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Abstract Polycomb group (PcG) proteins are involved in
chromatin modifications for maintaining gene repression
that play important roles in the regulation of gene expres-
sion, tumorigenesis, chromosome X-inactivation, and
genomic imprinting in Drosophila melanogaster, mam-
mals, and even plants. To characterize the orthologs of PcG
genes in the silkworm, Bombyx mori, 13 candidates were
identified from the updated silkworm genome sequence by
using the fruit fly PcG genes as queries. Comparison of the
silkworm PcG proteins with those from other insect species
revealed that the insect PcG proteins shared high sequence
similarity. High-level expressions of all the silkworm PcG
genes were maintained through day 2 to day 7 of
embryogenesis, and tissue microarray data on day 3 of the
fifth instar larvae showed that their expression levels were
relatively low in somatic tissues, except for Enhancer of
zeste (E(Z)). In addition, knockdown of each PRC2 com-
ponent, such as E(Z), Extra sex combs (ESC), and Sup-
pressor of zeste 12 (SU(Z)12), considerably decreased the
global levels of H3K27me3 but not of H3K27me2. Taken
together, these results suggest that insect PcG proteins are
highly conserved during evolution and might play similar
roles in embryogenesis.
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Introduction

Polycomb group (PcG) proteins were originally identified
as repressors to regulate Hox gene expression in fruit fly
(D. melanogaster) [1, 2], and are then found to distribute
widely in many other species, including mammals [3] and
plants [4]. To date, PcG proteins have been implicated in
various biological processes, such as the cell cycle pro-
gram, tumorigenesis, chromosome X-inactivation, genomic
imprinting, and so on [5-8].

In general, there are three kinds of mutually cooperative
PcG complexes: Polycomb repressive complex 1 (PRC1),
Polycomb repressive complex 2 (PRC2), and Pleiohomeotic
repressive complex (PhoRC) [9-11]. The proposed model for
a transcriptional repression mechanism by PcG proteins is as
follows: the DNA binding protein presented in Pho-RC
recognizes Polycomb responsive elements (PREs) in the
target genes and then recruits the PRC2 complex to these loci.
The PRC2 complex catalyzes the tri-methylation at lysine 27
of histone 3 (H3K27me3). Subsequently, the PRC1 complex
recognizes H3K27me3 and mediates transcriptional repres-
sion [3, 12]. The detailed repression mechanism might be
more complicated and varied among different species.
Recently, genome-wide identification of PcG target genes in
fruit fly and mammals have provided the global profiles of
PcG binding sites [13—15]. However, how PcG proteins are
recruited to these targets remains largely unknown.

Fruit fly PhoRC core components include Pleiohomeotic
(Pho) and SCM-related gene containing four MBT domains
(Sfmbt) [11, 16]. It is reported that Pho is the only
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sequence-specific DNA-binding protein essential for PcG
targeting and silencing [11]. Yin and Yang 1 (YY1), the
mammalian ortholog of Pho, has also been involved in the
recruitment of PRC2 to the target locus [17], whereas
Sfmbt can interact with Pho and contribute to its binding
[16]. Indeed, genome-wide chromatin immunoprecipitation
(ChIP) assays showed that 50% of regions were co-local-
ized by both Pho and Sfmbt proteins in fruit fly larvae [6].
Fruit fly PRC2 contains three major subunits: enhancer of
zeste (E(z)), Extra sex combs (Esc), and Suppressor of
zeste 12 (Su(z)12) [9]. The PRC2 complex catalyzes the
methylation of H3K27 [18], which is an epigenetic mark
for maintaining the repression state of PcG target genes.
E(z) is a catalytic subunit with the SET domain [9], and the
other two proteins are reported to be essential for its cat-
alytic activity [19]. Biochemically purified fruit fly PRC1 is
composed of Polycomb (Pc), Polyhomeotic (Ph), Sex
combs extra (Sce), and Posterior sex combs (Psc) [10]. The
PRC1 complex can recognize chromatin marked with
H3K27me3 through the CHROMO domain of Pc protein,
and finally results in transcriptional silencing [18]. In
addition, Ringlb, associated with Bmil, both of which are
mammalian orthologs of Sce and Psc, respectively, cata-
lyzes ubiquitination of histone H2A at lysine 119
(H2AK119ub), and this modification is also involved in
transcriptional repression [20, 21].

