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Juvenile hormone (JH) plays a key role in preventing larval precocious meta-
morphosis, maintaining larval state, controlling adult sexual development
and promoting insect egg maturation. Genetic studies have shown that
POU factor ventral veins lacking regulates JH synthesis to control the
timing of insect metamorphosis. However, how POU factor regulates JH
synthesis is largely unknown. Here, we found POU-M2 was highly
expressed in corpora allata (CA) and specifically localized in the nucleus
of CA. The overexpression of POU-M2 promoted the expression of JH
synthase genes and kr-h1 and enhanced the activity of JH synthase genes
promoter. Further, POU-M2 promoted the transcription of JH acid
O-methyltransferase (JHAMT) by directly binding to the key cis-regulatory
elements -207, -249 and -453 within the proximal regions of JHAMT promo-
ter. Both the POU domain and homeodomain were vital for the activation of
POU-M2 on JHAMT transcription. Our study reveals the mechanism by
which POU-M2 regulates JHAMT transcription.
1. Introduction
Manyanimals including amphibians, invertebrates, vertebrates and insects undergo
tremendous morphological changes from immature larvae to mature adults. The
dramatic transformations are mediated by endocrine hormones during post-
embryonic development. The main regulatory steroids are rogens and oestrogens
in males and females of mammals, respectively [1]. 20-Hydroxyecdysone (20E)
and juvenile hormone (JH) are two major endocrine hormones that synergistically
regulate the developmental transition of insects [2,3]. 20E is synthesized in the pro-
thoracic gland (PG), and JH is secreted by a pair of corpora allata (CA) located on
either side of the brain. JH prevents larvae frommoulting and pupating when JH
is present at a relatively high level in the larval stage; whereas while JH decreases
to very low levels or is absent in the last instar, 20E induces larval–larval moulting
and larval–pupal–adult metamorphosis [4–8]. Thus, JH plays a key role in pre-
venting 20E-induced precocious metamorphosis of larvae into pupae and
adults [9–12].

The POU gene family is ubiquitous in vertebrates and invertebrates, and plays
vital roles in cell type-specific gene expression and cell fate determination [13].
POU factors contain a highly conserved homeodomain and a POU-specific
domain. The POU-specific domain determines the high-affinity and site-
specific DNA-binding capacity of POU factor [14,15]. POU factors affect the
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development of vertebrates’ neuroendocrine system during
the juvenile stage and puberty [16–20]. In Drosophila melanoga-
ster, the POU factor drifter regulates cell proliferation and
differentiation of wing imaginal discs [21], the differentiation
and migration of tracheal cells and neurons [22,23], and the
expression of dopa decarboxylase [24]. In Bombyx mori, the
POU factor POU-M1 is involved in the transcription of seri-
cin-1 gene [25], and POU-M2 regulates the expression of
fibroin heavy chain (fib-H) [26,27], wing disc cuticle protein 4
(WCP4) [28,29], steroidogenic enzyme phantom [30],
vitellogenin (Vg) [31], vitellogenin receptor (VgR) [32], and dia-
pause hormone and pheromone biosynthesis-activating
neuropeptide (DH-PBAN) [33]. Also, POU-M2 regulates the
expression of DH-PBAN and phosphatase and tensin homol-
ogue in Helicoverpa armigera [34,35]. Recent studies show
silencing of ventral veins lacking (vvl) by RNA interference
(RNAi), a homologue of POU-M2, results in earlymetamorpho-
sis and reduced the expression of JH acid methyltransferase 3
(JHAMT3) in Tribolium castaneum [36], and JH response gene
Krüppel homologue 1 (kr-h1) in the fat body of Oncopeltus fas-
ciatus during reproduction [37], implying the crucial role of vvl
in JH biosynthesis. However, the role of POU-M2 in JH
biosynthesis remains largely unknown in Bombyx mori.

Here, we found that POU-M2 was highly expressed in CA
and specifically localized in the nucleus of CA cells of the silk-
worm. The expression of POU-M2 was similar to that of JH
synthetic enzyme genes from the third larval instar (L3) to
the third day of the fifth larval instar (L5D3). The overexpres-
sion of POU-M2 promoted the expression of JH synthetic
enzyme genes and kr-h1. In particular, POU-M2 promoted
the transcription of JH synthetic key enzyme JH acid
O-methyltransferase (JHAMT) in a dose-dependent manner.
Electrophoretic mobility shift assay (EMSA) suggested POU-
M2 directly bound to the key cis-regulatory elements (CREs)
within the proximal region of JHAMT promoter, which was
further verified by chromatin immunoprecipitation (ChIP)-
PCR in cells and in the CA of silkworm larvae. Both POU
the domain and homeodomainwere essential for the activation
of POU-M2 on JHAMT promoter. Our study suggests that
POU-M2 promotes JH biosynthesis by directly activating the
transcription of JH biosynthetic enzyme genes in B. mori.
2. Material and methods
2.1. Insects and cell lines
Bombyx mori strain Dazao was provided by the State Key
Laboratory of Silkworm Genome Biology, Southwest
University, Chongqing, China. Silkworm larvae were reared
on fresh mulberry leaves under a 12 L : 12D photoperiod at
25°C and 75% relative humidity. The silkworm embryo-
derived (BmE) cells are widely used in the study of the
silkworm [28,30]. BmE cells were cultured in Grace’s
medium (Gibco, MA, USA) containing 10% fetal bovine
serum (Hyclone, Logan, UT, USA) and standard cell culture
antibiotics (Gibco) at 27°C.

2.2. Quantitative real-time PCR
Total RNA was extracted from brain–corpora cardiaca–
corpora allata (Br-CC-CA) and corpora cardiaca–corpora
allata (CC-CA) using PureLink RNA microkit (Invitrogen,
MA, USA), and from BmE cells using Total RNA kit II
(Omega, GA, USA), respectively. cDNA was synthesized
using oligo(dT) and reverse transcriptase kit (M-MLV) (Pro-
mega, WI, USA) with 1 µg total RNA as the template.
Quantitative real-time (qRT)-PCR was performed using
SYBR Premix Ex Taq kit (Takara, Japan) on 7500 Fast RT-
PCR System (Applied Biosystems, USA) in 20 µl reaction mix-
ture containing 10 μl SYBR Premix Ex Taq (2×) and 0.8 µl
each primer (10 mM). The program was set as initial dena-
turation at 95°C for 30 s, 40 cycles (Cq) at 95°C for 5 s and
60°C for 30 s. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as an internal reference. The primers
for qRT-PCR are listed in the electronic supplementary
material, table S1. Relative mRNA level was calculated
using the 2−ΔΔCT method [38]. All experiments were
conducted with three independent biological replicates.

