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Background: JH antagonizes the 20E pathway.

Results: JH induces Broad protein BrZ7 phosphorylation in the lepidopteran insect Helicoverpa armigera.
Conclusion: JH induces the phosphorylation of BrZ7 to inhibit 20E-mediated metamorphosis.
Significance: Our study reveals a mechanism of JH antagonizing 20E-activating metamorphosis.

The steroid hormone 20-hydroxyecdysone (20E) initiates
insect molting and metamorphosis. By contrast, juvenile hor-
mone (JH) prevents metamorphosis. However, the mechanism
by which JH inhibits metamorphosis remains unclear. In this
study, we propose that JH induces the phosphorylation of Broad
isoform Z7 (BrZ7), a newly identified protein, to inhibit 20E-
mediated metamorphosis in the lepidopteran insect Helicov-
erpa armigera. The knockdown of BrZ7 in larvae inhibited met-
amorphosis by repressing the expression of the 20E response
gene. BrZ7 was weakly expressed and phosphorylated during
larval growth but highly expressed and non-phosphorylated
during metamorphosis. JH regulated the rapid phosphorylation
of BrZ7 via a G-protein-coupled receptor-, phospholipase C-,
and protein kinase C-triggered pathway. The phosphorylated
BrZ7 bound to the 5’-regulatory region of calponin to regulate
its expression in the JH pathway. Exogenous JH induced BrZ7
phosphorylation to prevent metamorphosis by suppressing
20E-related gene transcription. JH promoted non-phosphory-
lated calponin interacting with ultraspiracle protein to activate
the JH pathway and antagonize the 20E pathway. This study
reveals one of the possible mechanisms by which JH counteracts
20E-regulated metamorphosis by inducing the phosphorylation
of BrZ7.

The development of holometabolous insects, including
growth and metamorphosis, is mainly modulated by two hor-
mones, 20-hydroxyecdysone (20E)? and juvenile hormone (JH)
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(1). The homeostasis of these two hormones determines the
nature of each developmental transition (2). 20E mainly initi-
ates and coordinates molting and metamorphosis (3); JH pre-
vents 20E-induced metamorphosis by modulating the activity
of 20E (4).

The molecular basis of 20E activity is well studied. 20E binds
to the ecdysone nuclear receptor (EcR), and EcR then interacts
with ultraspiracle protein (USP) to direct metamorphosis by
mediating the expression of 20E-response genes (5), including
several transcription factors, such as hormone receptor 3 (HR3)
(6), earlier response gene (E74A) (7), and Broad-Complex
(Br-C, also known as Br) (8). The expressions of late genes,
including prodeath serine/threonine protein kinase (prodeath-
S/TK) (9), caspase-1 (10), and protein phosphatase 6 (PP6) (11),
are sequentially regulated. In the JH pathway, JH modulates
downstream gene transcription through the intracellular
receptor methoprene-tolerant (Met) (12). Downstream genes
include the anti-metamorphosis transcription factor Kruppel
homolog 1 (Kr-h1) (13), RNA-binding protein (RBP) (14), and
an actin-binding protein, calponin (Cal) (15). USP (16), Br-C
(17), E75 (18), Kr-h1 (13), or Met (19) may be implicated in 20E
and JH cross-talk. In Tribolium castaneum, JH suppresses the
expression of Br via Met/Kr-h1 to block metamorphosis (13). In
Drosophila melanogaster, JH counteracts Met or GCE (germ cell-
expressed) to block 20E-induced metamorphosis (20). In D. mela-
nogaster S2 cells, JH-induced ectopic E75A can repress the ecdy-
sone activation of early genes (21). In Apis mellifera, the JH
analog methoprene suppresses 20E-mediated midgut remodel-
ing by inhibiting the expressions of EcRB, USP, and Br-C (22).
These data reveal that JH antagonizes 20E signaling by sup-
pressing 20E response gene expression (23).

The transcription factor Br-C/Br is a “pupal specifier” that
initiates insect metamorphosis (24) in Manduca sexta (25) and
D. melanogaster (26). Br-C encodes a family of alternately
spliced isoforms (27), which contain a common BTB (Broad-
Tramtrack-Bric-a-brac) protein-protein interaction domain at

protein; Cal, calponin; HaEpi, an epidermal cell line from H. armigera; BrBE,
Br-binding element; co-IP, co-immunoprecipitation; gRT-PCR, quantitative
RT-PCR; aa, amino acid(s); 6th, sixth instar.
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the N terminus and different zinc finger domains at the C ter-
minus (28). Four isoforms (BrZ1-Z4) have been identified in
D. melanogaster and M. sexta (25); five isoforms (BrZ1-Z5)
with various C-terminal zinc finger domains have been
detected in T. castaneum (29, 30). However, no similar proteins
have been found in mammals by a basic local alignment search
tool in the NCBI database. Br-C significantly influences early
metamorphic events in response to 20E (31). In D. melano-
gaster, Br-C null mutants fail to pupariate (32). In T. casta-
neum, Brknockdown results in larval-pupal-adult intermediate
characteristics (33). These studies have revealed the important
functions of Br in 20E-mediated metamorphosis. However, the
exposure of pupae to JH at the onset of adult development
induces Br re-expression and results in a second pupal cuticle in
M. sexta and in an abdominal pupal cuticle in D. melanogaster
(25). In T. castaneum, exogenous JH or its mimic methoprene
at the onset of adult development also induces Br-C expression
and inhibits the pupal-adult transition (34). These results sug-
gest that Br is also involved in the JH pathway. However, the
mechanism of Br action in the JH pathway remains unclear.

In addition to genomic induction by the intracellular recep-
tor Met (35), JH may induce rapid non-genomic events via
unknown membrane receptors (36) and the protein kinase C
(PKC) signaling pathway (37). In Locusta migratoria, JH 111
binds to the membrane preparations of the ovaries, suggesting
the presence of a membrane receptor for JH III (38). Protein
phosphorylation and dephosphorylation are typical character-
istics of the non-genomic pathway; however, limited informa-
tion on JH-modulated protein phosphorylation is available.
Transcription factors function via post-translational modifica-
tions, such as phosphorylation and ubiquitylation (39). In
D. melanogaster, 20E-regulated EcR phosphorylation functions
in the 20E pathway (40). However, whether or not JH regulates
the post-translational modification of the transcription factor
Br remains unknown.

In this study, the Broad isoform Z7 (BrZ7) was identified in
Helicoverpa armigera, a severe agricultural pest. BrZ7 contains
an N-terminal BTB domain and two C-terminal zinc finger
domains; however, BrZ7 is different from the Br isoforms (Z1-
Z4) found in Bombyx mori. The knockdown of BrZ7 blocks
20E-activated metamorphosis. BrZ7 is weakly expressed and
phosphorylated during the larval growth stage but highly
expressed and non-phosphorylated during metamorphosis. JH
regulates the rapid phosphorylation of BrZ7 via a G-protein-
coupled receptor-, phospholipase C-, and protein kinase
C-triggered pathway. The phosphorylated BrZ7 participates in
JH-regulated gene transcription. The exogenous JH III induces
BrZ7 phosphorylation and suppresses 20E response gene
expression. These studies have revealed a mechanism by which
JH antagonizes 20E-mediated metamorphosis by inducing
BrZ7 phosphorylation.

