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PKA phosphorylation of silkworm Broad-Complex

Protein kinase A-mediated phosphorylation of the Broad-Complex transcription factor in
silkworm suppresses its transcriptional activity
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ABSTRACT

The insect-specific transcription factor
Broad-Complex (BR-C) is transcriptionally
activated by the steroid 20-hydroxyecdysone
(20E) and regulates the expression of many
target genes involved in insect growth and
development. However, although the
transcriptional regulation of BR-C proteins has
been well studied, how BR-C is regulated at
post-transcription and -translation level is poorly
understood. To this end, wusing liquid
chromatography-tandem mass  spectrometry
analysis, we identified residue Serl86 as a
phosphorylation site of BR-C in silkworm.
Site-directed mutagenesis and treatment with
specific kinase activators and inhibitors
indicated that the Ser186 residue in silkworm
BR-C is phosphorylated by protein kinase A
(PKA). Immunostaining assays disclosed that
PKA-mediated phosphorylation of silkworm
BR-C has no effect on its nuclear import.
However, luciferase  reporter  analysis,

electrophoretic mobility shift assays, and
chromatin immunoprecipitation revealed that the
PKA phosphorylation event suppresses the
transcriptional activation of silkworm BR-C
target genes and that this inhibition was caused
by repression of BR-C binding to its DNA
targets. Of note, both in vitro and ex vivo
experiments disclosed that a continuous 20E
signal inhibits the PKA-mediated BR-C
phosphorylation and also the cAMP/PKA
pathway, indicating that 20E’s inhibitory effect
on PKA-mediated phosphorylation of silkworm
BR-C contributes to maintaining BR-C
transcriptional activity. In conclusion, our
findings indicate that PKA-mediated
phosphorylation inhibits silkworm BR-C activity
by interfering with its binding to DNA and that
20E  signaling  relieves  PKA-mediated
phosphorylation of BR-C, thereby maintaining
its transcriptional activity.

Copyright 2017 by The American Society for Biochemistry and Molecular Biology, Inc.
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INTRODUCTION

Broad-Complex  (BR-C)  protein s
characterized as an insect-specific transcription
factor that contains two C2H2 zinc fingers and a
Bric-a-brac/Tramtrack/Broad-Complex (BTB)
domain (1,2). BR-C is predominantly involved
in the signaling of 20-hydroxyecdysone (20E)
and juvenile hormone (JH), two key hormones
necessary for insect growth and development
(3,4), and regulates a variety of developmental
processes, including embryogenesis, larval
molting, metamorphosis, and reproduction (5).

The transcriptional cascade involving insect
BR-C proteins has been well studied. Previous
reports demonstrated that 20E bound to the
complex of ecdysone receptor (EcR) and
ultraspiracle (USP) to activate the transcription
of BR-C, one of the early response genes of 20E,
which in turn directly regulates the transcription
of the downstream target genes, such as cuticle
protein genes (5,6), caspase genes (7), and glue
protein genes (8). Conversely, 20E-induced
BR-C expression can be inhibited by the
transcription factor Krippel homolog 1 (Kr-h1),
a JH-induced repressor of insect metamorphosis
(9,10).

Recently, several studies have assessed the
nuclear  translocation and  translational
modification of the insect BR-C protein. For
example, in the silkworm (Bombyx mori), the
receptor for activated C-kinase 1 (RACK1)
protein, a scaffolding/anchoring protein involved
in protein kinase C (PKC)-dependent
phosphorylation, was identified as an interacting
partner of the BTB domain of BR-C (5). The
interaction between BR-C and RACKL1 in
silkworm may be involved in PKC-mediated
phosphorylation of BR-C and is required for
nuclear import and subsequent transcriptional
activity of BR-C. In the cotton bollworm
(Helicoverpa armigera), JH was shown to
induce the phosphorylation of a newly identified
isoform of BR-C protein to inhibit 20E-mediated
metamorphosis (11). However, the detailed
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molecular mechanism underlying
post-translational ~ modification,  especially
phosphorylation of insect BR-C proteins,
remains unclear.

In the present study, we investigated
whether and how silkworm BR-C is
phosphorylated. Interestingly, liquid
chromatography-tandem mass spectrometry
(LC-MS/MS) analysis found that Serl86 of
silkworm BR-C is a phosphorylation site, and it
was predicted to be phosphorylated by protein
kinase A (PKA). Furthermore, we demonstrated
that PKA-triggered phosphorylation of silkworm
BR-C reduces its transcriptional activity and is
suppressed by 20E, and the unphosphorylated
silkworm BR-C promotes the expression of its
downstream genes.

RESULTS

LC-MS/MS identification of BR-C Ser186
as a phosphorylation site — Previous studies
have shown that the insect BR-C protein, which
is involved in the 20E signaling pathway, may
be phosphorylated (5,11). To determine whether
and how BR-C is phosphorylated, we first
assessed the  potential  post-translational
modification of silkworm BR-C by western blot
analysis with an antibody against silkworm
BR-C. The results showed that in the total
proteins prepared from silkworm
embryo-derived  BmE  cells  transiently
overexpressing exogenous silkworm BR-C gene,
two prominent protein bands with a molecular
weight of approximately 60 kDa could be
detected as expected (Fig. 1A). The lower and
upper bands were likely the non-phosphorylated
and phosphorylated forms of silkworm BR-C
proteins, respectively. In whole bodies and fat
bodies of silkworm larvae at the late stage of the
last instar when 20E titer is being elevated, two

similar protein bands could also be detected (Fig.

