea. This regulatory interac-
tion facilitates the transition from cell proliferation to Vg 
synthesis, effectively shifting the fat body from a growth 
phase to a reproductive phase. These insights underscore 
the critical role of BMP and JH signaling in modulating 
fat body cell fate and supporting reproductive functions 
in insects.

Results
Fat body undergoes cell fate transition during the first 
gonadotrophic cycle
The first gonadotrophic cycle of adult female locusts 
was approximately 8 days post adult eclosion (PAE). 
The ovaries and ovarioles remained small and white 
during the first 3 days, started growing and partially 
yellowish on day 4, and thereafter became big and yel-
low (Fig.  1A). L. migratoria possesses two Vg genes, 
VgA and VgB that are expressed in similar patterns [21]. 
VgA was selected as a representative to illustrate the 
developmental dynamics of Vg expression. As shown 
in Fig.  1B, the expression levels of VgA (GenBank: 
KF171066) were extremely low in the first 3 days, ele-
vated on day 4, remarkably increased thereafter, and 
reached a peak at 7 days PAE. The observations indicate 
that the adult females underwent previtellogenic devel-
opment in the first 3 days, and the vitellogenic stage 
started from about 4 days PAE. Detection of fat body 
cell proliferation by phosphorylated histone H3 (pH3) 
staining followed by confocal microscopy demon-
strated that the number of pH3-positive cells gradually 
elevated in the previtellogenic period, rose to the maxi-
mum on day 4, and then remarkably decreased in the 
vitellogenic stage (Fig. 1C–D). Western blot confirmed 
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the more abundant pH3 in the previtellogenic period 
compared to the vitellogenic phase (Fig.  1D). Notably, 
the fat body cell number markedly increased in the pre-
vitellogenic period, reached to the peak on day 4, and 
then maintained constantly in the vitellogenic phase 
(Fig.  1D). Collectively, the data demonstrated that fat 
body underwent cell proliferation in the previtellogenic 
stage but ceased cell proliferation in vitellogenic phase, 
suggesting a switch of fat body cell fate between the 
previtellogenic development and vitellogenesis.

To explore the molecular basis of fat body cell fate tran-
sition, we conducted transcriptomic analysis of fat bodies 
collected from adult females at 0, 3, and 5 days PAE. By 
using the cutoff criteria of fold change > 2 and P < 0.05, 
we identified 1573 upregulated and 1494 downregulated 
genes at 3 days PAE (A3) compared to the day of adult 
ecdysis (A0), and 416 upregulated and 417 downregu-
lated genes at 5 days PAE (A5) compared to A3 (Fig. 2A). 
Search for the overlap of upregulated genes at A3 but 
downregulated genes at A5 yielded 138 genes (Fig.  2B). 
Gene ontology (GO) analysis revealed the enrich-
ment of biological processes related to cell proliferation 

including cell cycle, nuclear division, and DNA replica-
tion (Fig. 2C).

BMP signaling plays a pivotal role in fat body cell 
proliferation
We next examined six canonical signaling cascades 
associated with cell proliferation and tissue growth, 
including the ERK/MAPK, PI3K/AKT, Wingless/
Wnt, Notch, BMP, and JAK/STAT signaling pathways. 
RNA-seq analysis of genes involved in these pathways 
showed that the expression levels of decapentaplegic 
(Dpp) and insulin receptor 2 (InR2) increased at high-
est levels (3.45-fold and 3.21-fold, respectively) in the 
fat body of A3 compared to A0 (Fig. 3A), suggesting an 
important role of BMP signaling and PI3K/AKT path-
ways in fat body cell proliferation. We therefore focused 
this study on BMP signaling pathway. qRT-PCR showed 
that Dpp (GenBank: PQ367898) expression was signifi-
cantly elevated in the previtellogenic stage (day 1–3) 
and early vitellogenic phase (day 4–6), but declined at 
late vitellogenic phase (Additional file  1: Fig. S1). The 
expression of Mad (GenBank: PQ367899) and Medea 

Fig. 1  Cell proliferation in the previtellogenic stage. A Morphology of ovaries in the adult females from day 0 to 8 of the first gonadotrophic cycle. 
Scale bar: 5 mm. B Developmental profiles of VgA mRNA in the fat body of adult females from day 0 to 8. n = 8. C Change of phosphor-histone H3 
(pH3) staining in the fat body of adult females from day 0 to 8. pH3 staining (red) was detected using an anti-pH3 antibody to label mitotic cells. 
Nuclei (blue) were stained with Hoechst 33342. Scale bar: 50 μm. D Quantification of cell number and proportion of pH3-positive cells (upper 
panel), and developmental dynamics of pH3 (lower panel) in the fat body of adult females from day 0 to 8 (lower panel). Non-phosphorylated 
histone H3 was used as the loading control. n = 4
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Fig. 2  RNA-seq analysis of cell fate switch from previtellogenic development to vitellogenesis. A The number of upregulated and downregulated 
genes in A3 vs. A0 and A5 vs. A3. B Venn diagram of A3 upregulated DEGs (vs. A0) and A5 downregulated DEGs (vs. A3) in the fat body. C GO 
enrichment analysis of 138 genes showing upregulation of biological processes in the previtellogenic phase and downregulation in the vitellogenic 
stage