Mammalian PcG complexes have almost all of the
known fruit fly core orthologs, many of which contain
different paralogs [3]. In contrast, few PcG proteins have
been found in plants. In Arabidopsis, all three PRC2
components exist, while other genes have not yet been
identified [4, 22]. The loss of the plant PcG gene causes
early flowering and mild homeotic transformation pheno-
types in flowers [23]. This implicates the PcG genes in
plants in repressing flowering Hox gene expression.

To extend the investigation of the function of PcG in
other species, we have chosen the silkworm, B. mori,
which possesses a large Hox gene family [24]. Further-
more, the silkworm is known to be a model organism for
Lepidoptera with holocentric chromosomes [25]. Com-
pared with monocentric organisms, holocentric organisms
would have to tolerate chromosome breakage or rear-
rangement, so as to maintain the integrity of their genome.
Therefore, it is worth investigating whether the PcG pro-
teins from holocentric organisms play similar roles in gene
regulation demonstrated in fruit fly and mammals, and also
how this epigenetic state can spread to the daughter cells in
holocentric organisms. In the present study, the molecular
composition of PcG genes in silkworm has been charac-
terized by an in silico silkworm genome search [26] using
fruit fly PcG genes as queries. As a result, 13 PcG genes
were identified, including Sex combs on midleg (SCM),
Polycomb-like (PCL), Enhancer of Polycomb (E(PC)), and
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Additional sex combs (ASX). Meanwhile, we also identified
orthologous genes from Aedes aegypti, Tribolium casta-
neum, and Apis mellifera based on their genome data
[27-29]. To obtain insight into their roles in silkworm
embryonic and postembryonic development, their embry-
onic stage or tissue-specific expression was analyzed by
reverse transcription polymerase chain reaction (RT-PCR)
or the microarray data previously reported by Xia et al.
[30], respectively. Moreover, knockdown of the PRC2
components by RNA interference (RNAi) led to a global
decrease in H3K27me3 but not in H3K27me?2.

Materials and methods
Biological materials

The silkworm strain p50T, stocked in our laboratory, was
reared under the standard condition. To get a full view of
PcG gene expression patterns in the silkworm embryo-
genesis, total RNAs were isolated from silkworm eggs at
the stages indicated and the samples were stored in liquid
nitrogen until use.

The silkworm normal BmN4 cell line (a gift from
Dr. Chisa Aoki, Kyushu University Graduate School) and a
transgenetic BmN4 cell line overexpressing Caenorhabdi-
tis elegans SID-1 (BmN4-SID1) with an ability to uptake
double stranded RNA (dsRNA) into cells [31], were cul-
tured at 27°C in IPL-41 medium (Sigma) supplemented
with 10% fetal bovine serum (FBS) (Gibco).

Identification of the silkworm Polycomb group genes

The reported fruit fly PcG proteins were downloaded from
NCBI (http://www.ncbi.nlm.nih.gov/). We used these
sequences as our queries to perform BLASTP search
against the updated silkworm genome sequence [26] and
identified 13 candidates. These candidate genes were fur-
ther verified by domain prediction using SMART (http://
smart.embl-heidelberg.de/smart/set_mode.cgi) and PRO-
SITE (http://expasy.org/prosite/). The identification for
each gene is listed in Table 1.

Sequence alignment and phylogenetic analysis

To get a comparative analysis among different insect spe-
cies including D. melanogaster, A. aegypti, T. castaneum,
and A. mellifera, the annotated genes in these species were
obtained from NCBI. On the other hand, we also tried to
identify their orthologous genes from the public genome
data. Except for PHO and PCL orthologs in A. aegypti, all
the PcG genes were found in T. castaneum and A. mellifera
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Table 1 Summary of the silkworm PcG genes