EXPERIMENTAL PROCEDURES

Experimental Animals and Reagents—H. armigera larvae
were raised according to methods described previously (41).
The larvae were fed with an artificial diet in our laboratory at
26 * 1°C under a 14-h/10-h light/dark cycle.
SASBMB
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20E, JH 111, G-protein-coupled receptor (GPCR) inhibitor
suramin sodium salt, phospholipase C (PLC) inhibitor
U73122, and PKC-specific inhibitor chelerythrine chloride
were purchased from Sigma. The reagents were dissolved in
DMSO to obtain the desired concentrations and stored at
—20 °C. Different inhibitors were used for 1 h before treat-
ment was administered.

Recombinant Expression of BrZ7 and Antiserum Prep-
aration—The open reading frame of BrZ7 was inserted into the
pET30a(+) vector. Recombinant pET30a-BrZ7 was trans-
formed into Escherichia coli BL21 (DE3). pET30a-BrZ7 plas-
mid-transfected E. coli was cultured in a Luria-Bertani medium
(1.0% tryptone, 0.5% yeast extract, and 1.0% NaCl). At Ay, =
0.5, E. coli was exposed to 0.4 mm isopropyl-3-D-thiogalactopy-
ranoside. After 4 h, the cells were harvested and sonicated.
Recombinant BrZ7 protein was purified with His-Bind resin
(Ni**-resin; Novagen, Darmstadt, Germany). The purified
recombinant BrZ7 protein (200 wg) was mixed with the same
volume of Freund’s complete adjuvant (Sigma) and then
injected into a rabbit. After 3 weeks, 500 ug of protein was
mixed with the same volume of Freund’s incomplete adjuvant.
The serum was collected after 2 weeks, and the specificity of the
antiserum was analyzed by Western blot. The secondary anti-
body used in this study was alkaline phosphatase goat anti-
rabbit IgG (H+L; Zhongshan, Beijing, China).

RNA Interference in Larvae—A fragment containing a 684-bp
gene-specific region with T7 promoter sequences on both ends
was amplified with primers to synthesize BrZ7 double-stranded
RNA (dsRNA) by using the MEGAscript™ RNA interference
(RNAI) kit (Ambion, Austin TX) according to the manufactur-
er’s instructions. The PCR primers are listed in Table 1.
Approximately 1 ug of dsBrZ7 was injected into the sixth instar
72 h larvae (6th-72 h). Controls were treated with the same
volume of the green fluorescent protein (GFP) dsRNA (dsGFP).
The knockdown phenotypes were examined after 4 days. In the
experiments, the number of animals per treatment was 60 lar-
vae. The experiments were conducted in triplicate with inde-
pendent experimental samples.

Protein Preparation—An epidermal cell line of H. armigera
(HaEpi) was incubated at 27 °C in a 6-well plate on Grace’s
insect medium (Invitrogen) supplemented with 10% fetal
bovine serum (FBS; Invitrogen). At a density of 2 X 106, the cells
were exposed to 1 um 20E or JH III. Proteins were isolated after
0, 5, 15, 30, 60, and 180 min of induction by hormones for
Western blot analysis.

20E (storage concentration = 20 mm) or JH III (38 mm) was
dissolved in DMSO and diluted to 100 ng/ul in phosphate-
buffered saline (PBS; 140.0 mm NaCl, 2.7 mm KCI, 10.0 mm
Na,HPO,, and 1.8 mm KH,PO,). Each larva at 6th-72 h was
injected with 500 ng of 20E or JHIII. The control group received
the same volume of diluted DMSO. For Western blot analysis,
the proteins were extracted from the fat body at 0, 6, 12, and
24 h after each hormone was injected. A total of 60 larvae/
treatment were used, and the experiments were conducted in
triplicate with independent experimental samples.

RNAi in HaEpi Cells—Transient transfection was performed
using RNAfectin reagent (Tiangen, Beijing, China) according to
the manufacturer’s instructions. HaEpi cells were seeded into a
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TABLE 1
Primer sequences for RNAi and gRT-PCR
Primers Nucleotide sequence (5" — 3')
BrZ7T7F1 gcgtaatacgactcactataggcagtcaaatcatgcagecat
BrZ7T7R1 gcgtaatacgactcactatagggaaaacctaatgtaacaaa
HHR3QRTF aagggtttcttcaggcgatc
HHR3QRTR gttggtatttgcgtgtgette
E74AQRTF tgcaggaccgcgagtact
E74AQRTR gctggtagtagtagcgca
ProdeathQRTF atgccgggacctgatgta
ProdeathQRTR tcatgatatcttattcaa

Caspase-1QRTF
Caspase-1QRTR

cattcacagcctaaagtctcgtaccgg
cattcccaactcgccgtgagttaacac

Kr-h1QRTF ggctaacgctgtccacte

Kr-h1QRTR atcgctcgecgtaatg

CalQRTF atgggcgactatcgtgeg

CalQRTR ttacatctgtcgectggtg

RBPQRTF aggaagcacaggaagagga

RBPQRTR aagcaccagtccacggaaa

BrZ7QRTF ggtgactgtccttactgecggeat

BrZ7QRTR ttaattcctttgaccatgact

USP1QRTF ggtcctgacagcaatgtt

USP1QRTR ttccagctccagectgactgaag

Met1QRTF tatccaagccactcacagcg

Met1QRTR tccgeegttgtttttetge

BrZ70VF tactcagagctcatggctgatcaattctgt
BrZ7OVR tactcactgcagattcctttgaccatgact
GFPOVF tactcaggtaccatgagcaagggcgaggaactyg
GFPOVR tactcagcggccgecttgtacagetegtecatgec
B-ActinF cctggtattctgaccgtatge

B-ActinR ctgttggaaggtggagagggaa

CalPF acatcatcaaaccttaattat

CalPR aactagccttgttagaggccc

6-well plate for 2 days before transfection. These cells were
cultured in 1 ml of Grace’s medium with dsRNA and RNAfectin
reagent but without FBS. The final concentrations of the
dsRNA and RNAfectin transfection reagent were 2 and 4
png/ml, respectively. After 12 h, the cells were refed in a fresh
medium with FBS containing JH III with a final concentration
of 1 um. The control group was treated with equivalent
amounts of DMSO. After 6 h of growth, RNA was isolated, and
the concentrations were determined using a spectrophotome-
ter. The first-strand cDNA was synthesized using a Moloney
murine leukemia virus reverse transcriptase (BioTeke Corp.,
Beijing, China). Quantitative real-time reverse-transcriptase
PCR (qRT-PCR) was performed using 2X SYBR RT-PCR pre-
mixture (BioTeke Corp., Beijing, China) with a CFX96 TM real-
time system (Bio-Rad). The relative expression levels of the
genes of interest were quantified, with H. armigera [B-actin
expression levels used as internal controls according to 2~ *4<*
[*ACt = (target gene Ct — B-actin Ct) in experiment — (target
gene Ct — B-actin Ct) in control]. The qRT-PCR primers used
in this study are listed in Table 1.