2.3. Vector construction and cell transfection
The open reading frame of POU-M2 was subcloned into a
modified pSLfa1180fa vector with insertion of hr3 enhancer
into the proximal region of BmAct4 promoter for overexpres-
sion. POU-M2ΔP, POU-M2ΔH and POU-M2ΔPH were POU-M2
variants with the deletion of POU, homeodomain and both
domains, respectively. These variants fragments were
cloned and inserted into a modified pSLfa1180 vector
pSL1180 [A4-X-SV40], where X was the target DNA frag-
ments. The coding region of enhanced red fluorescent
protein (DsRed) was cloned into the same vector as a control.
The accession number of acetoacetyl-CoA thiolase (AACT),
HMG-CoA synthase (HMGS), HMG-CoA reductase
(HMGR), diphosphomevalonate decarboxylase (MevPPD),
farnesyl diphosphate synthase 2 (FPPS2), mevalonate
kinase (MevK) and JHAMT genes in PubMed database are
100 101 202, 100 101 203, 100 101 204, 100 101 206, 100 101
207, 100 101 205 and 692445, respectively. The −2220∼ +1
bp upstream of AACT promoter, the −1947∼ +1 bp upstream
of HMGS promoter, the −2075∼ +1 bp upstream of HMGR
promoter, the −2042∼ +1 bp upstream of MevPPD pro-
moter, the −2279∼ +1 bp upstream of FPPS2 promoter,
the −1985∼ +1 bp upstream of MevK promoter and the
−2501∼ +1 bp upstream of JHAMT promoter were generated
by PCR using Dazao genome as the template and then
inserted into pGL3-basic vector, respectively. All primers
for the cloning of JH synthase genes are shown in electronic
supplementary material, table S1. Different 50-truncated
promoters of JHAMT were generated by PCR and then
inserted into a pGL3-basic vector. The core-binding elements
AT of the key CREs−207, −249 and/or −453 were all
mutated to CG by targeted mutagenesis. The pGL3-JHAMT
vector was cotransfected into BmE cells with Renilla lucifer-
ase reporter vectors using X-treme GENE HP DNA
transfection reagent (Roche, Swiss). Luciferase activity was
measured using the Duai-Glo luciferase assay system
(Promega). Each transfection was repeated three times
independently (n = 3).

2.4. Western blot
BmE cells were incubated with RIPA lysis buffer (Beyotime,
Beijing, China) containing protease inhibitor cocktail
(Sigma, USA) for 30 min and then centrifuged at 12 000g at
4°C for 15 min. The supernatant (10 µg protein/sample)
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was separated on 12% sodium dodecyl sulfate-polyacryl-
amide gels by electrophoresis (SDS-PAGE) and then
transferred to polyvinylidene difluoride membrane (GE
Healthcare, USA). The membrane was blocked in TBST
buffer (10 mM Tris-HCl, 150 mM NaCl, 0.05% Tween 20
(v/v), pH 7.5) containing 5% skim milk (w/v) at 37°C for
1 h and then incubated with anti-POU-M2 at 4°C overnight.
Anti-POU-M2 was diluted as a ratio of 1 : 10 000 in TBST
buffer containing 1% skim milk (w/v). After washing with
phosphate-buffered saline (PBS, pH 7.0) thrice, the membrane
was incubated with horseradish peroxidase-conjugated goat
anti-rabbit IgG (dilution ratio, 1 : 20 000) (Dingguo Biotech.,
Nanjing, China) at 37°C for 2 h. The signal was observed
on the SH-523 chemiluminescence imaging system (SHST,
Hangzhou, China) using the supersignal west femto
maximum sensitivity substrate (Thermo Fisher, MA, USA).

2.5. Immunostaining
Br-CC-CA was fixed in 4% paraformaldehyde at 25°C for
30 min, washed thrice with 0.3% PBST (PBS containing 0.3%
Triton-X 100 (v/v)) and then incubated with anti-POU-M2
(dilution ratio: 1 : 1,000) at 4°C overnight. Next, the samples
were incubated with Cy3-labelled goat anti-rabbit IgG
(dilution ratio: 1 : 500) (Beyotime) for 2 h followed by washing
with PBS thrice and cell nuclei staining with 40,6-diamidino-2-
phenylindole (dilution ratio, 1 : 1000) (Life Technologies, CA,
USA). Finally, the samples were fixed in an anti-fade medium
(Beyotime) after washing with PBS buffer thrice and then
imaged on an Olympus confocal microscopy FV1000 (Tokyo,
Japan). The fluorescence signal was excited at the wavelength
of 340 nm and 550 nm, respectively.

2.6. Electrophoretic mobility shift assay
DNA oligonucleotides labelled with biotin at the 50-end
were annealed to produce double-stranded probes. After
the overexpression of POU-M2 in BmE cells, the nuclear
proteins were extracted from the cells using the nuclear and
cytoplasmic protein extraction kit (Beyotime). EMSA was
performed using an EMSA/Gel-Shift kit (Beyotime) [39].
DNA-binding assay was performed in 10 µl reaction system
containing 2 µl nucleoprotein, 1 µl labelled probe and 2 µl
binding buffer (Beyotime) at 25°C for 20 min. For the com-
petition assay, a 10- to 100-fold molar excess of unlabelled
(cold) probe or mutant probe was incubated with nucleo-
protein for 10 min and then incubated with the labelled
probe for 20 min. For antibody-based EMSA analysis, the
nucleoprotein, labelled probe and anti-POU-M2 (1 µl) were
co-incubated at 25°C for 20 min. The reaction mixture was
separated on 5% SDS-PAGE in 0.5 × TBE buffer (45 mM
Tris-borate, 1 mM EDTA, pH 8.3) by electrophoresis. Finally,
the gel was photographed by a Bio-Rad Typhoon scanner
(CA, USA). The primers for the probes are listed in the
electronic supplementary material, table S1.