Fig. 3  Involvement of BMP signaling in cell proliferation and Vg synthesis. A Heatmap of genes in canonical pathways involved in cell proliferation 
and tissue growth. B Relative abundance of Dpp, Mad, phosphorylated Mad (p-Mad), and Medea in the fat body of adult females from day 0 to 8. 
Actin was used as the loading control. C pH3 staining of fat body cells subjected to Dpp, Medea, and Mad knockdown on day 3. pH3 (red) marks 
mitotic cells, Hoechst 33342 (blue) marks nuclei, and F-actin (green) was stained with Alexa Fluor 488-phalloidin. Scale bar: 50 μm. D Proportion 
of pH3-positive cells in the fat body subjected to Dpp, Medea, and Mad knockdown on day 3. **, P < 0.01 and ***, P < 0.001 compared with dsGFP 
controls. n = 4. E Statistics of fat body cell number subjected to Dpp, Medea, and Mad knockdown on day 6. ***, P < 0.001 compared with dsGFP 
controls. n = 4. F Relative mRNA levels of VgA in the fat body subjected to Dpp, Medea, and Mad knockdown on day 6. **, P < 0.01 and ***, P < 0.001 
compared with dsGFP controls. n = 8. G Representative phenotypes of ovaries subjected to Dpp, Medea, and Mad knockdown on day 6. Scale bar: 5 
mm
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(GenBank: PQ367900) was high on day 1 and deceased 
thereafter, but rose to  a second peak on day 6 (Addi-
tional file  1: Fig. S1). Western blot demonstrated that 
the abundance of Dpp, phosphorylated Mad (p-Mad), 
and Medea increased during the previtellogenic stage 
and subsequently declined in the vitellogenic phase 
(Fig.  3B). In the case of Mad, its abundance was low 
within the 12 h post adult emergence (0 day PAE), ele-
vated on day 1, and then maintained at relatively steady 
levels (Fig. 3B). The data suggested the involvement of 
Dpp, p-Mad, and Medea in fat body cell proliferation of 
previtellogenic adults. In RNAi experiments, knocking 
down Dpp, Mad, and Medea reduced their transcript 
abundance by 83.8%, 64.7%, and 47.6%, respectively 
(Additional file 1: Fig. S2). Depletion of Dpp, Mad, and 
Medea led to significantly reduced pH3-positive cells 
(Fig.  3C). Quantitative analysis displayed that Dpp-
, Mad-, and Medea-depleted fat bodies had 15.9%, 
18.0%, and 19.0% pH3-positive cells, while 28.7% of 
pH3-positive cells were observed in the dsGFP control 
(Fig. 3D). Total cell number reduced by 40–50% in the 
fat bodies subjected to Dpp, Mad, and Medea RNAi 
compared to the dsGFP control (Fig.  3E). Moreover, 
the expression of VgA in the fat body as well as ovar-
ian and oocyte growth were blocked in adults subjected 
to Dpp, Mad, and Medea RNAi (Fig. 3F and G). These 
data suggest that BMP signaling is essential for fat body 
cell proliferation. Given the potential link between 
BMP signaling and JH biosynthesis [35], we further 
examined whether Dpp, Mad, and Medea knockdown 
affects JH production in locusts. We assessed the 
expression levels of Jhamt and Kr-h1, two key com-
ponents of JH biosynthesis and signaling pathway, but 
found no significant changes in their expression upon 
BMP signaling knockdown (Additional file  1: Fig. S3). 
Taken together, our data demonstrate that BMP signal-
ing is crucial for fat body cell proliferation during the 

previtellogenic development, independently of its role 
in JH biosynthesis.

Mad/Medea stimulates CycB and Plk1 transcription for cell 
proliferation
Following RNA-seq-based gene profiling, we selected 
17 genes out of 138 that are involved in cell proliferation 
and mitotic cell cycle progression for further study. qRT-
PCR was conducted to assess the effect of Dpp, Mad, 
and Medea RNAi on the expression of these genes over 
3 days, when fat body cell proliferation is robust. Among 
the downregulated genes, we identified Myb, a transcrip-
tion factor, known to be crucial for cell proliferation and 
mitosis. Additionally, genes associated with the kine-
tochore-associated NDC80 complex (Ndc80) responsible 
for chromosome segregation, cyclin A (CycA) and CycB 
involved in the G2/M phase transition, serine/threonine-
protein kinase (Plk1) essential for centrosome maturation 
and spindle assembly, and cell division cycle protein 20 
(Cdc20), which regulates the ubiquitin ligase activity of 
the anaphase-promoting complex/cyclosome (APC/C), 
were also downregulated following knockdown of Dpp, 
Mad, and Medea (Fig. 4A).