Vector Construction and Overexpression in HaEpi Cells—
Appropriate DNA sequences encoding BrZ7 and different
truncated mutants (BrZ7A1-100, BrZ7A101-200, BrZ7A201—
300, BrZ7A301-400, and BrZ7A401-477) were inserted into
the pIEx-4-RFP-His plasmid (with a C-terminal red fluorescent
protein tag) or the pIEx-4-His plasmid (without an RFP tag).
The inserts were verified by DNA sequencing, and the correct
expression was confirmed by Western blot with anti-His anti-
body. HaEpi cells were incubated in a 24-well tissue culture
plate containing 500 ul of Grace’s medium with 10% FBS at a
density of 70—90%. Before transfection was performed, cells
were preincubated in Grace’s medium for 1 h. Afterward, 2 ug
of DNA with 2 ug of DNAfectin transfection reagent (Tiangen,
Beijing, China) was suspended in 50 ul of Grace’s medium,
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incubated for 20 min, and added to the medium. After 12 h, the
cells were refed in Grace’s medium containing 10% FBS. After
48 h, the cells were fixed in freshly prepared 4% paraformalde-
hyde solution at room temperature for 20 min and then washed
with PBS. Nuclei were stained with 1 ug/ml DAPI at room
temperature. The negative control group was transfected with
the same amount of the pIEx-4-RFP-His plasmids. Fluores-
cence signal was visualized using an Olympus BX51 fluores-
cence microscope (Tokyo, Japan).

Protein Phosphorylation Assay—Proteins were extracted and
analyzed by SDS-PAGE using 7.5% gel. The A-phosphatase
(Millipore, Temecula, CA) was used according to the manufa-
cturer’s specifications. The levels of protein phosphorylation
were detected by the Phosphoprotein Phosphate Estimation
Assay Kit purchased from Sangon Co. (Shanghai, China)
according to the manufacturer’s instructions.

Chromatin Immunoprecipitation (ChIP)—The HaEpi cells
with a density of 2 X 10° were treated with 1 um JH III or 20E,
and the control group received the same volume of DMSO.
After 3 h, the cells were cross-linked using 0.5% formaldehyde
at 37 °C for 10 min and then incubated at 0.125 M glycine at
room temperature for 10 min to stop the reaction. The cells
were washed twice with ice-cold 1X PBS and harvested. After-
ward, the cells were resuspended in SDS-lysis buffer (1% SDS,
10 mm EDTA, 50 mm Tris-HCI, pH 8.1) and sonicated to yield
average DNA fragments with a length of 200—1000 bp. The
effect of chromatin sonication was determined using 0.8% aga-
rose gel. After centrifugation was performed, the lysates were
precleared with protein A resin at 4 °C for 1 h and then incu-
bated with anti-BrZ7 antibody at 4 °C overnight. The input is
the amount of chromatin DNA used for immunoprecipitation.
Preserum was used as negative control treatment. Immunopre-
cipitated protein and DNA complexes were incubated with
protein A resin at 4 °C. After 2 h, the complexes were washed
once with low-salt buffer (0.1% SDS, 1.0% Triton X-100, 2 mMm
EDTA, 200 mm Tris-HCI, pH 8.0, 150 mm NaCl), high-salt wash
buffer (0.1% SDS, 1.0% Triton X-100, 2 mm EDTA, 20 mM Tris-
HCI, pH 8.0, 500 mMm NaCl), and LiCl wash buffer (10 mm Tris-
HCI, pH 8.1, 0.25 M LiCl, 1 mm EDTA, 1% Nonidet P-40, 1%
deoxycholate); these complexes were then washed twice with
TE buffer (10 mm Tris-HCI, pH 8.1, 1 mm EDTA). The bound
proteins were eluted using elution buffer (1% SDS, 0.1 M
NaHCO,). DNA-protein cross-links were reversed at 65 °C
overnight and then treated with RNase and proteinase K. DNA
was purified by ethanol precipitation and then with phenol/
chloroform. The DNA purified by ChIP was analyzed by qRT-
PCR (CalPF/CalPR primers are listed in Table 1). Enrichment
relative to input was calculated using the equation, enrichment
(%) = (antibody — preserum)/input X 100%.

Electrophoretic Mobility Shift Assay (EMSA)—The 5'-regula-
tory region of Cal was cloned using the genome walker method.
The genomic DNA was isolated with the MagExtractor
genomic DNA purification kit (TOYOBO, Osaka, Japan). The
cells were incubated with 1 uMm 20E or JH III, and the control
was treated with the same volume of DMSO. After 6 h, the cells
were lysed with radioimmune precipitation assay lysis buffer
(50 mm Tris-HCI, 150 mMm NaCl, 1.0% Triton X-100, and 0.1%
SDS). BrZ7 protein was purified using anti-BrZ7 antibody-
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actaatgttttctgtaactgtaatgagegttttactacagattattcgacagaaaccata
gggatggetlgatcaattlectgtiitacgtiiggaacaacllccaglcaaacatagigagtigece

M ADQFCLRWNNIFQSNTIUVSA
ttggattcattgaagtgttcagaagatttggtegacgttacgetcacctgtgaaggeaga
L DS LK CSEWDILNDVTLTCEGR

aatatcaaggceccataaagtcatatigtcecagegtgeageeegtacticaggaatgtgttce
N 1 K A H K V I L S A C S P Y F RNV F

aaggaaaacccatlgtcagecatcceggtcataatactgaaagaggtgtcagecagatgatatt
K E NP CQ H P V I 1T L KEV S A DD

gleagtetgetgtettacatgtaccagggagaagtgltecat tgaggagageaagtigtcet
V S L L S Y MY QG E V F 1 E E S KL S

Leglicclgeacacggeageactgetgeaaglganagggl taactgglglaactcageag
S F L H T A A L L QV KGLTGV T QAQ