2.7. Chromatin immunoprecipitation-PCR
POU-M2 was overexpressed in BmE cells. CC-CAwas isolated
from silkworm larvae on day 1 of the fourth larval instar
(L4D1). BmE cells and CC-CAwere immobilizedwith 37% for-
maldehyde to cross-link with the chromatin and then sheared
into 200–1000 bp DNA fragments by sonication. ChIP was
carried out using EZChIP kit (Millipore, MA, USA). Genomic
PCR analysis was performed using specific primers covering
the proximal CREs of JHAMT promoter. Anti-IgG and anti-
RNA polymerase II (anti-PolyII) were used as negative and
positive controls, respectively. For immunoprecipitation,
protein–DNA conjugates were enriched with 1 μg rabbit anti-
IgG, anti-POU-M2 and anti-PolyII, respectively. DNA frag-
ments were isolated from the immunoprecipitates for PCR
amplification using primers in the electronic supplementary
material, table S1. PCR products were separated by 2% agarose
gel and then identified by DNA sequencing.

2.8. Statistics
The data were reported as the mean of at least three indepen-
dent tests ± standard deviation and analysed using Student’s
t-test and variance analysis, respectively. For t-test: ***,
p < 0.001; **, p < 0.01; *, p < 0.05; n.s., no significant difference.
3. Results
3.1. Homology analysis of POU-M2
To analyse the homology of POU-M2 in different species, an
evolutionary tree was constructed for phylogenetic analysis
(figure 1a) using POU-M2 homologues from B. mori,D. melano-
gaster,T. castaneum,Musmusculus andHomo sapiens. The results
showed that POU-M1 and POU-M2 were in a subgroup that
clustered with Dmvvl and Tcvvl (figure 1a), implying that
they may have evolutionarily similar origins. Other homo-
logues were clustered in different subgroups according to
their evolutionary proximity (figure 1a), respectively.

Sequence alignment was performed using ClustalX [40]
to determine the conserved domains of POU factors in differ-
ent species. The results showed that the POU-specific domain
and POU-homeodomain (highlighted in red shadow) were
highly conserved across species (figure 1b), implying
POU-M2 may act similarly to its homologue vvl.

3.2. POU-M2 is localized in the nucleus of corpora
allata cells

The expression profile showed that POU-M2 was highly
expressed in Br-CC-CA, anterior silk gland and middle silk
gland relative to other tissues of silkworm larvae (L5D3) (elec-
tronic supplementary material, figure S1), implying a key role
of POU-M2 in these tissues. Further, immunostaining indicated
that POU-M2was specifically located in the nucleus of CA cells
of silkworm larvae on day 1 of the third/fourth instar (L3D1/
L4D1) (figure 2), implying POU-M2 may be involved in JH
biosynthesis in Br-CC-CA.

3.3. Temporal expression profiles of POU-M2 and
juvenile hormone synthase

To reveal the effect of POU-M2 on JH synthase expression,
we compared the expression profiles of POU-M2 and JH
synthase genes in CA at different developmental stages. The
results showed POU-M2 showed relatively high expression at
the beginning and end of each instar, and low at the middle
of each instar, which was generally similar to the expression
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profiles of JH synthase genes. From the third instar (L3) to the
fourth instar (L4), JHAMT expression was similar to that of
POU-M2, but with a 24 h delay. JHAMT expression gradually
decreased to a trace level from L4D4 to L5D3 and then was
completely turned off (figure 3a). Immunostaining showed
that the expression of POU-M2 at protein level in CAwas con-
sistent with that of POU-M2 at mRNA level from L3 to L4
(figure 3b). The results implied POU-M2 may be associated
with the expression of JH synthase genes, especially JHAMT
in the CA of silkworm larvae.
3.4. POU-M2 promotes the transcription of juvenile
hormone synthase genes

To reveal the relation of POU-M2 and JH synthase genes, the
effect of POU-M2 on the expression and promoter activity of
JH synthase genes were analysed after the overexpression
of POU-M2 in BmE cells. qRT-PCR and western blotting con-
firmed the successful overexpression of POU-M2 (figure 4a).
qRT-PCR showed the transcription levels were upregulated
by about threefold for AACT, FPPS2, JHAMT and kr-h1,
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twofold for MevPPD and HMGS (figure 4b), respectively,
suggesting that overexpression of POU-M2 promoted the
transcription of JH synthase and kr-h1.

Since the sequence identity of the conserved domains
between POU-M2 and Dmvvl is about 98%, we used
JASPAR (https://jaspar.genereg.net/) to predict the potential
CREs of POU-M2 upstream of JHAMT promoter. Jaspar is a
high-quality transcription factor-binding profiles database.
The top-scoring CREs were chosen as potential candidates
for further validation using luciferase reporter and EMSA
assays. The 2.5 kb sequence upstream of JH synthase
genes was predicted to contain potential CREs binding to
POU-M2. Dual-luciferase reporter assay showed the over-
expression of POU-M2 activated the activity of JH synthase
genes promoter (figure 5), indicating POU-M2 directly
promotes the transcription of JH synthetic enzyme genes.
3.5. POU-M2 activates juvenile hormone acid
O-methyltransferase promoter activity

JHAMT is a key rate-limiting enzyme for JH biosynthesis
[41]. Dual-luciferase reporter assay showed that the luciferase
activity increased with the increase of POU-M2 (figure 6a,b),

https://jaspar.genereg.net/
https://jaspar.genereg.net/
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suggesting POU-M2 activates JHAMT promoter in a dose-
dependent manner. Further, different 50-flanking truncated
promoters were generated to determine the key CREs for
JHAMT promoter activity. There were no significant differ-
ences among promoters (c–f ). The activity of promoter (b)
was higher than that of promoter (a), but lower than that of
promoter (c) (figure 6c), suggesting promoter (c) contained
the key CREs for JHAMT promoter activity.