PcG  Gene Gene ID Protein length Scaffold ~ Chr. Domain EST Probe Accession no.
(aa) of fruit fly
orthologs
PRC1 BmPC BGIBMGA006904 302 nscaf2860 10 ~ CHROMO 0  swl4515 NP_524199.1
BmPH BGIBMGAO000509/10 1024 nscaf1690 1 ZF_FCS/SAM 8 swl4299 CAA45211.1
BmSCE BGIBMGA006985 377 nscaf2865 17  ZF_RING 14 swl5420 AAF56737.1
BmPSC BGIBMGA006194 1082 nscaf2847 4 ZF_RING 5 sw06581 NP_523725.2
PRC2 BmE(Z) BGIBMGAO014476 732 nscaf2809 UN  SET 4 swl5702 NP_001137932.1
BmESC BGIBMGA006325 411 nscaf2852 6 WD40 5 swl2637 NP_477431.1
BmSU(Z)12 BGIBMGAO011842 746 nscaf3031 11 ZF_C2H2 1 sw14823 NP_652059.1
PRP  BmPHO BGIBMGAO011178/9 388 nscaf3026 23  ZF_C2H2 0  sw08208 AAMI18016.1
BmSFMBT BGIBMGAO010551 709 nscaf2993 12 MBT/SAM 3 sw00111 NP_723786.1
BmSCM BGIBMGAO011089 641 nscaf3015 23  ZF_FCS/MBT/SAM 1 swi13820 AAF54419.2
BmPCL BGIBMGAO007840 779 nscaf2888 15  ZF_PHD 3 sw00723 NP_476672.1
BmE(PC) BGIBMGA009662/3 1043 nscaf2964 2 NO 0  sw02453 AAC64271.1
BmASX BGIBMGA006166 994 nscaf2847 4 NO 5 sw07964 NP_725398.1

as well as B. mori. The accession numbers are presented in
Table S1. Sequences were aligned using ClustalX [32]. The
identity of amino acid sequence for each protein was
determined using Vector NTI Advance 11 (Invitrogen).
Neighbor-joining (NJ) trees were constructed by MEGA 4
under 1,000 replicates [33].

Embryonic transcript analysis

Total RNAs isolated from the silkworm embryos were
subjected to reverse transcription using the ReveTra Ace
cDNA synthesis kit according to manufacturer’s instruc-
tions (TOYOBO). The silkworm glyceraldehyde-3-phos-
phate dehydrogenase (BmGAPDH) gene was used as an
internal control. Gene-specific primers for PcG genes are
listed in Table S2. 10 pl of amplified products were sepa-
rated by electrophoresis on 1% agarose gel and stained
with ethidium bromide. All the cDNAs amplified were
further cloned into pLits vector and their nucleotide
sequences were confirmed by DNA sequencing.

Larvae tissues microarray analysis

By using the genome-wide microarray data with 22,987
70-mer probes, transcriptional levels of PcG genes were
analyzed in ten silkworm tissues, such as ovary, testis, head,
integument, anterior/median silk gland (A/MSG), posterior
silk gland (PSG), midgut, fat body, malpighian tubule, and
hemocyte from day 3 of the fifth instar larvae. The micro-
array data was downloaded from the website (http://
silkworm.swu.edu.cn/silkdb/). According to the previous
standard [30], the signal intensity of one gene exceeded a
value of 400 signal intensity units after subtracting the
background was considered to express in tissue. The probes

for each PcG gene used in this research are shown in Table 1.
The signal intensity values were analyzed by Cluster soft-
ware and visualized using Java TreeView program [34].

RNA interference

Double stranded RNAs specific for BmE(Z), BmESC and
BmSU(Z)12 were produced as follows: DNA fragments for
each gene were amplified from total RNA of the silkworm
BmN4 cells by RT-PCR using the primers in Table S2 and
cloned into a Stul site of pLits vector to be possessed T7
RNA polymerase promoters in both terminuses after
inserting the target cDNAs. After cloning and sequencing,
these plasmids were used as templates to amplify the cDNAs
by a T7 promoter primer (Table S2). The PCR products were
purified and then the dsRNAs were synthesized in the
reaction solution according to our previous study [35].
Meanwhile, the dsRNA for enhanced green fluorescent
protein (EGFP) gene was also synthesized using the same
procedure and used as a control in this study. All the dSRNAs
were quantified by NanoDrop (Thermo Scientific).

For RNAi experiment, the BmN4-SID1 cells were pre-
viously cultured in 24-well or 6-well plates at a cell density
of 0.5 x 10° or 2.0 x 105, respectively, in IPL-41 medium
with 10% FBS. Each dsRNA for EGFP, BmE(Z), BnESC
and BmSU(Z)I2 was added to the medium with a final
concentration of 0.5 pg/ml. Seven days after incubation
with dsRNAs, the cells were harvested to extract RNA and
histone proteins.