aaagaaaatttcictticaccgaacacatcaaataaactgtatacccaacttactatatca
K N F S SPNTSNIKLYTQLTTIS
tcgaagecactttttggtgetgetecataaggagacaaagetgecagegt taaagaagaga
S K PLFGAAHIKETI KILZPALIKKR
cgaaglaglacticlgacaaacctlaatgatgl taalalaggggagrggcecccaaaaagagt
RS STSDKWPNDVNILTGCETGTPIKIKS
aaagttttagaagcatgigatatttacactagaagtaatcctccacaaactaataaactt
KV LEACDTIYTRSNPPAQTNIKL
gatacccecaglgtticttaccagaaaataatattgacanaaaatglgaaggeaaagt tgaa
DT PV FLPENNIDIKIKT CETGTIKVE
ccagcetlactataacagegaatggaaaaagt lcageaacateccagglgaatgetcaagga
PATITTANGI KSSATSQVNAAQGEG
gacaacattccgattactataaaaacagaaaggacggatgacaacagetcgectacttta
P NTPITTTITIKTETRTDDNSSPTL
lcaalaaatlgcecaaclcelgaaaalgacgatagectlicetlgallalgaaaacagtlatgett
S T NANSENDDSILPDYENSML
geeagatecctgetitecaggaatcaatecatcaaaaaglgaagltagtgecaataataca
A RS LLSGINPSIKSIEVSANNT
actctcaagaaagtgtcaaatgttatggtggatgtgeattgttcaacacggtctaaagat
T L KEKVSNVMYVY DV HCSTRSIK KD
alanacacggatacagltaactittacaaacgeaccgle laaaaglectataaagaccata
I NT DTV TFTNAPSIKSU®PI KT
ttaacagaagaacttcat tttaaaccagaaaaacaglccccaaaatctgatgtggaatat
L. TEELMNFIEKPEI KA QSDPIKSDVEY
gaaccagaagtgttattatcagaacatcaagatggecacagacactgaaagtacttacact
EPEVLLSEWHQDGTDTESTYT
caagalcaalcacaagetctectgatgtiggeagggatlglectlacagliecccagtigtiaggt
QDQ S QALLMLAGMSTV PV LG
acaggtgectecacgtcacaagggetigeacaccaacagtcaaatcatgeagecatetge
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ggtgactgteccttactgeggecatgaagtacteccaatcagtetgegttgaagtateatgte
GD CP Y CGMEKTYSNOQSALIEKYHY
agattaatgcattcggacttgaccaatagactatgttgetatctgtgeccaaggtettte
RLMHSDLTNRLCCYLCP RS F
acaatgcgtgagacattcaaagagcatatgtggacaagtcatggtcaaaggaattaattt
T M RETF KEHMWY TS HGQRN
tcatttattattctgecaaatatgtgecttaggtigttigtcatgatacattatgacattg
gatagacaacatagaaagctgatgtgecttgttaaacgaaaatcaatgeecttgeagtagt
gtagtttaggtcaaaggatgtagtgtaagagactgaaagetttigetigtgattgagaag
gaaattttttattagaaatttttataggatctattttgtctattaaaateccacccagttc
agtattttcaaaataagtgagttcaagtgtatggacacgaaataactacctatttggtaa
agagtatattgggtgcaaaagtttacggectgtttgatattaatgtgtgeattttaagga
actggtgttgetecectageaccagtcagtgttactgaaaagteegetgactetattgaa
atctgtattattggetgtatgtatttagtttagatttttactttgttacattaggtttte
ttagtggagcccaatcctagaagtaaaataaatggeagttteettgtateggtgaacagt
ggegacaagaacgegaalgatglaglataggatigaataaat tattagl tagagetgaaa
tattttttgacgetgattitataaatattgaagattatagecagaatgtgaatgttacaact
gatagatttgtcagtgaccttttgtttacaaataatatatggtittacttacgtgtgtac
ttgaagctecgetaaagacatgagaccttecccct tanaggat tecagtectacaaaattt
gattgcacatgtgagtaatatttatatcataagaaagttataatatttatgaagatettc
atlgltactatagggatcegagtigtictticaagaattattttggtetataagatagtett
gaaagtgcataacagagaggagaactgtacagttctgatgecagttaaagaataggtgett
aalaglcgattcgaleligataagaallticattglaagaaaaaaatgeagegigtttitie
acaalgccaaacaaaaatcaatgatataaaaaaaatattacatttcaatattttgattga
tattccegtatatttgttagttatecttttattgttigagtacattttaatgtttaattaa
gttgttatttccaatataaatttagecacatactetgtggacattttattaaattacaat
atctittggaaaaatacctaatcatgatattgtaataactagaaatttcatttattettg
gegaattgtgecaaaatgattttatecgtaagttattgaattagtagaaagtttttggaat
ttaaataagttacctttaattctcttgttttattataattactatttgatagtttaaaat
glltaglgttagattaatittggaaglagetaagtalgacaagtegttacttetacttagt
tacttgttatctcaaatatttttatagaatgaataataattgttgatttgaattactect
gegaatgecattagtgaaaattgttaattattgtatggaacattacctaaagttttaggt
gtaccgaatctagatagetataggtatatttatagttaagttaaattatatattatattt
gegttagtataatattgttggatattitattcagaattttacacgatttacatgatttta
aaltatgttacatalaaataaaaaatatgettcg a4
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FIGURE 1. Full-length cDNA sequence and predicted amino acid sequence of BrZ7. The ORF encodes a 477-amino acid protein with a predicted molecular
mass of 52.6 kDa. The underlined sequence corresponds to the BTB domain (aa 30-125); the dotted line shows the two zinc finger domains (aa 420-443 and

450-473) by SMART EMBL analysis. The sequence for RNAi is shaded.

CNBr-activated Sepharose 4B (60 mg; Amersham Biosciences);
the purified protein levels were analyzed by Western blot. The
probes used in the experiment were synthesized by Sangon Co.
Approximately 5 ug (5 ul) of purified proteins in a binding
buffer (Beyotime Institute of Biotechnology, Shanghai, China)
was incubated with 100 fmol of digoxigenin-labeled probe. In
the supershift experiment, 1 ul of rabbit BrZ7 antibody was
added to the proteins and incubated in an ice bath for 10 min.
The nonspecific anti-GST antibody was used as negative control
treatment. In competition experiments, a 100-fold excess of unla-
beled probe was preincubated with the purified proteins for 10
min before digoxigenin-labeled probe was added for another 20
min at room temperature. The reaction ran on a 6.5% polyacryl-
amide, 0.5X TBE gel at 80 V; afterward, the sample was transferred
onto a nylon membrane (IMMOBILON-NY+, Millipore, Mil-
ford, MA). The membrane was blocked for 30 min and
then incubated with anti-digoxigenin phosphatase antibody
(1:10,000 in blocking solution; Roche Applied Science). After
1 h, the signal was visualized with 5-bromo-4-chloro-3-indolyl
phosphate and nitro blue tetrazolium chloride.
Co-immunoprecipitation (Co-IP)—The plasmids pIEx-4-
EcRB1-His and pIEx-4-USP1-RFP-His were transiently co-
transfected in HaEpi cells. After 48 h, the cells were incubated
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with 1 um 20E, JH III, or 20E+JH IIIL. After 6 h, the cells were
collected and lysed in 400 ul of radioimmune precipitation
assay lysis buffer. The lysate was incubated in an ice bath with
constant rotation for 30 min and centrifuged at 12,000 X g at
4 °C for 15 min. The supernatant was pretreated with protein A
resin for 30 min to remove nonspecific binding. The lysate was
incubated with anti-RFP antibody at 4 °C with constant rota-
tion overnight. The same amount of preserum was used as neg-
ative control treatment. The mixture was cultured with protein
A at 4 °C for another 2 h. Afterward, the supernatant was dis-
carded; protein A resin was washed with radioimmune precip-
itation assay buffer three times. The samples containing loading
buffer and SDS were heated for 5 min in a boiling water bath.
The proteins were detected by Western blot with rabbit anti-
RFP, anti-His, or anti-Cal antibodies on immunoblots.