To reveal the role of the identified key CREs on the pro-
moter activity, we carried out the reporter assay with
constructs containing site-specific mutations in the key
CREs-207, -349 and -453 of promoter (c). The core-binding
motif AT of -207, -349 and/or -453 were all mutated to CG.
The results showed the promoter activity was about half of
the wild-type when the core-binding sites AT were mutated
to CG, respectively, and was reduced to the lowest when all
CREs were mutated simultaneously (figure 6d ). The results
suggested that the CREs-207, -249 and -453 in the promoter
(c) are critical for the transcriptional activation of POU-M2
on JHAMT promoter.

3.6. POU-M2 directly binds to the key cis-regulatory
elements of juvenile hormone acid O-
methyltransferase promoter

Weblogo [42] showed POU-M2 prefers to bind to AT-riched
motifs (figure 7a). EMSA indicated that the nuclear protein
from BmE cells overexpressing POU-M2 bound to the
50-biotin-labelled oligonucleotide probes (figure 7b–e, lane 2),
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and this binding was competitively repressed by the
unlabelled/cold probes (figure 7c, lanes 3–4; figure 7d,e, lanes
3–5). Further, the unlabelled mutant probes did not suppress
(figure 7c, lanes 5–6; figure 7e, lanes 6–8) or partially repressed
the binding of nucleoprotein to the labelled probes (figure 7d,
lanes 6–8). Although the specific super-shift band did not
appear, anti-POU-M2 repressed the binding of nuclear proteins
to the labelled probes (figure 7c, lane 7; figure 7d,e, lane 9). The
results suggested that POU-M2 directly binds to the key CREs
-207, -249 and -453 upstream of JHAMT promoter.

3.7. Chromatin immunoprecipitation-PCR validation of
the key cis-regulatory elements

To further validate the binding of POU-M2 to the key CREs,
ChIP-PCR was performed after overexpression of myc-tagged
POU-M2 in BmE cells. PCR showed the specific bands from
anti-POU-M2 group were consistent with those from input
DNA. DNA sequencing indicated the bands contained -207,
-249 and -453 CREs of JHAMT promoter, but no bands
appeared in the control IgG group (figure 8a,b), indicating the
specific binding of POU-M2 to the key CREs in BmE cells.
Further, the specific CREs upstream of JHAMT promoter
were also identified in the CA of silkworm larvae (L4D1)
(figure 8c,d). The results confirmed the binding of POU-M2 to
the key CREs-207, -249 and -453 are present and specific in vivo.

3.8. POU domain and homeodomain are vital for
POU-M2 activation

To identify the key domain for POU-M2 activation, POU-M2
mutants with different domains deletion were generated
(figure 9a) and then overexpressed in BmE cells to compare
thedifferenceof the luciferase activityof full-length JHAMTpro-
moter (-2501 bp). The results showed the luciferase activity of
POU-M2 mutants were lower than that of POU-M2 (figure 9b),
suggestingboth the POUdomain andhomeodomain are crucial
for the activation of POU-M2 on JHAMT promoter.
4. Discussion
The developmental transition from immature larvae to repro-
ductive adults in insects is primarily regulated by ecdysone
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and JH [2,3,43]. Although the signalling network of hor-
mones biosynthesis [44,45] and their signalling pathway
[46,47] have been elucidated for a long time, little is known
about the transcriptional regulation of JH biosynthesis.

It is known that the embryonic growth andmorphogenesis
of silkworm are independent of JH. JH is not considered a key
factor in the development of transgenic silkworms overexpres-
sing JH esterase from embryo to the second larval instar [8].
Precocious metamorphosis occurs after the second larval
instar in the absence of JH or JH signalling [48]. Although JH
is detected during the embryonic stage, JH signalling is not
activated until the third instar. Therefore, the third and
fourth instar larvae were chosen to study the regulation of
POU-M2 on JH biosynthesis in this study.

Recently, Cheng et al. have found that RNAi of vvl
reduces the expression of JHAMT3, ecdysone response gene
hormone receptor 3 (HR3), ecdysone synthesis gene phantom
and spook, and causes precocious metamorphosis and
impaired moulting in T. castaneum [36], suggesting that vvl
may affect JH and ecdysone synthesis. Sarwar et al. find silen-
cing of vvl by RNAi reduces the expression of HR3, spook
and kr-h1, and impacts JH and ecdysteroid synthesis in
O. fasciatus, indicating vvl may be a key factor in JH and
ecdysteroid synthesis [37]. However, how vvl regulates JH
biosynthesis remains poorly understood.

POU-M2 is a homologue of vvl and regulates the
expression of multiple genes in the silkworm. Here, we
found that POU-M2 and JH synthase genes were expressed
in BmE cells, and the overexpression of POU-M2 promoted
JH synthase genes expression in BmE cells (figure 4), indicating
BmE cells are applicable for the regulatory landscape in the
CA of silkworm larvae.

As a key rate-limiting enzyme for JH synthesis, JHAMT is
transcript-specific expressed in CA [41] and not expressed at
all in other tissues. In contrast, POU-M2 is a ubiquitous factor
expressed in different tissues and regulates the expression of
many genes. POU-M2 is highly expressed in CA to promote
JHAMT expression, but it is not a CA-specific gene-regulating
JHAMT expression. We found POU-M2 was highly expressed
in anterior/middle silk gland (electronic supplementary
material, figure S1), implying a key role of POU-M2 in
these tissues.

POU-M2 transcripts were continuously expressed from L3
towandering stage,whereas JHAMT transcriptionwas comple-
tely shut down after L5D3 (figure 3). However, the transcription
of other JH synthases genes did not stop after L5D3 (figure 3).
The transcriptional profiles of other JH synthases genes were
similar to that of POU-M2. Our results showed POU-M2
was also involved in the expression of these genes (figures 4
and 5). Hence, we hypothesized that POU-M2 regulates the
expression of JH synthase genes before L5D3, thus regulating
JH synthesis, and still regulates the expression of JH synthase
except for JHAMT after L5D3, but JH synthesis is aborted as
JHAMT transcription is completely turned off.
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The specific super-shift band did not appear after incu-
bation with anti-POU-M2, the probe and nuclear protein
(figure 7), possibly because the binding of anti-POU-M2 to
POU-M2 blocks the binding site of DNA probe and POU-M2,
causing the failure of the probe binding to POU-M2.
The conserved homeodomain and POU-specific domain
are essential for POU factors. Any mutation in the DNA junc-
tion region of the POU domain abolishes the high-affinity and
site-specific DNA binding of POU factors [15,49,50]. Here, the
luciferase reporter assay showed the absence of either
the POU domain or homeodomain resulted in a significant
decrease in the luciferase activity (figure 8), indicating
that the POU domain and homeodomain are essential for
the activation of POU-M2 on JHAMT promoter.