1B).
We further aimed to identify the
phosphorylation site of silkworm BR-C using
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LC-MS/MS analysis. From silkworm BmE cells
that transiently overexpressed the silkworm
BR-C gene, we prepared total proteins and
performed an immunoprecipitation experiment
with anti-BR-C antibody. The BR-C proteins
were separated from the immunoprecipitates by
SDS-PAGE and subjected to LC-MS/MS
analysis. As shown in Fig. 1C, different peptide
peaks were observed in the first MS scan.
Subsequent tandem MS analysis identified a
phosphorylated peptide, RMS#STDNSPDVIK,
in which the Serl86 residue, which is not
located in the BTB domain or the zinc finger
domain of silkworm BR-C, was phosphorylated.
Besides, in our previous report (12), we
extracted total proteins from the fat bodies of
silkworm larvae on day 3 of the 5" instar and
enriched phosphorylated peptides via TiO,
enrichment. The resulting phosphopeptides were
analyzed by LC-MS/MS. Intriguingly, the
Ser186 residue of silkworm BR-C was also
identified as its phosphorylation site in this assay
(Fig. 1D).

In vitro verification of Ser186 as the BR-C
phosphorylation site — Given that the Ser186
residue was identified as a phosphorylation site
for silkworm BR-C by LC-MS/MS analysis, we
designed a phospho-BR-C antibody against this
site on silkworm BR-C. To further validate this
phosphorylation  site, we performed a
dephosphorylation assay in vitro. Total proteins
were harvested from the silkworm BmE cells
overexpressing silkworm BR-C and were
subsequently treated with A-PP. Western blot
analysis revealed that the BR-C phosphorylation
level was sharply decreased and was

undetectable compared to that of the control (Fig.

2A), whereas the amount of total BR-C proteins
was elevated. When Ser186 was mutated to Ala
(S186A), the phosphorylated form of the
silkworm BR-C protein could not be detected
(Fig. 2B).

To eliminate possible effects of endogenous
BR-C in silkworm BmE cells, we also
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conducted a dephosphorylation experiment in
human HEK293FT cells. The results revealed
that the levels of phosphorylated silkworm
BR-C protein were substantially decreased and
even eliminated after A-PP treatment and S186A
mutation, respectively (Fig. 2C and 2D). Taken
together, our data demonstrated that silkworm
BR-C could be phosphorylated at Ser186.

PKA mediates BR-C phosphorylation at
Serl86 — Generally, Ser residues can be
phosphorylated by PKA, PKB, PKC, or other
protein kinases (13-15). To determine which
protein kinase phosphorylates the Ser186 residue
of silkworm BR-C, we first performed an
analysis of the phosphorylation sites of BR-C
using online computational programs
(http://www.cbs.dtu.dk/ services/NetPhosK and
http://gps.biocuckoo.org/ index.php). The results
revealed that the BR-C Ser186 is likely a PKA
phosphorylation site (data not shown).

We further measured changes in silkworm
BR-C phosphorylation following treatments
with specific activators and inhibitors of PKA in
vitro and ex vivo. Using previously reported
protocols (16,17), we treated the silkworm BmE
cells overexpressing BR-C with two PKA
activators, namely, cCAMP and forskolin, and two
inhibitors, namely, H89 and KT5720, and then
BR-C phosphorylation levels were examined by
western blot assays with the p-BR-C antibody
against the Ser186 site. Compared with a control
treated by dimethyl sulfoxide (DMSO), the
phosphorylation levels of BR-C were increased
more than two fold following PKA activator
(cAMP or forskolin) treatment (Fig. 3A). In
contrast, following treatment with PKA
inhibitors (H89 or KT5720), the phosphorylation
of BR-C was significantly decreased (Fig. 3B).
Similar changes in BR-C phosphorylation levels
in response to PKA activators or inhibitors were
observed in human HEK293FT cells (Fig. 3C
and D).

Moreover, an ex vivo organ culture
experiment with fat bodies from silkworm larvae
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was conducted. Consistent with the above
observations, the BR-C phosphorylation level in
the cultured fat bodies was increased by PKA
activators (Fig. 3E) and eliminated by PKA
inhibitors (Fig. 3F). Given that the PKA catalytic
subunit PKA-C is involved in phosphorylating
target proteins directly (18-20), we further
examined whether PKA-C can directly interact
with silkworm BR-C. Co-immunoprecipitation
(Co-IP) assay revealed that BR-C can interact
with PKA-C weakly, suggesting that PKA
might directly phosphorylate silkworm
BR-C (Fig. S1). Taken together, our data
strongly indicate that silkworm BR-C is
phosphorylated by PKA at Ser186.