RESULTS

BrZ7 Is a Newly Identified Broad Protein—A 3,291-bp full-
length cDNA was obtained from the transcriptome of HaEpi and
containsa 120-bp 5'-untranslated region (UTR), a 1,434-bp open
reading frame (ORF), and a 1,737-bp 3’-UTR. The ORF
encodes 477 amino acids, including an N-terminal BTB domain
and the two C-terminal zinc finger domains (Fig. 1). BrZ7
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FIGURE 2. The alignments and phylogenetic analysis of Br. A, alignment of zinc finger regions between BrZ7 from H. armigera and Br isoforms from other
insects. B, alignment of BTB domain between BrZ2 and BrZ7 from H. armigera. Aa, Aedes aegypti; Bg, Blattella germanica; Bm, B. mori; Dm, D. melanogaster; Tc,
T. castaneum; Dp, D. plexippus; Ha, H. armigera. BmBr core 1/2/3/4/5 like, broad-complex core protein isoforms 1/2/3/4/5-like from B. mori. C, phylogenetic tree
analysis of BrZ7 and BrZ2 from H. armigera with different Br isoforms from other insects. Hamod(mdg4)1A, a modifier of Mod protein from H. armigera
containing a BTB domain and a zinc finger domain (FLYWCH), is an outgroup member.

shares identities with the “broad-complex core protein iso-
forms 1/2/3/4/5-like” from B. mori, “putative broad” from Dan-
aus plexippus, and “similar to broad-complex Z2” from T. cas-
taneum at 78, 70, and 66%, respectively. However, BrZ7 shares
less identity with BrZ2 from H. armigera, D. melanogaster,
B. mori, T. castaneum, and Aedes aegypti at 23, 22.63, 26.57,
23.51, and 22.69%, respectively. The zinc finger domains of
BrZ7 are different from the isoforms (Z1-Z4) from B. mori and
other insects (Fig. 24), and the BTB domain of BrZ7 exhibits
low identity (48%) with the BTB domain of HaBrZ2 (Fig. 2B).
Phylogenetic tree analysis indicated that all of the Br proteins
can be classified into two groups (Fig. 2C). Group I consists of
different BrZ1-Z4 isoforms from different insects; group II
comprises BrZ7 and other Br proteins.

BrZ7 Is Critical for Metamorphosis—The 6th-72 h larvae
were injected with BrZ7 dsRNA that was designed at the C
terminus (Fig. 1) to investigate the function of BrZ7 in
H. armigera development. After 4 days of RNAi with dsGFP
injection, 98% of the control larvae (58 of 60, n = 60) molted
into normal pupae, except a few larvae (2 of 60) that died
because of injection injury. However, only 8% of the larvae (5 of
60, n = 60) injected with dsBrZ7 molted into normal pupae,
whereas 65% of the larvae (39 of 60) developed into abnormal
pupae and died soon after ecdysis. In addition, ~27% of the
larvae (16 of 60) were blocked at the prepupal stage and died 2
days later (Fig. 3, A and B). The expression levels of the 20E
response genes prodeath-S/TK, caspase-1, and PP6 were
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decreased (Fig. 3C) when BrZ7 was knocked down. These
results confirm that BrZ7 regulates the expression of 20E
response gene and is required for metamorphosis.

BrZ7 Is Regulated on Its Expression Level and Phosphoryla-
tion Status during Development—To determine the hormonal
regulatory mechanism of BrZ7, we prepared the antibody as
described under “Experimental Procedures” and analyzed the
expression profiles of BrZ7 during development by Western
blot. BrZ7 expression was low during the larval growth stage
from fifth instar 12 h to 6th-48 h. However, the expression was
significantly increased during the metamorphic stage from
6th-72 h to pupae in the epidermis, midgut, and fat body (Fig.
4A). Unexpectedly, BrZ7 yielded a high molecular mass during
the larval growth stage and a low molecular mass at the meta-
morphic stage. These results show that BrZ7 is highly expressed
during metamorphosis and is probably modified post-transla-
tionally during development.

To investigate the possible post-translational modification,
we incubated HaEpi cells with 20E or JH III and analyzed the
BrZ7 protein. Although lepidopteran insect JH II is a native
hormone (42), H. armigera (43) and B. mori (44) respond to JH
III. Thus, JH III was used in the study. Western blot results
showed that JH III treatment caused the loss of the lower band
and increased the intensity of the upper band from 30 min to
3 h; by comparison, 20E treatment only enhanced the intensity
of the lower band after 3 h (Fig. 4B, a). After the cells were
treated with A-phosphatase, the upper protein band disap-
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FIGURE 3. BrZ7 silencing inhibited the metamorphosis and 20E response
gene expression. The 6th-72 h larvae were injected with 1 ug of dsBrZ7. The
control larvae received the equivalent volume of dsGFP. Sixty larvae were used in
every treatment, and the experiments were conducted in triplicate with inde-
pendent experimental samples. A, phenotypes after dsGFP or dsBrZ7 injection.
The black square shows that BrZ7 was knocked down in the fat body of 6th-96 h,
asanalyzed by Western blot with 7.5% SDS-PAGE. B-Actin was used as an internal
control treatment. Scale bar, 1 cm. B, percentage of different phenotypes after
dsBrZ7 was injected. C, relative expression of the 20E-induced genes analyzed by
gRT-PCR. RNA was isolated from the fat body of the 6th-96 h larvae. The results
were based on the 2724<T method in the presence of normalized B-actin gene.
Asterisks, significant differences (Student's t test; *, p < 0.05).
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FIGURE 4. JH-induced BrZ7 phosphorylation analyzed by Western blot.
The SDS-PAGE gel was 7.5%. A, the expression profiles of BrZ7 during devel-
opment were detected using anti-BrZ7 antibody. 5-72 to 6120 indicate the
larval developmental stages from fifth instar 12 h to 6th-120 h, respectively.
P0-P2, days of pupal development. F, feeding; M, molting; MM, metamorphic
molting; P, pupae. B, g, cells were incubated with 1 um 20E or JH Ili for 5, 15, 30,
60, and 180 min, respectively. Proteins were then extracted for Western blot
analysis with anti-BrZ7 antibody. b, cells were treated with 1 um 20E or JH IlI
for 3 h; proteins were isolated and incubated with A-phosphatase at 5 um for
30 min. In ¢, 6-0 indicates the proteins from the fat body of 6th instar 0 h
larvae, and 6-72 indicates the proteins from 6th instar 72 h larvae, analyzed
by Western blot. BrZ7-P, phosphorylated BrZ7.
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FIGURE 5. JH lll regulated BrZ7 phosphorylation through a GPCR-, PLC-,
and PKC-triggered pathway. A, the inhibitors of GPCR, PLC, and PKC sup-
pressed JH lll-induced BrZ7 phosphorylation. Cells were transfected with
plEx-4-BrZ7-His for 48 h, pretreated with different inhibitors for 1 h, and incu-
bated with 1 um JH Ill for 3 h. Control cells were transfected with plEx-4-RFP-
His. Western blot was performed on 7.5% SDS-PAGE gel with anti-His anti-
body. B, predicted putative phosphorylation sites of BrZ7 are underlined. C,
mutant plasmids were constructed. Boxed amino acids correspond to the
mutated amino acids. D, the phosphorylation of BrZ7 was not affected by the
overexpression of different mutant plasmids using plEx-4-His in HaEpi cells as
revealed by Western blot.