Analysis of the 3 kb upstream sequences of the 
six downregulated genes revealed a conserved BMP 
response element (BRE, GGC​GCC​) within the pro-
moter regions of CycB (nt − 1720 to − 1715, GenBank: 
PQ367901) and Plk1 (nt − 2067 to − 2061, GenBank: 
PQ367902) (Additional file  1: Fig. S4). This element is 
recognized as a binding site for the Mad/Medea complex, 
which is involved in transcriptional regulation in both 
mouse and Drosophila [36, 37]. To determine whether 
BMP signaling regulates CycB and Plk1 transcription 
in locusts, we expressed locust Mad and Medea in S2 
cells and performed luciferase reporter assays and elec-
trophoretic mobility shift assay (EMSA). For the lucif-
erase reporter assays, we cloned the segments of 4 × 

Fig. 4  Regulation of BMP signaling molecules in mitotic gene transcription. A Heatmap of genes related to cell cycle transition in the fat body 
of dsDpp-, dsMedea-, and dsMad-injected adult females on day 3. *, P < 0.05 compared with dsGFP controls. n = 4. B Left panel: Luciferase reporter 
assays using Drosophila S2 cells transfected with pGL4.10/CycB + pAc5.1/V5 empty vector, pGL4.10/CycB + pAc5.1/V5-Mad, pGL4.10/CycB + 
pAc5.1/V5-Medea, and pGL4.10/CycB + pAc5.1/V5-Mad + pAc5.1/V5-Medea. Right panel: Luciferase reporter assays using S2 cells transfected 
with pGL4.10/Plk1 + pAc5.1/V5 empty vector, pGL4.10/Plk1 + pAc5.1/V5-Mad, pGL4.10/Plk1 + pAc5.1/V5-Medea, and pGL4.10/Plk1 + pAc5.1/
V5-Mad + pAc5.1/V5-Medea. ***, P < 0.001 compared with control. n = 4. C EMSA using the biotin-labeled CycB (left), biotin-labeled Plk1 
(right), and non-labeled cold probe incubated with nuclear protein extracts from Drosophila S2 cells with expressed V5-Mad and V5-Medea. 
α-V5, anti-V5 antibody; α-IgG, a nonspecific antibody. The arrows indicate the specific bands. D Upper panel: pH3 staining of fat body cells 
in dsCycB- and dsPlk1-treated adult females on day 3. pH3 (red) marks mitotic cells, Hoechst 33342 (blue) marks nuclei, and phalloidin (green) marks 
F-actin. Scale bar: 50 μm. Lower panel: representative phenotypes of ovaries in dsCycB- and dsPlk1-treated adult females on day 6. Scale bar: 5 mm. 
E Proportion of pH3-positive cells in the fat body of dsCycB- and dsPlk1-treated adult females on day 3. ***, P < 0.001 compared with dsGFP. n = 4. F 
Statistics of fat body cell number in the fat body of dsCycB- and dsPlk1-treated adult females on day 6. ***, P < 0.001 compared with dsGFP. n = 4. G 
Relative mRNA levels of VgA in the fat body of dsCycB- and dsPlk1-treated adult females on day 6. *, P < 0.05 and **, P < 0.01 compared with dsGFP. 
n = 8

(See figure on next page.)



Page 6 of 14Wu et al. BMC Biology          (2025) 23:143 

CycB−1728 to−1707 and 4 × Plk1−2074 to−2053, containing the 
BRE motifs, into the pGL4.10 vector. Co-transfection 
with pAc5.1/V5-Mad and pAc5.1/V5-Medea resulted in 
a more than 3-fold increase in CycB and Plk1 reporter 
activities compared to the pAc5.1/V5 empty control 
(Fig. 4B). In contrast, co-transfection with either pAc5.1/
V5-Mad or pAc5.1/V5-Medea alone did not significantly 
induce CycB or Plk1 reporter activity (Fig. 4B). To further 

characterize the binding of the Mad/Medea complex to 
the BRE in the CycB and Plk1 promoters, we performed 
EMSA using nuclear extracts from S2 cells co-transfected 
with pAc5.1/V5-Mad and pAc5.1/V5-Medea. We utilized 
22-mer nucleotide probes corresponding to the BRE-
containing sequences in the CycB and Plk1 promoters 
(Additional file 1: Fig. S4). Specific bands were detected 
with biotin-labeled CycB and Plk1 probes (lane 2), and 

Fig. 4  (See legend on previous page.)
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these bands were abolished with a 100 × molar excess of 
unlabeled CycB and Plk1 probes (lane 3). Pre-incubation 
with an anti-V5 antibody (lane 4) eliminated or reduced 
the specific bands, while pre-incubation with IgG (lane 
5) had no effect on their mobility or intensity (Fig. 4C). 
These findings confirmed that the Mad/Medea complex 
binds to the CycB and Plk1 promoters and stimulates 
their transcription.