PKA-mediated BR-C phosphorylation at
Ser186 does not affect its nuclear import —
Previous investigations have demonstrated that
the phosphorylation of proteins contributes to
their subcellular localization (21,22). Given that
silkworm BR-C is a member of the nuclear
receptor family of transcription factors, we
examined whether PKA-mediated BR-C
phosphorylation at Serl86 is required for
nuclear localization of BR-C. First, we mutated
Ser186 to Ala (A) to block BR-C
phosphorylation or to Glu (E) to mimic forced
BR-C phosphorylation. Notably,
immunostaining  analyses  of  silkworm
BmN4-SID1 cells revealed that, compared with
the intact BR-C, neither the S186A mutation nor
the S186E mutation could disrupt the nuclear
localization of BR-C (Fig. 4A). In addition,
because two PKA inhibitors, H89 and KT5720,
can effectively decrease BR-C phosphorylation
levels, we further assessed the effects of these
PKA inhibitors on the nuclear import of BR-C in
BmN4-SID1 cells. The results showed that
BR-C was normally located in the nucleus after
PKA inhibitor treatments (Fig. 4B). These
observations indicate that PKA-mediated BR-C
phosphorylation was not essential for its
subcellular localization.

PKA-mediated BR-C phosphorylation at
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Serl86 inhibits its transcriptional activity by
abolishing BR-C binding ability to the
promoters of its targets— Phosphorylation of
transcription factors is required for their nuclear
import and transcriptional activity (23-26). We
further evaluated the effects of BR-C
phosphorylation on its transcriptional activity
using a dual luciferase reporter assay. The
cuticle protein gene WCP10 and the sericin-1
gene (Serl) are two direct downstream targets
that are positively and negatively regulated by
silkworm BR-C, respectively (6,27,28); thus, we
analyzed luciferase expression driven by the
promoters of either the WCP10 or Serl genes
following BR-C overexpression in silkworm
BmE cells as an indicator of BR-C
transcriptional activity. Our results showed that,
compared with the empty control without BR-C
overexpression, the S186A mutation of BR-C,
which mimicked dephosphorylation, enhanced
WCP10 promoter-driven luciferase expression
(Fig. 5A). However, mimicked phosphorylation
resulting from the S186E mutation led to a loss
of WCP10 promoter activity, with levels
comparable to that of the empty control (Fig.
5A). For the promoter of the Serl gene, whose
expression is inhibited by BR-C, we confirmed
that the activity of the Serl promoter was
decreased after S186A mutation but was
increased following S186E mutation (Fig. 5B).
Moreover, we observed that either cAMP or
forskolin could inhibit the WCP10 promoter
activity (Fig. 5C).

We further examined by using EMSA and
ChIP-gPCR whether PKA phosphorylation-
induced transcriptional activity inhibition of
silkworm BR-C was caused by decreasing its
DNA-binding ability. The results demonstrated
that the nucleoproteins extracted from BmE cells
overexpressing either intact BR-C or S186A
mutation can bind to the biotin-labeled probes
covering cis-regulatory element (CRE) for BR-C
in  silkworm WCP10 promoter in a
dose-dependent manner, and this binding was
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competitively suppressed by the unlabeled probe
(Fig. 6A). As expected, the S186A mutation,
which mimics dephosphorylation, exhibited
higher DNA-binding ability than intact
BR-C. Moreover, nucleoproteins extracted from
the BmE cells overexpressing BR-C with S186E
mutation had no affinity with the probe for
WCP10 promoter (Fig. 6A). Compared with
intact BR-C, BR-C with S186A mutation
exhibited a higher ability to bind the WCP10
promoter.  Meanwhile, ex vivo culture
experiments of fat body from wandering
silkworm revealed that the DNA-binding ability
of silkworm BR-C was significantly eliminated
by PKA activators and improved by PKA
inhibitors in silkworm fat body (Fig. 6B).
Further ChIP-qPCR assay in ex vivo cultured
epidermis of the wandering silkworm also
revealed that the ability of BR-C binding to the
WCP10 promoter was inhibited by PKA
activators but was promoted by PKA inhibitors
(Fig. 6C). Our data together demonstrate that
PKA-mediated BR-C phosphorylation at Ser186
suppressed its transcriptional activities on the
target genes by abolishing its DNA-binding
activity but was not involved in the regulation of
nuclear import of BR-C itself.

20E inhibits BR-C phosphorylation and
the cCAMP/PKA pathway — Given that BR-C is
a 20E primary response gene (29,30), and
PKA-mediated BR-C phosphorylation represses
transcriptional activity of BR-C, we investigated
whether 20E is also involved in PKA-mediated
BR-C phosphorylation. To test this hypothesis,
we ex vivo cultured fat bodies isolated from
silkworm larvae at the beginning of the
wandering stage and conducted 20E treatment.
Intriguingly, western blot analysis using an
anti-p-BR-C  antibody targeting the PKA
phosphorylation site Ser186 demonstrated that in
ex vivo cultured silkworm larval fat bodies that
were treated with 20E, BR-C phosphorylation
was decreased 12 h after 20E treatment (Fig.
7A). In  silkworm BmE cells, BR-C
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phosphorylation was elevated at 15 min but was
substantially inhibited after 6 h (Fig. 7B).
Generally, PKA is activated by cyclic
adenosine monophosphate (CAMP) as a second
messenger, which is produced in cells in
response to hormones and nutrients, and its
catalytic ~ subunit PKA-C induces the
phosphorylation of cyclic AMP response
element-binding (CREB) protein  (18-20).
Therefore, we further examined whether 20E is
involved in cAMP-dependent PKA activation.
We first assessed time-course changes in CAMP
intracellular levels following in vitro 20E
treatment.  Silkworm  BmE  cells  were
continuously treated with exogenous 20E at a
concentration of 2 M for different times from 5
min to 24 h. Subsequent measurement of
endogenous CAMP revealed that compared with
DMSO treatment as a control, 20E application
increased cAMP production in the early stages
from 5 min to 1 h but inhibited cAMP levels in
the late stages from 1 h to 24 h (Fig. 7C).
Moreover, the phosphorylation of PKA-C
and CREB in response to 20E stimuli was
further investigated. As shown in Fig. 7D,
phosphorylation of PKA-C was significantly
suppressed during the period from 6 h to 24 h
after 20E treatment. Similarly, compared with
DMSO treatment as a control, 20E treatment
also reduced the phosphorylation levels of
CREB, a marker of PKA activation, in silkworm
BmE cells (Fig. 7E) and in ex vivo cultured fat
bodies (Fig. 7F). Taken together, our data
revealed that 20E can repress, at least to some
extent, the CAMP/PKA signaling pathway.