Previous studies have shown POU factors influence the
neuroendocrine system during puberty and early vertebrate
development [17,20]. Figure 2 showed that the fluorescence
signal of POU-M2 appeared in the nerve cord and the brain
of silkworm larvae, implying POU-M2 likely plays a key
role in the nerve cord and brain of the silkworm.

POU-M2 was highly expressed in the CA (electronic sup-
plementary material, figure S1) where JH is synthesized and
specifically localized in the nucleus of CA cells (figure 2). The
overexpression of POU-M2 promoted the transcription of JH
synthase genes (figure 4) and activated the activity of these
gene promoters (figure 5). The expression profile of POU-
M2 was similar to those of JH synthase genes in the CA
(figure 3). Further, POU-M2 activated JHAMT promoter by
directly binding to the key CREs (-207, -249 and -453)
upstream of JHAMT promoter (figures 6–8). Taken together,
these facts suggested POU-M2 promotes JH synthesis by acti-
vating the transcription of JH synthase genes in the CA. In
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particular, POU-M2 activated the transcription of JHAMT, a
key enzyme for JH synthesis, by directly binding to -207,
-249 and -453 CREs upstream of JHAMT promoter, thus reg-
ulating JH biosynthesis in the CA of the silkworm.

Silencing of vvl by RNAi influences the biosynthesis of JH
and ecdysone in T. castaneum [36] and O. fasciatus [37]. Here,
we demonstrated POU-M2 is highly expressed in the CA of
the silkworm to promote JH biosynthesis by directly activat-
ing the transcription of JH synthase genes, which is a
significant step forward in the transcriptional regulation of
JH biosynthesis. A detailed study on JH titration in vivo is
still needed to better understand the regulation of POU-M2
on JH biosynthesis. Also, Meng et al. found that POU-M2
directs ecdysteroid synthesis by modulating the transcription
of phantom and spook [30]. Therefore, further work should
be concerned with the dynamics of JH and ecdysone regu-
lated by POU-M2, which determine the larval moulting and
metamorphosis of insects. As a key hormonal regulator,
POU-M2 may be involved in comprehensive physiological
activities, and its role in insect development and metamor-
phosis remains to be fully elucidated.

In conclusion, we have shown that POU-M2 is highly
expressed in the CA of silkworm larvae to promote the tran-
scription of JH synthase genes. Especially, POU-M2 activates
JHAMT transcription by directly binding to the key CREs
-207, -249 and -453 upstream of JHAMT promoter. POU
domain and homeodomain are vital for POU-M2 activa-
tion. Our study is of great significance towards a better
understanding of JH biosynthesis and insect development.
Data accessibility. This article has no additional data.

Authors’ contributions. R.C.: conceptualization, data curation, investigation
andwriting—original draft; G.T.: data curation and investigation; P.Z.:
resources; Q.X.: resources and funding acquisition; H.H.: conceptualiz-
ation, funding acquisition, project administration, resources,
supervision andwriting—review and editing; Y.W.: conceptualization,
funding acquisition, project administration, resources, supervision and
writing—review and editing.

All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.

Competing interests. The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Funding. This work was supported by the National Natural Science of
China (grant no. 31972622), the Key Program of National Natural
Science of China (grant no. 32030103), the Fundamental Research
Funds for the Central Universities (grant no. XDJK2020TJ001), Natu-
ral Science Foundation of Chongqing, China (grant no. cstc2020jcyj-
cxttX0001) and Chongqing graduate research and innovation project
(grant no. CYB20115).
References
1. Guerriero G. 2009 Vertebrate sex steroid receptors:
evolution, ligands, and neurodistribution. Ann. Ny
Acad. Sci. 1163, 154–168. (doi:10.1111/j.1749-
6632.2009.04460.x)

2. Yamanaka N, Rewitz KF, O’Connor MB. 2013
Ecdysone control of developmental transitions:
lessons from Drosophila research. Annu. Rev.
Entomol. 58, 497–516. (doi:10.1146/annurev-ento-
120811-153608)

3. Jindra M, Palli SR, Riddiford LM. 2013 The juvenile
hormone signaling pathway in insect development.
Annu. Rev. Entomol. 58, 181–204. (doi:10.1146/
annurev-ento-120811-153700)

4. Liu Y et al. 2009 Juvenile hormone counteracts the
bHLH-PAS transcription factors MET and GCE to
prevent caspase-dependent programmed cell death
in Drosophila. Development 136, 2015–2025.
(doi:10.1242/dev.033712)

5. Riddiford LM, Truman JW, Mirth CK, Shen YC. 2010
A role for juvenile hormone in the prepupal
development of Drosophila melanogaster.
Development 137, 1117–1126. (doi:10.1242/dev.
037218)

6. Smykal V, Daimon T, Kayukawa T, Takaki K,
Shinoda T, Jindra M. 2014 Importance of
juvenile hormone signaling arises with
competence of insect larvae to metamorphose.
Dev. Biol. 390, 221–230. (doi:10.1016/j.ydbio.2014.
03.006)

7. Daimon T, Uchibori M, Nakao H, Sezutsu H,
Shinoda T. 2015 Knockout silkworms reveal a
dispensable role for juvenile hormones in
holometabolous life cycle. Proc. Natl Acad. Sci. USA
112, E4226–E4235. (doi:10.1073/pnas.1506645112)
8. Tan A, Tanaka H, Tamura T, Shiotsuki T. 2005
Precocious metamorphosis in transgenic silkworms
overexpressing juvenile hormone esterase. Proc. Natl
Acad. Sci. USA 102, 11 751–11 756. (doi:10.1073/
pnas.0500954102)