To further assess the roles of CycB and Plk1 in cell 
proliferation in the previtellogenic stage, we conducted 
RNAi experiments targeting CycB and Plk1. Knockdown 
of CycB led to an 88.3% reduction in its mRNA levels in 
the fat body of adult females, while Plk1 RNAi resulted in 
a 94.8% reduction in Plk1 mRNA levels (Additional file 1: 
Fig. S5). As expected, both CycB- and Plk1-depleted fat 
bodies exhibited significantly fewer pH3-positive cells 
and lower total cell counts compared to the dsGFP con-
trol (Fig.  4D–F). Consequently, VgA mRNA levels were 
notably reduced in the fat bodies of CycB- and Plk1-
depleted adult females (Fig.  4G), which was associated 
with severely arrested ovarian  growth (Fig.  4D). These 
observations underscored the pivotal role of the BMP 
signaling-CycB/Plk1 cascade in regulating cell prolifera-
tion and previtellogenic growth.

High levels of JH cause Medea degradation
During the vitellogenic phase, fat body cells cease pro-
liferation (Fig.  1C–D) and undergo a cell fate transition 
to support extensive Vg synthesis [21, 38–40], mak-
ing the suppression of BMP signaling crucial. A previ-
ous study reported a sharp increase in JH titers around 
day 4 during the early vitellogenic phase [41]. Initially, 
we applied methoprene, a JH analog (JHA), topically to 

newly emerged adults with low JH titers and monitored 
cell proliferation at day 2 and day 4 post-treatment. JHA 
treatment led to a significant reduction in the percent-
age of pH3-positive cells and the relative fat body cell 
number at both time points (Additional file  1: Fig. S6). 
These phenotypes closely resemble those observed upon 
knockdown of BMP signaling components, support-
ing the hypothesis that higher JH levels may inhibit cell 
proliferation by repressing BMP signaling. The results 
presented in Fig. 3B showed a decline in the abundance 
of Dpp, p-Mad, and Medea in the vitellogenic fat bodies, 
suggesting the responsiveness of BMP signaling to JH. To 
further confirm this, we performed western blot analyses 
using protein extracts from the fat bodies of JH-deprived 
adult females at 6 days PAE, and those further treated 
with JHA for 0.5 to 6 h. As a result, Dpp, p-Mad, and 
Medea were more abundant after shorter JH exposure, 
while prolonged exposure led to a marked inhibition of 
BMP signaling (Fig.  5A). The results indicated that the 
elevated JH titers during the vitellogenic phase attenuate 
the effect of BMP signaling on fat body cell proliferation, 
shifting the cell fate towards Vg synthesis.

Given that Medea degradation is a key factor in the 
termination of BMP signaling [42], and considering 
the observed decrease in Medea protein levels at 4–8 
days PAE (Fig. 3B), we focused on exploring the regula-
tory role of JH in Medea protein stability. When meth-
oprene was added to S2 cells expressing V5-Medea at 
doses ranging from 5 to 150 μM, Medea became unsta-
ble at higher methoprene doses (Fig. 5B). Cycloheximide 
(CHX), a global translational inhibitor, is commonly used 
to study the degradation of short-lived proteins. We con-
ducted pulse-chase experiments in S2 cells expressing 

Fig. 5  Medea proteolysis in the vitellogenic fat body. A Relative abundance of Dpp, Mad, p-Mad, and Medea in the fat body of JH-deprived 
adult females further treated with JH analog, methoprene (JHA) for 0.5, 1, 3, and 6 h. B Upper panel: immunoblots showing the effect of JHA 
on the stability of expressed V5-Medea in Drosophila S2 cells. The cells were treated with JHA at a dose of 5, 10, 50, 100, and 150 μM. Lower panel: 
quantification of the relative band intensity. n = 4. C Upper panel: immunoblots showing the effect of lysosome or proteasome inhibitors on Medea 
stability. The cells were pre-treated with methoprene and added with CHX for indicated intervals and corresponding inhibitors NH4Cl (for lysosome) 
and MG132 (for proteasome). Lower panel: quantification of the relative band intensity. Means labeled with different letters indicate significant 
difference at P < 0.05. n = 4
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V5-Medea, treated with methoprene followed by addi-
tion of CHX for 2, 4, and 8 h. Western blot analyses 
confirmed that Medea is a short-lived protein (Fig. 5C). 
Moreover, we demonstrated that Medea undergoes pro-
teosome-mediated protein degradation, as indicated by 
the effective inhibition of Medea degradation after treat-
ment with the proteosome inhibitor MG132 (Fig.  5C). 
Therefore, Medea protein is likely subjected to JH-
induced proteolysis in the vitellogenic fat body, contrib-
uting to the attenuation of BMP signaling and thus cell 
fate shift.