DISCUSSION

The insect transcription factor BR-C is a
20E primary response gene and mediates
cross-talk between 20E and JH to modulate
growth and development (4). Previous extensive
studies in insects have predominantly focused on
deciphering endocrine hormone regulation of
BR-C  transcription, identifying BR-C
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downstream targets, and characterizing BR-C
function in various biological processes (4,5). In
this study, we demonstrate the importance of
PKA-mediated phosphorylation of silkworm
BR-C.

A striking finding of the present study is
that silkworm BR-C can be post-translationally
phosphorylated by the Ser/Thr protein kinase
PKA at Serl86. Previously, an interaction
between the silkworm BR-C with the RACK1
protein was shown to be required for
PKC-mediated BR-C phosphorylation (5) as
well as for JH-modulated PKC-mediated
phosphorylation of BR-C in the cotton bollworm
(11). In addition, PKC has been confirmed to
modulate the phosphorylation of the Drosophila
USP protein, a key component of the 20E
receptor complex EcR/USP (31,32). We first
identified Ser186 of silkworm BR-C as a PKA
phosphorylation site by LS-MS analysis and
subsequent biochemical examinations. Our
findings, together with existing evidence,
strongly indicate that Ser/Thr protein kinases
post-translationally modulate 20E signaling in
insects.

Generally, the  phosphorylation  of
transcription factors can affect their nuclear
import and/or transcriptional activity (33-36).
We found that PKA-mediated phosphorylation
of silkworm BR-C at Serl86 suppressed its
transcriptional activity by abolishing the
DNA-binding ability but had no effect on its
nuclear localization. Similarly, PKA-mediated
phosphorylation can also inhibit the activity of
other transcription factors, such as Yap4 in the
budding yeast Saccharomyces cerevisiae (37)
and serum response factor (SRF) in mice (38).
Therefore, we proposed that BR-C plays
transcriptional regulatory roles in the absence of
PKA-mediated phosphorylation. Moreover, we
previously reported that either the disruption of
the PKC/RACK1 pathway or the mutation of
potential PKC phosphorylation sites of silkworm
BR-C substantially blocked its nuclear import
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(5). Taken together, our findings indicate that
silkworm BR-C may be independently
phosphorylated by PKA and PKC and that these
two types of phosphorylation play distinct roles
in BR-C function.

Insect BR-C transcription is activated by
endogenous 20E signaling and is subsequently
involved in developmental control (4,5). We
observed that a continuous 20E signal could
inhibit PKA-mediated phosphorylation of
silkworm BR-C, which is similar to the findings
of 20E inhibition on  PKC-mediated
phosphorylation of the new isoform (BrzZ7) of
Helicoverpa armigera BR-C (11). Notably, our
data reveal that the cAMP/PKA signaling
pathway was enhanced by 20E treatment at the
early response stage, consistent with a previous
report showing that the cAMP/PKA signaling
pathway is enhanced by 20E in Helicoverpa
armigera (39). Nevertheless, the cAMP/PKA
pathway was attenuated at the late response
stage after 20E application. Given that in
silkworm, the elevation of 20E titer is generally
maintained for 24 h during larval molting and 48
h during larval-pupal transition (40), and the
transcription of 20E receptor gene EcR was
significantly increased 24 h after 20E
application in ovary-derived BmN4 cells (41),
we hypothesized that continuous 20E signaling
could inhibit PKA-mediated phosphorylation of
silkworm BR-C, to a great extent, by impairing
the CAMP/PKA pathway.

In conclusion, this study elucidated
PKA-mediated phosphorylation of silkworm
BR-C. Based on the present data and previously
reported evidence, we propose a model of the
roles of silkworm BR-C phosphorylation in 20E
signaling. As shown in Fig. 8, 20E induces the
transcription of the silkworm BR-C gene at
specific stages, such as larval molting and
metamorphosis. Subsequently, the
PKC-phosphorylated BR-C  protein is
translocated into the nucleus to regulate the
transcription of downstream target genes.
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Meanwhile, continuous 20E signaling inhibits
not only the cAMP/PKA pathway but also
PKA-mediated phosphorylation of BR-C protein,
thereby maintaining transcriptional activity of
BR-C. Because the production and subsequent
signaling pathway of 20E exhibits a
stage-dependent fluctuation, namely, being
elevated before larval molting and pupation but
decreased during the feeding period (4,40,42,43),
we hypothesized that PKA-mediated
phosphorylation of BR-C protein may be
triggered by unknown activators to facilitate
rapid inactivation of the BR-C-mediated 20E
signaling pathway. Undoubtedly, further work
will be needed to clarify how and why
PKA-mediated phosphorylation of the BR-C
protein is activated.