9. Riddiford LM. 1996 Juvenile hormone: the status of
its ’status quo’ action. Arch. Insect Biochem. 32,
271–286. (doi:10.1002/(SICI)1520-6327(1996)32:3/
4<271::AID-ARCH2>3.0.CO;2-W)

10. Jindra M, Belles X, Shinoda T. 2015 Molecular basis
of juvenile hormone signaling. Curr. Opin. Insect Sci.
11, 39–46. (doi:10.1016/j.cois.2015.08.004)

11. Kayukawa T, Nagamine K, Ito Y, Nishita Y, Ishikawa
Y, Shinoda T. 2016 Kruppel homolog 1 inhibits
insect metamorphosis via direct transcriptional
repression of broad-complex, a pupal specifier gene.
J. Biol. Chem. 291, 1751–1762. (doi:10.1074/jbc.
M115.686121)

12. Kayukawa T, Jouraku A, Ito Y, Shinoda T. 2017
Molecular mechanism underlying juvenile hormone-
mediated repression of precocious larval–adult
metamorphosis. Proc. Natl Acad. Sci. USA 114,
1057–1062. (doi:10.1073/pnas.1615423114)

13. Ryan AK, Rosenfeld MG. 1997 POU domain family
values: flexibility, partnerships, and developmental
codes. Genes Dev. 11, 1207–1225. (doi:10.1101/
gad.11.10.1207)

14. Scholer HR. 1991 Octamania: the POU factors in
murine development. Trends Genet. 7, 323–329.
(doi:10.1016/0168-9525(91)90422-M)

15. Ingraham HA Flynn SE, Voss JW, Albert VR, Kapiloff
MS, Wilson L, Rosenfeld MG. 1990 The Pou-specific
domain of pit-1 is essential for sequence-specific,
high-affinity DNA-binding and DNA-dependent pit-
1–pit-1 interactions. Cell 61, 1021–1033. (doi:10.
1016/0092-8674(90)90067-O)

16. Andersen B, Rosenfeld MG. 2001 POU domain factors in
the neuroendocrine system: lessons from developmental
biology provide insights into human disease. Endocr.
Rev. 22, 2–35. (doi:10.1210/edrv.22.1.0421)

17. Rosenfeld MG. 1991 Pou-domain transcription
factors: Pou-Er-Ful developmental regulators. Genes
Dev. 5, 897–907. (doi:10.1101/gad.5.6.897)

18. Ramkumar T, Adler S. 1999 A requirement for the
POU transcription factor, Brn-2, in corticotropin-
releasing hormone expression in a neuronal cell
line. Mol. Endocrinol. 13, 1237–1248. (doi:10.1210/
mend.13.8.0327)

19. Wierman ME, Xiong XY, Kepa JK, Spaulding AJ,
Jacobsen BM, Fang ZQ, Nilaver G, Ojeda SR. 1997
Repression of gonadotropin-releasing hormone
promoter activity by the POU homeodomain
transcription factor SCIP/Oct-6/Tst-1: a regulatory
mechanism of phenotype expression? Mol. Cell Biol.
17, 1652–1665. (doi:10.1128/MCB.17.3.1652)

20. Ojeda SR, Hill J, Hill DF, Costa ME, Tapia V, Cornea
A, Ma YJ. 1999 The Oct-2 POU domain gene in the
neuroendocrine brain: a transcriptional regulator of
mammalian puberty. Endocrinology 140,
3774–3789. (doi:10.1210/endo.140.8.6941)

21. Certel K, Hudson A, Carroll SB, Johnson WA. 2000
Restricted patterning of vestigial expression in
Drosophila wing imaginal discs requires synergistic
activation by both Mad and the Drifter POU domain
transcription factor. Development 127, 3173–3183.
(doi:10.1242/dev.127.14.3173)

22. Anderson MG, Perkins GL, Chittick P, Shrigley RJ,
Johnson WA. 1995 Drifter, a Drosophila Pou-domain

http://dx.doi.org/10.1111/j.1749-6632.2009.04460.x
http://dx.doi.org/10.1111/j.1749-6632.2009.04460.x
http://dx.doi.org/10.1146/annurev-ento-120811-153608
http://dx.doi.org/10.1146/annurev-ento-120811-153608
http://dx.doi.org/10.1146/annurev-ento-120811-153700
http://dx.doi.org/10.1146/annurev-ento-120811-153700
http://dx.doi.org/10.1242/dev.033712
http://dx.doi.org/10.1242/dev.037218
http://dx.doi.org/10.1242/dev.037218
http://dx.doi.org/10.1016/j.ydbio.2014.03.006
http://dx.doi.org/10.1016/j.ydbio.2014.03.006
http://dx.doi.org/10.1073/pnas.1506645112
http://dx.doi.org/10.1073/pnas.0500954102
http://dx.doi.org/10.1073/pnas.0500954102
https://doi.org/10.1002/(SICI)1520-6327(1996)32:3/4%3C271::AID-ARCH2%3E3.0.CO;2-W
https://doi.org/10.1002/(SICI)1520-6327(1996)32:3/4%3C271::AID-ARCH2%3E3.0.CO;2-W
http://dx.doi.org/10.1016/j.cois.2015.08.004
http://dx.doi.org/10.1074/jbc.M115.686121
http://dx.doi.org/10.1074/jbc.M115.686121
https://doi.org/10.1073/pnas.1615423114
http://dx.doi.org/10.1101/gad.11.10.1207
http://dx.doi.org/10.1101/gad.11.10.1207
http://dx.doi.org/10.1016/0168-9525(91)90422-M
https://doi.org/10.1016/0092-8674(90)90067-O
https://doi.org/10.1016/0092-8674(90)90067-O
http://dx.doi.org/10.1210/edrv.22.1.0421
https://doi.org/10.1101/gad.5.6.897
http://dx.doi.org/10.1210/mend.13.8.0327
http://dx.doi.org/10.1210/mend.13.8.0327
http://dx.doi.org/10.1128/MCB.17.3.1652
http://dx.doi.org/10.1210/endo.140.8.6941
https://doi.org/10.1242/dev.127.14.3173


royalsocietypublishing.org/journal/rsob
Open

Biol.12:220031

11
transcription factor, is required for correct
differentiation and migration of tracheal cells and
midline Glia. Genes Dev. 9, 123–137. (doi:10.1101/
gad.9.1.123)