Medea is ubiquitinated by Fzr
To elucidate the mechanisms underlying Medea deg-
radation, we analyzed the 416 genes upregulated at A5 
compared to A3. A Kyoto Encyclopedia of Genes and 
Genomes (KEGG) enrichment analysis revealed that 
ubiquitin-mediated proteolysis was significantly acti-
vated during the vitellogenic phase (Additional file  1: 
Fig. S7). The APC/C is an E3 ubiquitin ligase that targets 
specific proteins, such as mitotic cyclins, for degradation 
by the 26S proteosome, thereby facilitating cell cycle pro-
gression [43]. Since the activity of APC/C depends on the 
scaffold protein fizzy-related protein (Fzr), homologous 
to mammalian Cdh1 [44], we investigated the role of Fzr 
(GenBank: PQ367903) in Medea proteolysis in locusts. 
Indeed, co-transfection of Flag-Fzr and V5-Medea in S2 
cells accelerated Medea degradation (Fig. 6A), suggesting 
the involvement of Fzr in Medea proteolysis.

Proteins targeted by the APC/C complex often contain 
destruction boxes (D box), characterized by a consensus 
sequence RXXLXXXXD/E/N [45]. Sequence alignment 
revealed a conserved D box (amino acids 473–481) in 
the locust Medea protein, which has been documented 
as crucial for Fzr-mediated protein degradation in mam-
mals [46–51] (Additional file 1: Fig. S8). To investigate the 
role of the D box in involving Fzr-mediated Medea deg-
radation, we co-transfected D box-depleted V5-Medea 
(MedeaΔD−box) with Flag-Fzr in methoprene-pretreated 
S2 cells, followed by the addition of CHX at intervals. 
The results showed that Fzr had no obvious effect on 
the degradation of D box-depleted V5-Medea (Fig.  6B). 
Computational prediction using BDM-PUB (V1.0) soft-
ware identified the lysine residue at position 49 (Lys49) as 
a potential ubiquitination site with the highest likelihood. 
To validate the role of Fzr in targeting Lys49 of Medea, 
we constructed a mutated V5-Medea (MedeaK49E, Lys49 
to Glu49) and co-transfected it with Flag-Fzr into S2 cells 
treated with methoprene and CHX. As shown in Fig. 6C, 
the degradation of V5-MedeaK49E was slower compared 
to the wild-type V5-Medea (MedeaWT) (Fig. 6C). To fur-
ther determine whether Fzr promotes the ubiquitination 
of Medea, we conducted a cell-based ubiquitination assay 

in S2 cells. The smeared bands of ubiquitinated Medea 
were detected in the nucleoprotein fractions when was 
co-transfected with Flag-Fzr, indicating that Fzr enhances 
Medea poly-ubiquitination (Fig. 6D). These data together 
suggested that upon entering the vitellogenic phase, 
Medea protein undergoes Fzr-executed ubiquitination 
and induces cell fate transition.

Discussion
BMP signaling and cell proliferation
In this study, one of the primary findings is the upregu-
lation of BMP pathway components during the previtel-
logenic stage, which corresponds with increased mitotic 
activity. Knockdown of the components led to a sig-
nificant reduction in cell proliferation, highlighting the 
importance of BMP signaling in ensuring that the fat 
body grows to a sufficient size to support reproductive 
demands. In the American cockroach Periplaneta ameri-
cana, BMP signaling is crucial for promoting blastema 
cell proliferation during leg regeneration [52]. In Dros-
ophila, BMP signaling establishes a phosphorylated Mad 
gradient to ensure asymmetric stem cell division and bal-
anced differentiation [53]. Additionally, in the Drosophila 
intestine, BMP signaling precisely regulates cell prolifera-
tion during tissue regeneration by modulating receptor 
activation and internalization [54]. During wing develop-
ment, BMP coordinates cell proliferation and tissue pat-
terning by aligning signal distribution with the changing 
3D tissue structure [55]. In addition to promoting cell 
proliferation, BMP signaling has been implicated in lipid 
metabolism by maintaining lipid homeostasis through 
the regulation of lipolysis [56]. This ensures that energy 
reserves are presented and mobilized at appropriate 
stages to meet the metabolic demands of development 
and reproduction. These findings are consistent with 
the broader role of BMP in regulating cell division, lipid 
homeostasis, and tissue growth across different species. 
In the future, we aim to uncover the molecular mecha-
nisms by which developmental initiation signals activate 
BMP pathway to trigger cell proliferation and fat body 
growth during the previtellogenic stage.