EXPERIMENTAL PROCEDURES

Insects and cell lines — The Chinese
silkworm strain Dazao was reared on fresh
mulberry leaves at 25 <T with a photoperiod of
12 h light/12 h dark. In addition, two silkworm
cell lines, BmE cells originally derived from
embryos and BmN4-SID1 cells (harboring the
Caenorhabditis elegans SID1 gene) derived
from the ovary, were cultured in Grace’s
medium (Gibco, USA) and IPL-41 medium
(Gibco, USA) supplemented with 10% fetal
bovine serum (Life Technologies, USA) at
27 <T. HEK293FT cells derived from human
embryonic kidney cells that stably express the
SV40 large T antigen were cultured in
Dulbecco’s modified Eagle’s medium (DMEM,;
Gibco, USA) containing 10% fetal bovine serum
at 37 <C in humidified air containing 5% CO..

Protein purification and LC-MS/MS
analysis — The pSL1180-BR-C construct for
overexpressing the silkworm BR-C Z2 isoform
(hereafter referred to as BR-C) was transfected
into silkworm BmE cells. The cells were
harvested at 48 h after transfection and then
lysed in RIPA lysis buffer [50 mM Tris HCI (pH
8), 150 mM NaCl, 1% NP-40, 0.5% sodium
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deoxycholate, 0.1% SDS] supplemented with
ImM PMSF on ice. The cell lysate was
immunoprecipitated with monoclonal antibodies
against silkworm BR-C. The
immunoprecipitated BR-C protein complexes
were eluted and separated using SDS-PAGE
followed by silver staining. The protein bands
were retrieved and were further subjected to
LC-MS/MS analysis by Shanghai Applied
Protein Technology (Shanghai, China).

In addition, in our previous report (12), we
extracted total proteins from the fat bodies of
five silkworm larvae. The collected fat bodies
were first homogenized in RIPA lysis buffer [(50
mM Tris HCI (pH 8), 150 mM NaCl, 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS)], which
contains a mixture of proteinase inhibitors, on
ice. The homogenates were centrifuged for 15
min at 17,000 rpm and 4 <C, and the supernatant
containing total proteins was collected. Then, the
purified total proteins were digested with trypsin,
and the phosphorylated peptides were enriched
using a Titansphere™ Phos-TiO Kit (GL
Sciences, Japan). The enriched phosphorylated
peptides were also subjected to LC-MS/MS
analysis by Shanghai  Applied Protein
Technology.

Western blotting and antibodies — Total
proteins  were prepared following the
abovementioned procedure and  methods
described previously (44) from silkworm cells or
individuals that were treated with various
reagents, including PKA activators (CAMP,
Sigma-Aldrich, USA; forskolin, Beyotime,
China), PKA inhibitors (H89, Beyotime, China;
KT5720, Santa Cruz, USA), the
dephosphorylation enzyme lambda protein
phosphatase (lambda PP, New England Biolabs,
USA), and 20E (Sigma-Aldrich, USA). A total
of 100y of total proteins were loaded on the
SDS-PAGE gels and subsequent western blot
analysis was performed as described previously
(44). Rabbit anti-p-BR-C antibody against the
PKA-phosphorylated Ser186 of silkworm BR-C
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protein was prepared by Jingjie PTM-BioLab
(Hangzhou, China) and diluted at a ratio of
1:10,000 for use. The other antibodies used in
the present study are as follows: rabbit
anti-BR-C (1:10,000; Zoonbio Biotechnology,
China), rabbit anti-p-CREB (1:1000, Santa
Cruz), rabbit anti-PKA-C (1:5000, Cell
Signaling), rabbit anti-p-PKA-C (1:5000, Cell
Signaling), and mouse anti-tubulin (1:20,000,
Beyotime).

ImageJ-based quantitative analysis of
western blotting data — Quantitative analysis of
the visible bands in western blotting experiments
was performed by using the Image] program
(45). According to the program instruction, the
procedure was briefly described as following: (a)
converting the analyzed file to Grayscale
format and subtracting the background with
an value of 50; (b) converting the analyzed
file to bright band and calculating the
density information of a band by
hand-drawing an area corresponding to its
borders. The information contains area size,
mean gray value, min and max gray value,
and integrated density (IntDen); (c)
extracting the IntDen values of all the
measured bands; (d) dividing the p-BR-C
IntDen value by the amounts of the total
proteins loading on the SDS-PAGE gels and
performing normalization analysis.

Drug treatment and 20E application —
Two types of PKA activators, CcAMP
(Sigma-Aldrich, UAS) and forskolin (Beyotime,
China), and two types of PKA inhibitors, H89
(Beyotime, China) and KT5720 (Santa Cruz,
USA), were used in the BR-C phosphorylation
assays. Briefly, BmE cells overexpress BR-C or
fat bodies of silkworm larvae were treated with
160 M cAMP or 20 M forskolin separately
for 12 h to activate PKA phosphorylation. For
the PKA inhibition assays, cells or fat bodies
were incubated with H89 or KT5720 at a
concentration of 20 M and 100 nM for 4 h.
After the drug treatment, the cells were
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harvested, and a western blot assay or a dual
luciferase assay was performed. Based on the
same procedure, 2 UM 20E was used in cells or
for an ex vivo analysis of the silkworm fat body.
DMSO treatment was used as a control.