Histone purification

Histones of cells were purified using the high-salt extrac-
tion method as previously described [36]. Briefly, cells
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were lysed in extraction buffer (10 mM HEPES pH 7.9,
10 mM KCl, 1.5 mM MgCl,, 0.34 M sucrose, 10% glyc-
erol) in the presence of protease inhibitor, phosphatase
inhibitor, histone deacetylase inhibitor and 0.2% NP40 for
10 min on ice. After centrifugation at 6,500x g for 5 min,
the pellets were resuspended in extraction buffer (without
NP-40 but containing other inhibitors) and centrifuged at
6,500x g for 5 min. The nuclei pellets resuspended in no-
salt buffer (3 mM EDTA, 0.2 mM EGTA) were incubated
on rotator at 4°C for 30 min. Removing the supernatant by
centrifugation at 6,500x g for 5 min and the pellets con-
taining histones were further dissolved in high-salt buffer
(50 mM Tris—Cl pH 8.0, 2.5 M NaCl, 0.05% NP40). After
incubation on rotator at 4°C for 30 min and centrifugation
at 16,000x g for 10 min, the supernatant was recovered as
histone solution and used for Western blotting.

Western blotting

Purified histones were resolved on a 15% SDS-PAGE and
transferred onto polyvinylidene difluoride (PVDF) mem-
brane (Millipore). The membranes were blocked in 5%
skim milk for 1 h and incubated in a primary antibody
against H3 (HO164, Sigma), H3K27me?2 (07-452, Upstate),
H3K27me3 (17-622, Upstate), H3K27mel (39377, Active
motif), or H3K27ac (39133, Active motif) for 1 h. After
washing, the membranes were incubated with rabbit anti-
mouse IgG conjugated with alkaline phosphatase (Sigma)
as a secondary antibody and visualized using CDP-Star
chemiluminescent substrate (Tropix).

Immunofluorescence staining

Cultured silkworm cells were fixed with 3.7% formalde-
hyde in phosphate buffered saline (PBS) for 10 min and
permeabilized with 0.1% Triton X-100 in PBS for 5 min.
The fixed cells were blocked in 5% skim milk for 1 h
and incubated with primary antibodies against H3K27me3
or H3K27me2 for 1 h. After extensive wash, the cells
were incubated with a Cy3-conjugated goat anti-rabbit IgG
(GE Healthcare) for 1 h, and the nuclei were stained by
4/, 6-diamidino-2-phenylindole (DAPI) (Invitrogen) for
10 min. The cells were washed and mounted with DABCO
(Sigma). Images were acquired using Biozero BZ-8000
microscope (KEYENCE).

Results
Identification of Polycomb group orthologs in silkworm

To identify silkworm PcG genes, we referred to fruit fly
PcG protein sequences and performed BLASTP analysis
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against the silkworm genome database [26], and finally
identified 13 candidates. These genes were further analyzed
by comparing the functional domains conserved in the
known PcG genes. Based on the results, these genes were
classified into three groups, as were the fruit fly PcG
complexes. Core components of PRC1 and PRC2 bio-
chemically purified in fruit fly were also presented in
silkworm and named silkworm PRC1 and PRC2. In a very
early report, Scm was considered a component of PRCI1
[10]. Recent evidence, however, indicates that it should
form a new complex [37, 38]. Therefore, we have grouped
this protein together with Pho, Sfmbt, Pcl, E(Pc), and Asx
into Polycomb-related proteins (PRP).

Genomic information on all the silkworm PcG genes is
summarized in Table 1, and the predicted domain architec-
ture for each protein is shown in Fig. 1 (the detail is as fol-
lows). Importantly, in this study we have revised some
predicted silkworm PcG genes, such as BmPH, BmPHO, and
BmE(PC). The predicted genes registered in the public
database lack some structural domains compared with other
insect orthologs. To identify the correct nucleotide sequences
of these genes, we rescanned the genome sequence and reas-
sembled them. As shown in Table 1, BmPH, BmPHO,
and BmE(PC) should be composed of BGIBMGAO000509 and
BGIBMGAO000510, BGIBMGAO11178 and BGIBMG
A011179, and BGIBMGA009662 and BGIBMGA009663,
respectively. To confirm this prediction, we designed the
primers spanning these reassembled genes, amplified specific
fragments, and determined their DNA sequences.

Unlike the genes listed above, we could not find the
homologs of Suppressor of zeste 2 (SU(Z)2), Extra sex
combs-like (ESCL), and Pleiohomeotic-like (PHOL) in the
silkworm genome.