JH and Fzr‑mediated Medea ubiquitination
Our study demonstrated that the elevated JH titers dur-
ing the vitellogenic phase diminish BMP activity through 
Fzr-mediated ubiquitination and degradation of Medea, 
thereby halting cell proliferation and initiating Vg syn-
thesis. This highlights the dynamic interaction between 
JH and BMP signals. In the cricket Gryllus bimaculatus, 
TGF-β/BMP signaling delicately controls insect meta-
morphosis by regulating JH production, facilitating the 
transition from nymph to adult [57]. Beyond JH-induced 
antagonization, BMP signaling can also be attenuated by 
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other pathways such as MAPK-mediated phosphoryla-
tion of Smad1/5/8, which promotes their ubiquitination 
and degradation, and PI3 K/Akt pathway interference 
with Smad3/4 activity, leading to the cessation of BMP 
signal transduction [58, 59]. In our study, JH acts as a 
molecular switch that shifts cell fate and repurposes 
the fat body from a proliferative state to one focused on 
Vg synthesis. In fact, the dual role of fat body in tissue 
growth and reproduction is not unique to L. migratoria. 
In the holometabolous insect like Aedes aegypti, fat body 
reconstruction begins after pupation, with Vg production 

triggered after a blood meal in adulthood [15, 60]. In 
contrast, the hemimetabolous insects like locusts must 
continuously balance fat body growth and vitellogenesis 
throughout adulthood, as they lack the distinct larval-to-
adult transition seen in holometabolous species. In addi-
tion, we identified Fzr as a key regulator in this process. 
Fzr promotes Medea ubiquitination and degradation, 
leading to the downregulation of mitotic genes and facili-
tating the switch from cell proliferation to polyploidiza-
tion, which is essential for large-scale Vg production [21, 
38–40]. This regulatory mechanism is consistent with 

Fig. 6  Ubiquitination and destabilization of Medea by Fzr. A Upper panel: immunoblots showing the effect of Fzr on Medea protein degradation. 
Lower panel: quantification of the relative band intensity. Blue bar: band intensity of samples co-expressing V5-Medea and Flag-Fzr. Gray bar: 
band intensity of samples expressing V5-Medea alone (control). **, P < 0.01 compared with control. n = 4. B Upper panel: immunoblots showing 
the effects of D box mutation on Medea degradation. Lower panel: quantification of the relative band intensity. Blue bar: band intensity of samples 
co-expressing D box-depleted Medea (MedeaΔD−box) and Flag-Fzr. Gray bar: band intensity of samples co-expressing intact Medea (MedeaWT) 
and Flag-Fzr. *, P < 0.05 and **, P < 0.01 compared with control. n = 4. C Upper panel: immunoblots showing the effects of Lys49 site mutation 
on Medea degradation. Lower panel: quantification of the relative band intensity. Blue bar: band intensity of samples co-expressing Lys49 mutated 
Medea (MedeaK49E) and Flag-Fzr. Gray bar: band intensity of samples co-expressing wild-type Medea (MedeaWT) and Flag-Fzr. *, P < 0.05, **, P < 0.01, 
and ***, P < 0.001 compared with control. n = 4. D In vitro ubiquitination assays showing the direct effect of Fzr on Medea degradation. Proteins 
were immunoprecipitated using anti-Flag antibody and probed for ubiquitinated Medea using anti-HA antibody
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findings in other species, such as Drosophila and Bombyx 
mori, where Fzr promotes cell cycle switch from mitotic 
cycle to endocycle in various tissues [61–65]. Taken 
together, the ability of JH to regulate both transcriptional 
and post-translational processes allow rapid responses to 
hormonal cues, highlighting its dual genomic and non-
genomic actions across different insect orders. However, 
the gap between JH and Fzr remains underexplored. 
Future research could focus on elucidating the regulatory 
mechanisms, which may provide deeper insights into 
how JH modulates BMP signaling and fat body cell fate.

Conclusions
In summary, this study uncovers the critical role of BMP 
signaling in regulating fat body cell proliferation and 
demonstrates how JH modulates this pathway to coordi-
nate the transition from growth to Vg synthesis (Fig. 7). 
The identification of Fzr-mediated Medea degradation as 
a key mechanism by which JH antagonizes BMP signal-
ing and changes fat body cell fate during the vitellogenic 
phase deepens our understanding of hormone-driven 

insect reproduction. These findings not only advance our 
knowledge of insect reproductive physiology but also 
offer potential targets for pest control through the dis-
ruption of hormonal and signaling pathways.

Methods
Insect rearing
The gregarious phase of L. migratoria was maintained 
under standard conditions as described previously[21]. 
JH-deprived adult females were obtained by application 
of precocene III (Sigma-Aldrich) at a dose of 500 μg per 
locust within 6 h PAE. These locusts were maintained for 
6 days after precocene treatment to ensure effective JH 
deprivation. At day 6, s-(+)-methoprene (Santa Cruz Bio-
tech) was applied at a dose of 150 μg per locust. Locusts 
were dissected at different time points after methoprene 
application, specifically 0.5, 1, 3, or 6 h post-treatment. 
The newly emerged female adults were applied for 150 μg 
methoprene for 2 and 4 days.