Site-directed mutagenesis — The open
reading frame (ORF) of the silkworm BR-C gene
was cloned into the pMD19T simple plasmid,
which was then used as a template for PKA
phosphorylation site mutation. According to the
protocol of the MutanBEST Kit (TaKaRa, Japan),
the amino acid Ser186, a PKA phosphorylation
site, was changed to Glu (E) or Ala (A), which
mimicked phosphorylation or
de-phosphorylation, respectively. The modified
BR-C ORF sequences were separately subcloned
into the pSL1180 vector. These constructs were
used for subsequent experiments, including
western blotting, subcellular localization, and
the dual luciferase assay.

Subcellular localization — For the
subcellular localization assay of the silkworm
BR-C protein, BmN4-SID1 cells were seeded
onto coverslips in 24-well plates. After 12 h of
culture, pSL1180, pSL1180-BR-C, and the
constructs containing mutated BR-C proteins
were separately transfected into BmN4-SID1
cells at 1 g per well. At 48 h after transfection,
the cells were washed with PBS (pH 7.4) three
times and then fixed with 4% paraformaldehyde
for 20 min. Subsequently, the cells were
incubated with anti-BR-C antibody (1:500) for
2h and then with anti-rabbit Alexa Fluor 594
antibody (1:1,000, Life technology) for 1h. Then,
the cells were stained with DAPI (1:1,000, Life
technology) and Alexa Fluor 488 WGA that is
used in nuclear membrane staining (1:1,000,
Molecular probe). Finally, three times washed
with PBS, the coverslips were mounted on glass
slides, and fluorescence signals were captured
using confocal microscopy (Fv1000, Olympus,
Japan) with excitation wavelengths of 488 and
594 nm.

Dual luciferase assay — The effects of the
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PKA phosphorylation site mutation or other
reagent treatments on BR-C transcriptional
activity were analyzed using the dual luciferase
assay system (Promega, USA). Briefly, the
promoters of two genes directly targeted by
silkworm BR-C, namely, the wing cuticle
protein gene WCP10 and the sericin-1 gene Ser1,
were separately subcloned into a pGL3 basic
vector containing the firefly luciferase gene to
form two constructs, WCP10-luc and Serl-luc,
respectively. In addition, a pRL-TK vector
containing the Renilla luciferase gene was used
as an internal control. The overexpression
constructs, including pSL1180, pSL1180-BR-C,
and the BR-C mutation vectors, were
co-transfected with WCP10-luc or Serl-luc into
silkworm BmE cells, separately. At 48 h after
transfection, we harvested the cells and
measured the relative luciferase activity by
normalizing the firefly luciferase level to the
Renilla luciferase level. For reagents treatment,
pSL1180-BR-C was separately co-transfected
with WCP10-luc into silkworm BmE cells, and
these cells were incubated with PKA activator
for 12 h. Subsequently, the relative luciferase
activity was measured using a microplate reader
(Synergy H1, BioTek, USA).

Electrophoretic  mobility shift assay
(EMSA) — To test the DNA-binding ability of
silkworm BR-C, EMSA experiments were
performed as described previously (44). Briefly,
based on our online prediction and previous
report (6), specific probes covering the CRE for
BR-C in silkworm WCP10 promoter were
prepared and labeled with biotin at the 5 end.
The sequence of this specific probe is as follow:
AATTAGAATGAGTCTAATAAATAGTATATT
ATGGTCAATC. Following the manufacturer’s
instructions of the EMSA/Gel-Shift Kit
(Beyotime, China), the nucleoproteins extracted
from silkworm BmE cells overexpressing either
intact or mutated BR-C or from fat body of
wandering silkworm with drug treatment were
incubated with 100nM labeled probes. For