23. Anderson MG, Certel SJ, Certel K, Lee T, Montell DJ,
Johnson WA. 1996 Function of the Drosophila POU
domain transcription factor drifter as an upstream
regulator of breathless receptor tyrosine kinase
expression in developing trachea. Development 122,
4169–4178. (doi:10.1242/dev.122.12.4169)

24. Johnson WA, Hirsh J. 1990 Binding of a Drosophila
Pou-domain protein to a sequence element
regulating gene-expression in specific
dopaminergic-neurons. Nature 343, 467–470.
(doi:10.1038/343467a0)

25. Fukuta M, Matsuno K, Hui CC, Nagata T, Takiya S,
Xu PX, Ueno K, Suzuki Y. 1993 Molecular-cloning of
a Pou domain-containing factor involved in the
regulation of the Bombyx sericin-1 gene. J. Biol.
Chem. 268, 19 471–19 475. (doi:10.1016/S0021-
9258(19)36539-1)

26. Takiya S, Kokubo H, Suzuki Y. 1997 Transcriptional
regulatory elements in the upstream and intron of
the fibroin gene bind three specific factors POU-M1,
Bm Fkh and FMBP-1. Biochem. J. 321, 645–653.
(doi:10.1042/bj3210645)

27. Liu L, Li Y, Wang Y, Zhao P, Wei S, Li Z, Chang H,
He H. 2016 Biochemical characterization and
functional analysis of the POU transcription factor
POU-M2 of Bombyx mori. Int. J. Biol. Macromol. 86,
701–708. (doi:10.1016/j.ijbiomac.2016.02.016)

28. Deng HM, Zhang JL, Li Y, Zheng SC, Liu L, Huang LH,
Xu WH, Palli SR, Feng Q. 2012 Homeodomain POU
and Abd-A proteins regulate the transcription of
pupal genes during metamorphosis of the silkworm,
Bombyx mori. Proc. Natl Acad. Sci. USA 109,
12 598–12 603. (doi:10.1073/pnas.1203149109)

29. He Y, Deng H, Hu Q, Zhu Z, Liu L, Zheng S, Song Q,
Feng Q. 2017 Identification of the binding domains
and key amino acids for the interaction of the
transcription factors BmPOUM2 and BmAbd-A in
Bombyx mori. Insect Biochem. Mol. Biol. 81, 41–50.
(doi:10.1016/j.ibmb.2016.12.007)

30. Meng M, Cheng DJ, Peng J, Qian WL, Li JR, Dai DD,
Zhang T, Xia Q. 2015 The homeodomain
transcription factors antennapedia and POU-M2
regulate the transcription of the steroidogenic
enzyme gene phantom in the silkworm. J. Biol.
Chem. 290, 24 438–24 452. (doi:10.1074/jbc.
M115.651810)
31. Lin Y et al. 2017 The POU homeodomain
transcription factor POUM2 and broad complex
isoform 2 transcription factor induced by 20-
hydroxyecdysone collaboratively regulate
vitellogenin gene expression and egg formation in
the silkworm Bombyx mori. Insect Mol. Biol. 26,
496–506. (doi:10.1111/imb.12315)

32. Shen G, Chen E, Ji X, Liu L, Liu J, Hua X, Li D, Xiao
Y, Xia Q. 2020 The POU transcription factor POU-M2
regulates vitellogenin receptor gene expression in
the silkworm, Bombyx mori. Genes 11, 394. (doi:10.
3390/genes11040394)

33. Zhang TY, Kang L, Zhang ZF, Xu WH. 2004
Identification of a POU factor involved in regulating
the neuron-specific expression of the gene encoding
diapause hormone and pheromone biosynthesis-
activating neuropeptide in Bombyx mori. Biochem. J.
380, 255–263. (doi:10.1042/bj20031482)

34. Zhang TY, Xu WH. 2009 Identification and
characterization of a POU transcription factor in the
cotton bollworm, Helicoverpa armigera. BMC Mol.
Biol. 10, 25. (doi:10.1186/1471-2199-10-25)

35. Song Z, Yang YP, Xu WH. 2018 PTEN expression
responds to transcription factor POU and regulates
p-AKT levels during diapause initiation in the cotton
bollworm, Helicoverpa armigera. Insect Biochem.
Mol. Biol. 100, 48–58. (doi:10.1016/j.ibmb.2018.
06.005)

36. Cheng CC, Ko A, Chaieb L, Koyama T, Sarwar P,
Mirth CK, Smith WA, Suzuki Y. 2014 The POU factor
ventral veins lacking/drifter directs the timing of
metamorphosis through ecdysteroid and juvenile
hormone signaling. PLoS Genet. 10, e1004425.
(doi:10.1371/journal.pgen.1004425)

37. Sarwar PF, McDonald IR, Wang VR, Suzuki Y. 2020
The POU factor ventral veins lacking regulates
ecdysone and juvenile hormone biosynthesis during
development and reproduction of the milkweed
bug, Oncopeltus fasciatus. Dev. Biol. 459, 181–193.
(doi:10.1016/j.ydbio.2019.12.001)

38. Livak KJ, Schmittgen TD. 2001 Analysis of relative
gene expression data using real-time quantitative
PCR and the 2−ΔΔCT method. Methods 25, 402–408.
(doi:10.1006/meth.2001.1262)

39. Kethidi DR, Perera SC, Zheng S, Feng QL, Krell P,
Retnakaran A, Palli SR. 2004 Identification and
characterization of a juvenile hormone (JH) response
region in the JH esterase gene from the spruce
budworm, Choristoneura fumiferana. J. Biol. Chem.
279, 19 634–19 642. (doi:10.1074/jbc.M311647200)
40. Thompson JD, Gibson TJ, Higgins DG. 2003 Multiple
sequence alignment using ClustalW and ClustalX.
Curr. Protocols Bioinformat. 1, 2–3. (doi:10.1002/
0471250953.bi0203s00)