peared (Fig. 4B, b). The fat body protein was extracted from
6th-0 h. After being treated with A-phosphatase, the molecular
mass was decreased to the same level as the protein from 6th-72
h fat body (Fig. 4B, c). These results suggest that the change in
molecular weight is due to the rapid phosphorylation induced
by JH IIL

JH III Regulates BrZ7 Phosphorylation through a GPCR-,
PLC-, and PKC-triggered Pathway—BrZ7-His was overex-
pressed in HaEpi cells by using plEx-4-BrZ7-His plasmid to
reveal the pathway through which JH induces BrZ7 phosphor-
ylation. The overexpressed BrZ7-His appeared both non-phos-
phorylated and phosphorylated at ~58 kDa in the DMSO-
treated control cells by anti-His antibody detection. JH III
treatment converted the non-phosphorylated BrZ7 to phos-
phorylated BrZ7. The GPCR inhibitor suramin, PLC inhibitor
U73122, and PKC inhibitor chelerythrine chloride repressed JH
III-induced BrZ7 phosphorylation (Fig. 54). These results indi-
cate that JH III regulates BrZ7 phosphorylation via a GPCR-,
PLC-, and PKC-triggered pathway.

The phosphorylation sites on BrZ7 were investigated by con-
structing various mutations fused with His tag. Approximately
10 putative and high-percentage (>90%) phosphorylation sites
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FIGURE 6. Analysis of the phosphorylation sites and subcellular location of BrZ7. A, cells were transfected with various plasmids expressing different BrZ7
mutants fused with His tag. Proteins were extracted, and Western blot was performed with anti-His antibody using 7.5% SDS-polyacrylamide gel. B, number of
molecules of phosphorus per molecule of BrZ7-His or BrZ742°'-3%°-Hjs by DMSO or JH Il treatments analyzed by a phosphoprotein phosphate estimation assay
kit. The cells were transfected with pIEx-4-BrZ7-His or plEx-4-BrZ74201-3%_His plasmids in HaEpi cells. After 48 h of overexpression, the cells were incubated with
DMSO or 1 um JH Il for 3 h, and the proteins were purified by His-Bind resin for the measurement. About 50 ug of protein was used per assay. Statistical
significance (¥, p < 0.05) was based on three biologically independent repeats and analyzed by the Student’s t test. C, BrZ7 and various truncated BrZ7-RFP
mutants were overexpressed in HaEpi cells, and plEx-4-RFP-transfected plasmid was used as a control sample. The nuclei were stained with DAPI. Fluorescence

signal was visualized using an Olympus BX51 fluorescence microscope. Scale bar, 25 um. Error bars, S.E.

(Ser-161, Ser-162, Ser-164, Ser-265, Ser-270, Tyr-274, Ser-352,
Ser-355, Thr-460, and Thr-464) on BrZ7 were predicted by
NetphosK version 2.0 (Fig. 5B). Unfortunately, individual
mutation of these sites did not affect BrZ7 phosphorylation
(Fig. 5, C and D). Thus, five truncated mutants (Brz74'=1%,
Brz7A1017200’ Brz7A2017300’ Brz7A3017400’ and BrZ'7A40174-77)
were constructed by deleting the related numbered 100 amino
acids (aa) once and were overexpressed in HaEpi cells by using
plEx-4-His plasmid. JH III-induced phosphorylation levels
were obviously decreased in the mutant BrZ742°*=3°° when aa
201-300 were deleted (Fig. 6A). The level of JH III-induced
BrZ7 phosphorylation was determined as 3 phosphates/mole-
cule of BrZ7 protein by a phosphoprotein phosphate estimation
assay kit. After deletion of aa 201-300, the phosphorylation of
BrZ7 by JH III induction was not detected (Fig. 6B). These find-
ings confirm that the putative phosphorylation sites are distrib-
uted in the aa 201-300 region.
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To determine the subcellular location where BrZ7 phosphor-
ylation occurs, we observed the location of BrZ7 and various
truncated mutants overexpressed in HaEpi cells by using pIEx-4-
RFP-His plasmid. RFP was located in the whole cell. The
BrZ7-RFP and BrZ7 mutants BrZ74'~'%°-RFP, Brz74%°'~>%°-RFP,
Brz743°1=4%_RFP, and BrZ74%'~*"7_RFP were located in the
nucleus regardless of the occurrence of phosphorylation. How-
ever, mutant BrZ741°1-2%°_RFP (aa 101-200 truncated mutant),
which lost the KKRR motif (aa 157-160), was localized in the cyto-
plasm (Fig. 6C), and this mutant was phosphorylated (Fig. 64),
suggesting that the phosphorylation of BrZ7 occurs in the cyto-
plasm. The KKRR motif (aa 157-160) deletion mutant
BrzZ7°**RR_RFP was located in the cytoplasm (Fig. 6C), suggesting
that the KKRR motif determines the nuclear location.

Phosphorylated BrZ7 Is Required for Cal Transcription in JH
Pathway—To reveal the function of BrZ7 in the JH pathway, we
knocked down BrZ7in HaEpi cells. The knockdown of BrZ7 did
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FIGURE 7. qRT-PCR analysis of the function of BrZ7 in JH pathway in HaEpi
cells. A, knockdown of BrZ7. Cells were transfected with dsBrZ7 and dsGFP.
After 24 h, cells were subjected to JH Ill for 6 h. RNA was isolated for qRT-PCR.
B, overexpression of BrZ7. Cells were transfected with different plasmids,
including BrZ7 and its mutants, for 48 h and induced with 1 um JH Il for 6 h.
RNA was isolated for qRT-PCR. Results were based on the 22T method in
the presence of the normalized B-actin gene. Asterisks indicate significant
differences (Student’s t test; *, p < 0.05). Error bars, S.E.

not affect the JH IlI-induced expression of MetI, Kr-hl, and
RBP. However, the silencing of BrZ7 decreased the mRNA level
of Cal by ~2-fold compared with the dsGFP-treated control
(Fig. 7A). These results reveal that BrZ7 is involved in JH III-
induced Cal expression. This conclusion was confirmed by the
overexpression of the truncated mutants of BrZ7 in the HaEpi
cell line. The Cal transcript was up-regulated by BrZ7 overex-
pression but not up-regulated by overexpression of the follow-
ing mutants: BrZ7*'~'°° (BTB domain for protein interaction),
BrZ741°1=2% (BTB domain for protein interaction), BrZ742%'~
300 (the putative phosphorylational region), and Brz744°*~477
(zinc finger motif for DNA binding) (Fig. 7B). These results
suggest that these domains are required for JH-induced Cal
expression.

We performed ChIP with anti-BrZ7 antibody to determine
the mechanism by which the transcription factor BrZ7 regu-
lates Cal expression in the JH pathway. We cloned the Cal
5'-regulatory region and found one putative BrZ2-binding ele-
ment (BrBE, TTTATCATTT), which changed CT in D. mela-
nogaster salivary gland secretion protein gene Sgs4 (TTTAC-
TATTT) (8) to TC (Fig. 8). A small amount of the DNA product
was amplified by qRT-PCR from the precipitate obtained from
the preserum negative control sample. By contrast, the DNA
fragment containing BrBE was amplified from the precipitate
by anti-BrZ7 antibody from the JH III-induced cells but not
from DMSO- or 20E-treated cells (Fig. 94). These results show
that BrZ7 binds to the Cal 5'-regulatory region under JH-in-
duced conditions.