PKA phosphorylation of silkworm Broad-Complex

competition assays, 5~50-fold molar excess of
the unlabeled probes were incubated for binding
with nucleoproteins before the adding of the
labeled probes. Subsequently, the mixture were
electrophoresed in 5% (w/v) polyacrylamide
gels in TBE buffer (45 mM Trisborate and 1 mM
EDTA, pH 8.3) and transferred onto nylon
membrane to perform chromogenic reaction.
Chromatin Immunoprecipitation (ChlIP)
assays — ChlIP assays coupled with quantitative
PCR (ChIP-gPCR) were performed to further
confirm the DNA-binding ability of silkworm
BR-C. According to the manufacturer’s
instructions of EZ chip™
Immunoprecipitation Kit (Millipore, USA) and
previous report (46), ex vivo cultured epidermis
from the wandering silkworms were treated by
PKA-specific inhibitors or activators and were
subsequently fixed with 37% formaldehyde to
cross-link  chromatin.  The  cross-linked
chromatin was then sonicated to shear into DNA
fragments of 200-1,000 bp in length. The
complexes immunoprecipitated by anti-BR-C
antibody were then enriched by Protein G
magnetic Dynabeads (Invitrogen, USA). Finally,
the purified DNA samples were analyzed by
quantitative PCR with specific primer pair
covering the CREs of BR-C in silkworm WCP10
promoter: 5-ACTTACATCAGTCATTGTC
CTC-3’ (forward) and 5’-CGTTGAATCAT
TTCGCGTAG-3" (reverse). All reactions
were performed in triplicate.
Co-immunoprecipitation (Co-I1P) analysis
— CO-IP experiment was conducted to
determine the potential interactions between
silkworm BR-C and PKA. The BmE cells
overexpressing silkworm BR-C were collected
and lysed in NP40 buffer [50 mM Tris (pH7.4),
150 mM NaCl, 1% NP-40] plus 1 mM protein
inhibitor ~ phenylmethanesulfonyl  fluoride
(Beyotime, China). Subsequently, the cell lysates
were centrifugated and the supernatants were
incubated with Protein G magnetic Dynabeads
(Invitrogen, USA) that were cross-linked by
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anti-BR-C antibody or rabbit 1gG under a
condition of gentle rotation for 6h at 4<C. After
several times of washing, the captured protein
complex were eluted with SDT buffer [4% (w/v)
SDS, 100 mM Tris/HCI (pH 7.4)] and denatured
by boiling beads for 5min. Finally, the
immunoprecipitated proteins complex was
detected by western blotting with anti-PKA-C

antibody.

In vitro dephosphorylation assay — To
verify the roles of PKA in BR-C
phosphorylation, we performed an in vitro

dephosphorylation assay. Briefly, silkworm BmE
cells that overexpressed BR-C or fat bodies of
silkworm larvae were collected and lysed for 20
min in RIPA lysis buffer (Beyotime, China).
After protein purification and quantification, 2
g of each sample was co-incubated with
lambda protein phosphatase at 30 T for 30 min

10
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and then boiled with 5x protein loading buffer
for 5 min. The products were used to measure
BR-C phosphorylation via western blotting
analysis with anti-BR-C and anti-p-BR-C
antibodies.

CAMP measurement — The silkworm
BmE cells were seeded in 24-well plates and
cultured for 12 h. Then after independent
treatments with 2 UM 20E for different gradient
times, the BmE cells were separately harvested
and washed in PBS three times. Then, the cells
were thoroughly lysed in cell lysis buffer 5 on
ice for two freeze/thaw cycles. After
centrifugation at 600 g for 10 min, supernatants
were collected for cCAMP assays with a cCAMP
Assay Kit (R&D Systems, USA). All
experiments were independently repeated three
times.
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FOOTNOTES

The abbreviations used are: BR-C, Broad-Complex; BTB, Bric-a-brac/Tramtrack/Broad-Complex;
PKA, protein kinase A; PKC, protein kinase C; 20E, 20-hydroxyecdysone; LC-MS/MS, liquid
chromatography-tandem mass spectrometry; DMSO, dimethyl sulfoxide; cAMP, cyclic adenosine
monophosphate; CREB, cyclic AMP response element-binding. EMSA, electrophoretic mobility shift
assay; ChIP, chromatin immunoprecipitation; Co-IP, co-immunoprecipitation.
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FIGURE LEGENDS

Figure 1. Serl186 of BR-C was identified as a phosphorylation site by LC-MS/MS. A, The
pSL1180-BR-C overexpression vector was transiently transfected into silkworm BmE cells. Total
proteins isolated from these cells were used to perform western blot analysis with a polyclonal
antibody against BR-C. OE, Overexpression. B, Protein expression levels of BR-C in whole bodies
and fat bodies from silkworm larvae at the late stage of the last instar were analyzed. C and D,
LC-MS/MS analysis of BR-C phosphorylation. BR-C protein was immunoprecipitated from
BR-C-overexpressing BmE cells using an anti-BR-C antibody and was subsequently analyzed by
LC-MS/MS (C). The phosphorylated peptides that were enriched by TiO, filler in silkworm were used
to identify the BR-C phosphorylation site via LC-MS/MS analysis (D).

Figure 2. Ser186 of BR-C was confirmed in vitro as a phosphorylated site. A, Changes in the
phosphorylation of silkworm BR-C protein after A-PP treatment in silkworm BmE cells. The protein
extracted from BmE cells overexpressing BR-C was treated with A-PP for 0.5 h and subsequently
assayed via western blotting using anti-BR-C and anti-p-BR-C antibodies. B, Changes in the
phosphorylation of silkworm BR-C protein after S186A mutation in BmE cells. BR-C with the S186A
mutation was overexpressed in the BmE cells for 48 h, and the extracted total proteins were used in
western blot experiments. C, Phosphorylation changes of silkworm BR-C protein after A-PP treatment
of human HEK293FT cells overexpressing intact BR-C. D, Phosphorylation change of silkworm
BR-C protein with the S186A mutation in human HEK293FT cells.