Fig. 7  Interplay of JH and BMP signaling in the regulation of fat body cell fate. During the previtellogenic stage, activated BMP signaling stimulates 
the expression of CycB and Plk1, promoting cell proliferation and facilitating fat body remodeling. In the vitellogenic fat body, high levels of JH 
induce the Fzr-mediated ubiquitination and degradation of Medea, attenuating the BMP pathway. Inhibitory BMP pathway halts mitosis and shifts 
the cell fate towards Vg synthesis. Solid lines and arrow heads indicate positive regulation. Dotted lines and T-bars represent negative effect
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RNA sequencing and data processing
Total RNA was extracted from fat bodies of adult locusts 
at 12 h, 3, and 5 days PAE (three biological replicates, 
each consisting of four individuals) using TRIzol reagent 
(Invitrogen). cDNA libraries were constructed according 
to Illumina’s protocols. Raw sequencing data were filtered 
and corrected for quality. The resulting reads were then 
mapped to locust genome sequence using HISAT2. Dif-
ferentially expressed genes (DEGs) with statistical sig-
nificance (P < 0.05) were identified and enriched in each 
comparison.

Eukaryotic cell culture and protein expression
Protein coding sequences of Mad (nt 1–1368), Medea 
(nt 1–2229), Fzr (nt 1–1530), and Ub (nt 1–696) were 
individually cloned into pAc5.1/V5 or pAc5.1/Flag vec-
tors (Invitrogen). Site-directed mutagenesis was per-
formed to generate MedeaΔD−box (D-box depletion) and 
MedeaK49E (Lys49 to Glu49 substitution) variants using Q5 
Site-Directed Mutagenesis Kit (New England Biolabs). 
Primers used for recombinant vector construction and 
site-directed mutagenesis are listed in Table  S1 (Addi-
tional file 1). Drosophila S2 cells were cultured in Schnei-
der’s Drosophila medium supplemented with 10% fetal 
bovine serum (FBS) at 28 °C. S2 cells were transfected 
with the recombinant vectors using Lipofectamine 3000 
(Invitrogen). Methoprene was added at concentrations 
ranging from 5 to 150 μM for 3 h. MG132 (MedChem-
Express) at 50 μM, NH4Cl (Beyotime) at 10 mM, and 
cycloheximide (CHX, MedChemExpress) were added 
at 50 μM, 10 mM, and 50 μg/ml, separately, followed by 
methoprene at 50 μM.

qRT‑PCR
First-stranded cDNA was synthesized from total RNA 
using the FastKing RT kit with gDNase (Tiangen). 
qRT-PCR were performed using a RealMasterMix 
SYBR Green kit (Tiangen) on a LightCycler 96 sys-
tem (Roche), initiated at 95 °C for 15 min, followed 
by 40 cycles at 95 °C for 10 s, 58 °C for 20 s, and 72 
°C for 30 s. Relative expression levels were calculated 
using 2−ΔΔCt method and normalized to the expres-
sion of β-actin. Primers used for qRT-PCR are listed in 
Table S1 (Additional file 1).

Western blot and immunoprecipitation
Protein extracts from insect fat body and Drosophila S2 
cells were isolated using ice-cold lysis buffer containing 
150 mM NaCl, 50 mM Tris–HCl (pH 7.4), 1 mM EDTA, 
1% Nonidet P-40, 1% Triton X-100, 0.5% sodium deoxy-
cholate, 1 mM PMSF plus protease, and a cocktail of pro-
tease and phosphatase inhibitors (Roche). Lysates were 

cleared by centrifugation at 12,000 rpm for 15 min at 4 
°C, then subjected to 8% sodium dodecylsulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to polyvinylidene fluoride (PVDF) membrane 
(Millipore). Western blots were conducted using primary 
antibodies and corresponding horseradish peroxidase 
(HRP)-conjugated secondary antibodies (TransGen Bio-
tech) and visualized with Superstar ECL Plus Ready-to-
use Kit (Boster). β-Actin was used as a loading control.

For immunoprecipitation, precleared lysates were incu-
bated with anti-Flag antibody (MBL) for 60 min at 4 °C. 
The immunocomplexes were captured with protein-A 
agarose (Sigma-Aldrich) and incubated overnight at 4 
°C. After washing, the complexes were eluted in Laemmli 
sample buffer, followed by western blots with anti-Fzr 
(Santa Cruz Biotech) antibodies.

For in  vivo ubiquitination assay, S2 cell were co-
transfected with HA-tagged Ub, Flag-tagged Fzr, and 
V5-tagged Medea constructs. At 48 h after transfection, 
cells were treated with 50 μM MG132 for 8 h, and the 
nuclear extracts were harvested using NE-PER Nuclear 
and Cytoplasmic Extraction Reagents kit (Thermo Fisher 
Scientific) according to the manufacturer’s instructions. 
Following precipitation with anti-Flag antibody for 60 
min at 4 °C, the precipitates were subjected to western 
blot using anti-HA antibody (MBL) to detect Medea 
ubiquitination by Fzr.