EMSA was performed using a digoxigenin-labeled BrBE
probe and purified endogenous BrZ7 protein to confirm
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FIGURE 8. 5’-regulatory region of Cal gene. Double-underlined sequence
corresponds to the BrZ7 binding sequence BrBE. The sequence used to detect
the BrBE fragment in the ChlIP assay is shaded.

whether or not BrZ7 directly binds to BrBE. In DMSO- or 20E-
induced conditions, BrZ7 was not phosphorylated, and a few
shift bands were detected. In JH III-treated cells, BrZ7 was
phosphorylated, and a distinct shift band was detected. The
added anti-BrZ7 antibody produced a supershift band; by com-
parison, anti-GST antibody (nonspecific antibody control) did
not affect the complex. Binding was competed by an unlabeled
BrBE probe (Fig. 9B). The results suggest that BrZ7 directly
binds to BrBE under JH-induced conditions.

To confirm that BrZ7 phosphorylation was essential for BrZ7
binding to BrBE, we examined the binding activities of BrZ7
and the mutants with 1 uM JH Il incubation. A small amount of
the DNA product was detected in the precipitates produced by
preserum by ChIP analysis. By contrast, the DNA containing
BrBE was amplified from the precipitate by using anti-RFP anti-
body in BrZ7-RFP-transfected cells, compared with RFP-trans-
fected cells. However, a small amount of the DNA was detected
from the mutants, including BrZ74'~'°°-RFP, Brz74'01-2%0.
RFP, BrzZ742°'-3%°_RFP, and BrZ74%°*~*""_RFP (Fig. 9C). To
confirm the results, we performed EMSA with the purified
BrZ7-RFP and the mutated proteins. RFP itself could not pro-
duce a shift band, but BrZ7-RFP produced an obvious shift
band. However, the mutants BrZ7*'~'°°-RFP, Brz74101-200_
RFP, BrZ74%°'—3%_RFP, and BrZ74%°'~*"7_RFP produced much
weaker shift bands (Fig. 9D). These results reveal that the BTB
domain (aa 1-200), phosphorylated sites (aa 201-300), and zinc
finger motifs (aa 401-477) of BrZ7 are necessary to induce
BrZ7 to bind to BrBE.

JH Inhibits Metamorphosis by Inducing BrZ7 Phosphor-
ylation—To determine the mechanism by which JH inhibits
metamorphosis, we injected JH III into the 6th-72 h larvae, at
the onset of metamorphosis. Approximately 43% of the larvae
(26 of 60, n = 60) showed larval-pupal intermediate character-
istics and soon died, and 45% (27 of 60) molted into deficient
pupae 4 days after JH III was injected (Fig. 10, A and B). In
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precipitates by anti-BrZ7 antibody. Cells were immunoprecipitated with anti-BrZ7 antibody after the cells were treated with 1 um 20E or JH Il for 3 h. Preserum
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as a negative control sample of nonspecific binding. D, EMSA analysis of the effect of BrZ7 mutants on binding to BrBE. The different BrZ7 proteins were purified
with CNBr-activated Sepharose 4B resin bound with anti-RFP antibody after the treatments as in C. Error bars, S.E.

20E-injected larvae, the non-phosphorylated BrZ7 was up-reg-
ulated; however, BrZ7 protein was increased and phosphory-
lated after JH Il injection (Fig. 10C). 20E injection up-regulated
the expressions of 20E-response genes, including HHR3, E74A,
prodeath-S/TK, caspase-1, and PP6 (Fig. 10D). However, JH III
injection repressed these 20E-response gene expressions but
enhanced BrZ7 and Cal expression (Fig. 10E). These results
suggest that exogenous JH III regulates the high expression and
phosphorylation of BrZ7 and expression of Cal but suppresses
20E response gene expression.

In the 20E pathway, 20E binds to its nuclear receptor, EcR,
and regulates the formation of a transcription complex to direct
gene expression (5, 45). The JH analog methoprene regulates
non-phosphorylated Cal interacting with USP1 to induce gene
expression in the JH pathway of H. armigera (15). To determine
the mechanism by which JH suppresses 20E-induced gene
expression, we performed co-IP and examined the interaction
of EcRB1, USP1, and Cal under hormone induction. EcCRB1-His
and USP1-RFP were overexpressed by co-transfecting HaEpi
cells with pIEx-4-EcRB1-His and pIEx-4-USP1-RFP-His plas-
mids. In the input positive control cells, Cal, EcCRB1-His, and
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USP1-RFP were detected evenly; Cal and USP1-RFP were
phosphorylated induced by 20E. In the co-immunoprecipitates
produced by preserum negative control, no Cal, ECRB1-His, or
USP1-RFP was detected. In the co-immunoprecipitates pro-
duced by anti-RFP, EcRB1-His and USP1-RFP were detected
from the 20E-treated cells, and no Cal was detected. In 20E plus
JH III induction, USP1-RFP and non-phosphorylated Cal were
detected; the amount of detected EcRB1-His was decreased. In
JH-incubated cells, non-phosphorylated Cal and USP1-RFP were
detected (Fig. 11). These results reveal that JH III regulates the
interaction between non-phosphorylated Cal and USP1 to activate
the JH pathway and inhibit the formation of 20E transcription
complex, therefore repressing 20E response gene expression.

DISCUSSION

Numerous examples have been presented to demonstrate
the crosstalk between 20E and JH (3). However, the molecular
basis by which JH prevents 20E-induced metamorphosis
remains unclear. In the research, JH induces the phosphoryla-
tion of a newly identified Broad protein, BrZ7, to block 20E-
induced metamorphosis. JH Il regulates BrZ7 phosphorylation
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FIGURE 10. JH Il injection induced BrZ7 expression and phosphorylation
and inhibited metamorphosis by suppressing 20E response gene expres-
sion. A, phenotypes of DMSO or JH Il injection. The 6th-72 h larvae were injected
with JH Il or 20E (500 ng/larva, 3 X 60 larvae). Scale bar, 1 cm. B, percentage of
different phenotypes after JH Ill injection. C, Western blot showing the BrZ7
expression and phosphorylation by 20E or JH IIl injection with 7.5% SDS-poly-
acrylamide gel. Proteins from fat body were obtained at 0, 6, 12, and 24 h after
each hormone was injected and analyzed using anti-BrZ7 antibody. D and E, the
mRNA levels of various genes were analyzed by qRT-PCR. The RNA of the fat body
of 6th-96 h was isolated from 20E- or JH lll-injected larvae, respectively. B-actin
was used as an internal control sample. Asterisks indicate significant differences
(Student's t test; *, p < 0.05). Error bars, S.E.
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FIGURE 11. Co-IP showing the interactions of different proteins. HaEpi
cells were transiently co-transfected with plEx-4-EcRB1-His and plEx-4-USP1-
RFP-His for 48 h and incubated with DMSO, 20E, 20E plus JH IIl, or JH Il for 6 h.
Input showed the protein levels of Cal, the overexpressed EcRB1-His, and
USP1-RFP-His in the cells before immunoprecipitation. Preserum was used as
the negative control for co-IP with anti-RFP antibody. Co-IP performed with
anti-RFP antibody showed the interactions of USP1, Cal, and EcRB1. Anti-His,
anti-H. armigera Cal, and anti-RFP antibodies were used to detect the corre-
sponding proteins, respectively. USP1-RFP-P, phosphorylated USP1.

viaaGPCR-,PLC-,and PKC-triggered pathway. The phosphory-
lated BrZ7 directly regulates Cal expression in the JH pathway.
JH-induced Cal interacts with USP1 to suppress 20E
response gene transcription and metamorphosis. These
findings elucidated one of the mechanisms by which JH
inhibits metamorphosis.