Figure 3. Ser186 of BR-C was characterized as a PKA phosphorylation site. A, At 48 h after
transfection with the overexpression vector pSL1180-BR-C, the BmE cells were treated with 160 nM
CAMP or 20 pM forskolin for 12 h; Fk, forskolin. DMSO treatment was used as a control (Con). B,
Inhibition of PKA activity by H89 or KT5720 treatment attenuated phosphorylation of BR-C at
Ser186. The BR-C-overexpressing BmE cells were treated with 20 M H89 or 100 nM KT5720 for 4
h; KT, KT5720. C, Activation of PKA in HEK293FT cells overexpressing BR-C. D, Inhibition of
PKA in BR-C-overexpressing HEK293FT cells. E, The dissected fat body of the wandering silkworm
was treated with cAMP or forskolin ex vivo for 6 h and subsequently homogenized for a western
blotting assay. F, Inhibition of the PKA pathway ex vivo. All western blotting signals were analyzed,
and densitometric analysis of the protein bands from the western blots was performed using ImageJ
software. Values are represented as the mean AS.E. (error bars); *, p < 0.05; **, p < 0.01 versus
controls.

Figure 4. PKA-mediated BR-C phosphorylation does not influence its nuclear import. A, The two
mutant constructs pSL1180-BR-C S186A (A, blocks phosphorylation) and pSL1180-BR-C S186E (E,
mimics phosphorylation) were transfected into BmN4-SID1 cells. Two days after transfection, the
localization of the BR-C protein was analyzed by immunostaining and confocal microscopy. Intact
silkworm BR-C was used as a control. B, Two days after transfection with the overexpression vector
pSL1180-BR-C, the BmN4-SID1 cells were treated with PKA inhibitors for 4 h, and the fluorescence
signals were detected with confocal microscopy. DMSO treatment was used as a control (Con). KT,
KT5720. WGA is used in nuclear membrane staining.
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Figure 5. PKA-mediated BR-C phosphorylation suppresses its transcriptional activity. A, Effects
of silkworm BR-C mutants on luciferase activity driven by the WCP10 promoters. The two mutant
forms S186A and S186E were co-transfected into BmE cells with WCP10-luc. At 48 h after
transfection, cells were collected for luciferase activity analysis. The empty overexpression vector
pSL1180 was used as a control, and a pRL-TK vector containing the Renilla luciferase coding gene
was used as an internal reference. Data represent the mean *S.E. (error bars) of three independent
experiments; *, p < 0.05; **, p < 0.01 versus the internal reference. B, Effects of BR-C mutants on
luciferase activity driven by the Serl promoters. C, BmE cells were co-transfected with
pSL1180-BR-C and WCP10-luc for 48 h and then treated with 160 nM cAMP or 20 piM forskolin for
12 h. Cells were collected for luciferase activity measurement. FK, forskolin; Con, Control.

Figure 6. PKA-mediated BR-C phosphorylation inhibits its DNA-binding ability. A, Effects of the
mutations of PKA phosphorylation site within silkworm BR-C on the DNA-binding ability of BR-C.
The nucleoproteins were separately extracted from silkworm BmE cells overexpressing either intact
BR-C or mutated BR-C (S186A and S186E). EMSA confirmed that intact BR-C or S186A mutant can
directly bind to the biotin-labeled probes covering the BR-C CRE in WCP10 promoter. But, S186E
mutant lost the ability to bind the biotin-labeled probes. Unlabeled probes were used for competition
analysis. B, Effects of PKA activators and inhibitors on the DNA-binding ability of silkworm BR-C.
The ex vivo cultured fat body from the wandering silkworm was separately treated with PKA
activators (CAMP and forskolin) or inhibitors (H89 and KT5720) for 6 h and was subsequently
collected for extracting nucleoprotein for EMSA. C, ChIP-gPCR assays in ex vivo cultured epidermis,
from the silkworm at wandering, with treatment of either PKA activators or PKA inhibitors. The ChIP
readings were normalized to input. Values are represented as the mean *S.E. (error bars); *, p < 0.05;
** p < 0.01 versus controls. FK, forskolin; KT, KT5720; Con, Control.

Figure 7. PKA-mediated BR-C phosphorylation and the cAMP/PKA pathway are attenuated by
20E. A, Fat bodies were isolated from wandering silkworm individuals and then treated ex vivo with 2
M 20E for 12 h. The change in BR-C phosphorylation level after 20E treatment was examined. B,
After being transfected with pSL1180-BR-C for 24 h, the BmE cells were treated with 2 M 20E and
then collected to analyze BR-C phosphorylation level. C, BmE cells were treated with 2 M 20E, and
the intracellular cAMP was measured. D, Effect of 2 pM 20E on PKA-C phosphorylation in BmE
cells for various time periods. E, Effect of 2 pM 20E on CREB phosphorylation in BmE cells. F,
Effect of 20E on CREB phosphorylation in ex vivo cultured fat bodies from the wandering silkworm
individuals. DMSO treatment was used as a control. Con, Control.

Figure 8. A model of PKA-mediated phosphorylation of BR-C involved in the 20E pathway. As
an early response gene of 20E in the silkworm, BR-C is transcriptionally triggered by the presence of
20E. The subsequently translated BR-C protein initiates the transcription of the downstream genes that
are involved in metamorphosis, as long as Serl86 remains unphosphorylated. Activated PKA
promotes BR-C phosphorylation at Ser186, which in turn blocks the transcriptional activity of BR-C.
Continued 20E signaling during insect development inhibits cAMP/PKA signaling, which may
contribute to the maintenance of BR-C transcriptional activity.
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Figure 3
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PKA phosphorylation of silkworm Broad-Complex

Figure 5
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Figure 6
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PKA phosphorylation of silkworm Broad-Complex

Figure 7
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PKA phosphorylation of silkworm Broad-Complex

Figure 8
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