41. Shinoda T, Itoyama K. 2003 Juvenile hormone acid
methyltransferase: a key regulatory enzyme for
insect metamorphosis. Proc. Natl Acad. Sci. USA
100, 11 986–11 991. (doi:10.1073/pnas.
2134232100)

42. Liu LN, Wang YJ, Li Y, Ding CX, Zhao P, Xia QY, He
H. 2019 Cross-talk between juvenile hormone and
ecdysone regulates transcription of fibroin
modulator binding protein-1 in Bombyx mori.
Int. J. Biol. Macromol. 128, 28–39. (doi:10.1016/j.
ijbiomac.2019.01.092)

43. Belles X, Piulachs MD. 2015 Ecdysone signalling
and ovarian development in insects: from stem
cells to ovarian follicle formation. Bba-Gene Regul.
Mech. 1849, 181–186. (doi:10.1016/j.bbagrm.2014.
05.025)

44. Kinjoh T, Kaneko Y, Itoyama K, Mita K, Hiruma K,
Shinoda T. 2007 Control of juvenile hormone
biosynthesis in Bombyx mori: cloning of the
enzymes in the mevalonate pathway and
assessment of their developmental expression in the
corpora allata. Insect Biochem. Mol. 37, 808–818.
(doi:10.1016/j.ibmb.2007.03.008)

45. Niwa R, Niwa YS. 2014 Enzymes for ecdysteroid
biosynthesis: their biological functions in insects
and beyond. Biosci. Biotech. Bioch. 78, 1283–1292.
(doi:10.1080/09168451.2014.942250)

46. Jindra M, Uhlirova M, Charles JP, Smykal V, Hill RJ.
2015 Genetic evidence for function of the bHLH-PAS
protein Gce/met as a juvenile hormone receptor.
PLoS Genet. 11, e1005394. (doi:10.1371/journal.
pgen.1005394)

47. Schwedes CC, Carney GE. 2012 Ecdysone signaling in
adult Drosophila melanogaster. J. Insect Physiol. 58,
293–302. (doi:10.1016/j.jinsphys.2012.01.013)

48. Daimon T et al. 2012 Precocious metamorphosis in
the juvenile hormone-deficient mutant of the
silkworm, Bombyx mori. PLoS Genet. 8, e1002486.
(doi:10.1371/journal.pgen.1002486)

49. Sturm RA, Herr W. 1988 The Pou domain is a
bipartite DNA-binding structure. Nature 336,
601–604. (doi:10.1038/336601a0)

50. Treacy MN, He X, Rosenfeld MG. 1991 I-POU: a POU-
domain protein that inhibits neuron-specific gene
activation. Nature 350, 577–584. (doi:10.1038/
350577a0)

https://doi.org/10.1101/gad.9.1.123
https://doi.org/10.1101/gad.9.1.123
https://doi.org/10.1242/dev.122.12.4169
https://doi.org/10.1038/343467a0
https://doi.org/10.1016/S0021-9258(19)36539-1
https://doi.org/10.1016/S0021-9258(19)36539-1
http://dx.doi.org/10.1042/bj3210645
http://dx.doi.org/10.1016/j.ijbiomac.2016.02.016
http://dx.doi.org/10.1073/pnas.1203149109
http://dx.doi.org/10.1016/j.ibmb.2016.12.007
http://dx.doi.org/10.1074/jbc.M115.651810
http://dx.doi.org/10.1074/jbc.M115.651810
http://dx.doi.org/10.1111/imb.12315
http://dx.doi.org/10.3390/genes11040394
http://dx.doi.org/10.3390/genes11040394
https://doi.org/10.1042/bj20031482
http://dx.doi.org/10.1186/1471-2199-10-25
http://dx.doi.org/10.1016/j.ibmb.2018.06.005
http://dx.doi.org/10.1016/j.ibmb.2018.06.005
http://dx.doi.org/10.1371/journal.pgen.1004425
http://dx.doi.org/10.1016/j.ydbio.2019.12.001
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1074/jbc.M311647200
http://dx.doi.org/10.1002/0471250953.bi0203s00
http://dx.doi.org/10.1002/0471250953.bi0203s00
http://dx.doi.org/10.1073/pnas.2134232100
http://dx.doi.org/10.1073/pnas.2134232100
http://dx.doi.org/10.1016/j.ijbiomac.2019.01.092
http://dx.doi.org/10.1016/j.ijbiomac.2019.01.092
http://dx.doi.org/10.1016/j.bbagrm.2014.05.025
http://dx.doi.org/10.1016/j.bbagrm.2014.05.025
http://dx.doi.org/10.1016/j.ibmb.2007.03.008
http://dx.doi.org/10.1080/09168451.2014.942250
http://dx.doi.org/10.1371/journal.pgen.1005394
http://dx.doi.org/10.1371/journal.pgen.1005394
http://dx.doi.org/10.1016/j.jinsphys.2012.01.013
http://dx.doi.org/10.1371/journal.pgen.1002486
http://dx.doi.org/10.1038/336601a0
http://dx.doi.org/10.1038/350577a0
http://dx.doi.org/10.1038/350577a0

	POU-M2 promotes juvenile hormone biosynthesis by directly activating the transcription of juvenile hormone synthetic enzyme genes in Bombyx mori
	Introduction
	Material and methods
	Insects and cell lines
	Quantitative real-time PCR
	Vector construction and cell transfection
	Western blot
	Immunostaining
	Electrophoretic mobility shift assay
	Chromatin immunoprecipitation-PCR
	Statistics

	Results
	Homology analysis of POU-M2
	POU-M2 is localized in the nucleus of corpora allata cells
	Temporal expression profiles of POU-M2 and juvenile hormone synthase
	POU-M2 promotes the transcription of juvenile hormone synthase genes
	POU-M2 activates juvenile hormone acid O-methyltransferase promoter activity
	POU-M2 directly binds to the key cis-regulatory elements of juvenile hormone acid O-methyltransferase promoter
	Chromatin immunoprecipitation-PCR validation of the key cis-regulatory elements
	POU domain and homeodomain are vital for POU-M2 activation

	Discussion
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	References