RNAi, tissue imaging, and confocal microscopy
cDNA templates were amplified by PCR, cloned into 
pGEM-T vector (Tiangen), and confirmed by sequenc-
ing. Double-stranded RNAs (dsRNAs) were synthe-
sized by in  vitro transcription with T7 RiboMAX 
Expression RNAi System (Promega). Newly emerged 
adult females were intra-abdominally injected with 15 
μg of dsRNA and boosted on day 3. Injection of green 
fluorescent protein (GFP) dsRNA was used as the mock 
control. Primers used for RNAi are listed in Table  S1 
(Additional file 1).

For RNAi experiments, the assessment of VgA mRNA 
levels via qRT-PCR and ovary phenotypes were exam-
ined on day 6, and the immunostaining was performed 
on day 3. Ovaries were photographed by a Leica M205 
C stereomicroscope. For immunostaining, the naturally 
developmental and dsRNA-subjected fat bodies were dis-
sected, fixed in 4% paraformaldehyde, and permeabilized 
in 0.3% Triton X-100. Immunostaining was conducted 
using an anti-pH3 antibody (Cell Signaling Technology) 
and an Alexa Fluor 594-conjugated secondary antibody 
(Invitrogen). To determine the percentage of pH3-posi-
tive cells, more than 100 cells were randomly selected, 
and the experiment was repeated three times. F-actin 
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and nuclei were stained with 0.165 μM phalloidin-Alexa 
Fluor 488 (Invitrogen) and 5 μM Hoechst 33342 (Sigma-
Aldrich), respectively. Cell images were captured with a 
ZEISS LSM 710 laser confocal microscope and processed 
with ZEN2012 software (Carl Zeiss).

Flow cytometry
For RNAi experiments, the statistics of cell count were 
conducted on day 6. In brief, the naturally developmen-
tal and 6-day-old dsRNA-subjected fat bodies were 
homogenized using a Dounce homogenizer. Cells were 
collected by centrifugation (800 × g), fixed in 70% etha-
nol overnight, and incubated for 2 h at 4 °C in a solution 
containing 50 μg/ml propidium iodide (Sigma), 100 μg/
ml RNaseA (Promega), and 0.2% Triton X-100 in PBS. 
The cells were filtered through 300-mesh cell strainers 
(BD Falcon) and analyzed using a BD FACSCalibur Flow 
Cytometry System with Flowjo 7.6.1 software (BD Bio-
sciences). Cell counts were obtained from total fat body 
preparations, with four independent experiments con-
ducted for each treatment. Locust brain nuclei were used 
as the diploid reference control.

Dual luciferase reporter assay
The promoter regions of CycB and Plk1, which bears 
the BMP response element (BRE, GGC​GCC​), spe-
cifically the segments 4 × CycB−1728 to−1707 and 4 × 
Plk1−2074 to−2053, were separately ligated into pGL4.10 
vector (Promega) and verified by sequencing. S2 cells 
were co-transfected with pGL4.10/4 × CycB−1728 to−1707 
or 4 × Plk1−2074 to−2053 constructs or pGL4.10 empty 
vector, along with recombinant vectors expressing 
pAc5.1/V5-Mad1–1368 and pAc5.1/V5-Medea1–2229 
using Lipofectamine 3000 (Invitrogen). After 48 h, 
luciferase activity was then measured using a Dual-
luciferase Reporter Assay System and a GloMax 96 
Microplate Luminometer (Promega).

Electrophoretic mobility shift assay (EMSA)
Nuclear extracts from S2 cells were isolated using NE-
PER Nuclear and Cytoplasmic Extraction Reagents kit. 
The CycB probe (5′-TTC​AAC​ATG​GCG​CCG​CAT​TCTC-
3′) and Plk1 probe (5′-AAT​CAT​TTG​GCG​CCT​GTA​
CATG-3′) were end-labeled with biotin and incubated 
with nuclear protein extracts using the LightShift Chemi-
luminescent EMSA kit (Thermo Fisher Scientific). For 
the competition assay, a 100 × molar excess of unlabeled 
CycB or Plk1 probe was added into the binding reaction to 
compete with the labeled probes. In the supershift assays, 
the nuclear extracts were pre-incubated with an anti-V5 
antibody (MBL) or the control IgG (Sigma-Aldrich) for 
1 h at 4 °C before adding the labeled probes. The result-
ing DNA–protein complex were separated on 5% native 

polyacrylamide gels and visualized using an Amersham 
Imager 600 (GE healthcare).

Data analysis
Statistics analyses were performed using Student’s t-test or 
one-way analysis of variance (ANOVA) with Tukey’s post 
hoc test, performed with SPSS 22.0 software. Significant 
difference was considered at P < 0.05. All data are presented 
as means ± standard error of the mean (SEM).
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