Broad Protein BrZ7 Is Involved in 20E-mediated Metamor-
phosis—In this research, a Broad protein, BrZ7, was identified
in the presence of an N-terminal BTB domain and C-terminal
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zinc finger domains from H. armigera. Different BrZ1-74 iso-
forms share a common BTB domain but different zinc finger
domain in a particular species (28); BTB domains are highly
conserved in different insects (90 —97% identity) (34). The zinc
finger domain in an isoform of BrZ1-Z74 is highly conserved,
respectively, in different insects (90-97%) (46). However, the
zinc finger domains of BrZ7 are different from the isoforms
(Z1-Z4) from B. mori, and the BTB domain of BrZ7 exhibits
low identity (48%) with the BTB domain of H. armigera BrZ2.
By contrast, BrZ7 exhibits higher similarities to other Br pro-
teins, including “broad-complex core protein isoforms 1/2/3/4/
5-like” from B. mori (78%), “putative broad” from D. plexippus
(70%), and “similar to broad-complex Z2” from T. castaneum
(66%). The phylogenetic tree shows that BrZ7 belongs to the
group II Broad protein. Therefore, we named it as BrZ7, which
was referred to as BrZ2 or Br in our previous studies (15, 43, 45,
47). We also found that BrZ7 is necessary to induce 20E
response gene expression and 20E-mediated metamorphosis in
H. armigera. Although the amino acid sequence of BrZ7 is dif-
ferent from the Br isoforms of other insects (group I Broad
protein), BrZ7 performs a similar function in regulating
metamorphosis.

JH Regulates Cal Transcription via Phosphorylated BrZ7—
We found that JH induced the rapid phosphorylation of BrZ7
via a GPCR-, PLC-, and PKC-triggered pathway. The GPCR-,
PLC-, and PKC-triggered axis is a classical pathway involved in
membrane receptors (48). These findings suggested the pres-
ence of a JH non-genomic pathway and presented a good read-
out for further studies on the non-genomic JH pathway. We
also revealed that the aa 201-300 region of BrZ7 is the puta-
tively phosphorylated region, and phosphorylation occurs in
the cytoplasm. Approximately 9 possible phosphorylation sites
(>80%) were predicted in the region of aa 201-300, and there
might be three phosphorylation sites in aa 201-300. However,
the single site mutations of the high-percentage phosphoryla-
tion sites (Ser-265, 98%; Ser-270, 99%) had no effect on the
phosphorylation of BrZ7. Therefore, further investigations are
needed to identify the exact phosphorylation sites.

In D. melanogaster, the BrZ2-binding element is identified as
TTTACTATTT in the promoter of the Sgs4 glue gene in the
salivary gland (8). We obtained a BrZ2-binding element (BrBE)
(TTTATCATTT) in the upstream region of Cal and found that
phosphorylated BrZ7 directly binds to BrBE to regulate Cal
expression under JH induction conditions. Cal is an actin-bind-
ing domain (Chd)-containing protein; this protein is implicated
in the 20E and JH pathways (15). In D. melanogaster, a 21-kDa
calponin-like protein (Chd64) mediates the cross-talk between
20E and JH pathways by interacting with DmEcR, DmUSP, or
DmMet (49). Our findings revealed the direct target gene Cal of
BrZ7 in the JH pathway.

JH Inhibits 20E-induced Metamorphosis by Inducing BrZ7
Phosphorylation—Br, USP1, Met, and heat shock protein 90
(43) are involved in the 20E-JH regulatory cross-talk. In T. cas-
taneum (13), endogenous JH inhibits metamorphosis by
repressing Br expression via Met/Kr-h1; however, the applica-
tion of exogenous JH at the pupal-adult transition induces Br
re-expression via Met/Kr-hl to repress metamorphosis. Br
plays an important role in JH antagonizing the 20E pathway
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FIGURE 12. A summary of the mechanism by which BrZ7 participates in
20E and JH pathways. 20E induces the interaction of ECRB1 with phos-
phorylated-USP1, regulates BrZ7 high expression, and maintains BrZ7
non-phosphorylation to modulate 20E response gene expression for
metamorphosis. JH induces BrZ7 phosphorylation via a GPCR-, PLC-, and
PKC-signaling pathway. The phosphorylated BrZ7 directs Cal transcrip-
tion, and the non-phosphorylated Cal interacts with non-phosphorylated
USP1 for larval growth.

(12). In H. armigera, 20E up-regulates the expressions of non-
phosphorylated BrZ7 and 20E response genes. JH III induces
BrZ7 phosphorylation and blocks 20E response gene expres-
sion. These results suggest that the functions of BrZ7 differ in
the 20E and JH pathways because of the altered phosphoryla-
tion status of BrZ7. Non-phosphorylated BrZ7 is involved in
20E-induced metamorphosis; phosphorylated BrZ7 functions
in the JH pathway. At the onset of metamorphosis, exogenous
JH III induces BrZ7 expression and phosphorylation to activate
the JH pathway and to block the 20E pathway. These findings
suggest a mechanism by which JH inhibits metamorphosis.
However, the mechanism of the lower expression of BrZ7 dur-
ing larval growth and high expression during metamorphosis is
unclear.

20E regulates gene transcription by forming a transcription
complex (2). In our research, exogenous JH inhibits metamor-
phosis; this result is consistent with that in previous studies
involving other insects (25, 34). 20E regulates EcRB1 interact-
ing with phosphorylated USP1 induced by 20E (45). In the pres-
ence of JH, the non-phosphorylated Cal interacts with non-
phosphorylated USP1, and the formation of an EcR-USP1
complex is blocked. These results indicate a possible mecha-
nism by which JH suppresses 20E response gene expression.

In summary, we reveal a new mechanism through which that
JH inhibits the 20E pathway by regulating BrZ7 phosphoryla-
tion. During the larval growth stage, natural JH regulates the
weak expression and phosphorylation of BrZ7 for JH response
gene expression to direct larval growth. At the metamorphic
stage, 20E regulates the high expression of BrZ7 and maintains
the non-phosphorylation of BrZ7 to direct 20E-induced gene
expression and metamorphosis. Exogenous JH III induces the
high expression and phosphorylation of BrZ7 to promote Cal
expression. JH mediates non-phosphorylated Cal to interact
with non-phosphorylated USP1 and repress the formation of
the 20E transcription complex EcRB1-USP1-P and block the
20E response gene expression and metamorphosis (Fig. 12).
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