Comparative analysis of insect Polycomb group genes
Polycomb repressive complex 1: Pc, Ph, Sce, and Psc

Pc protein contains a CHROMO domain that can recog-
nize H3K27me3 and is essential for maintaining the
silencing state of Hox genes during development [2, 18].
As shown in Fig. 2a, Pc amino acid sequences from dif-
ferent insect species have high sequence similarity,
especially in the CHROMO domain. Three 8 sheets and
one o helix are presented in this domain based on the
previous crystallographic analysis [39, 40]. Also, the
insect Pc proteins share three conserved caging aromatic
residues that interact with H3K27me3 except for a small
difference at the first residue: the Phe residue in silkworm
is identical to that in mammals [41]. Moreover, the
phylogeny of insect PC genes reveals a corresponding
relationship with the classical taxonomic divergence of
these insect species [42].
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Fig. 1 Domain prediction for
each silkworm PcG protein. The
structures presented in silkworm
PcG proteins are consistent with
fruit fly orthologs

BmPc
BmPh
BmSce
BmPsc
BmE(z)
BmEsc
BmSu(z)12
BmPho

BmSfmbt

BmScm II

BmPcl

BmE(Pc)

BmAsx

Ph can interact with Pc and Scm (another SAM protein
in PcG complexes) by its SAM domain [43]. As shown in
Fig. 2b, five insects each have a conserved SAM domain,
with each domain consisting of five o helixes [44]. In
addition to the SAM domain, Ph contains a ZF_FCS
domain (Fig. 1), and this domain presented in sop-2, a
C. elegans PcG protein, is shown to have a binding ability
to RNA; similar RNA binding activity is confirmed in
mouse Ph homolog Rae28 [45].

The identical C3HC4-type ZF_RING domains found in
insect Sce proteins suggest that their conserved functions
are probably involved in protein—protein interactions
(Fig. 2¢) [46].

Similar to Sce, Psc proteins from different insects con-
tain a C3HC4-type ZF_RING domain with high identity
(Fig. 2d). As mentioned above, mammalian Sce and Psc
orthologs are involved in H2AK119ub.

Polycomb repressive complex 2: E(z), Esc, and Su(z)12

The conserved SET domain of E(z) provides histone
methyltransferase (HMTase) activity for H3K27. Based on
the structure resolved in the plant SET domain by crys-
tallization [47], the secondary structures of insect SET
domains are predicted to contain twelve [ sheets and seven
amino acid residues necessary for binding to the lysine
substrate (Fig. 3a).

1]

ZF_RING

I MBT

SET

. WD40
. ZF_PHD
l ZF_C2H2

100 aa

Esc has important roles in the propagation of Hox gene
silencing by forming a complex with E(z) through its WD
repeats [48]. Structural analysis shows five WD40 repeats
in insect Esc proteins (Fig. 3b). Amino acid sequence
alignments of these domains exhibit that the third and
fourth WD40 repeats have higher identities than the others.

As shown in Fig. 3c, insect Su(z)12 proteins contain a
classical ZF_C2H?2 structure that is involved in the regu-
lation of gene expression [46]. The two repeats of Cys and
His residues are conserved in these insects.

Polycomb-related proteins: Pho, Sfmbt, Scm, Pcl,
E(Pc), and Asx

In fruit fly, PcG complex-mediated silencing is carried out
by multiple DNA sequences that are called PREs. The
exceptional DNA binding ability of Pho is believed to be
crucial for the recognition and recruitment of PcG com-
plexes to the majority of target genes [11, 49]. The struc-
ture of Pho includes four ZF_C2H2 domains likely serving
as a platform for interacting with specific DNA sequences.
All insect Pho proteins studied here have displayed highly
conserved structures, especially in the second and third
ZF_C2H2 domains, which share 100% identities (Fig. 4a).

Interaction between Sfmbt and Pho provides a bridge
between the PREs and PRC complexes [16]. Further
structure analysis revealed that the Sfmbt contains four
MBT repeats and one SAM domain (Fig. 4b). The four
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Fig. 2 Sequence alignment and phylogenetic relationship of insect
PRC1 complex. The percentage identities at each amino acid position
of insect Pc (a), Ph (b) Sce (¢) and Psc (d) were columned and a
corresponding NJ tree for each gene was constructed using the full-
length alignment. The numbers on the branches indicated bootstrap
confidence values for 1,000 replications (100% was not shown). The
conserved domains in each protein were further analyzed. The
asterisks above the CHROMO domain of Pc represented the caging

MBT repeats from five insect species share 67, 73, 61, and
67% identities and 78, 87, 73, and 77% similarities,
respectively.
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aromatic residues that were involved in the binding with histone
methyl-lysine and the typical residues of C3HC4 structures in Sce and
Psc were presented above the sequence alignment by solid circle.
Secondary structure elements were illustrated under the sequence
alignment of CHROMO and SAM domains. Bmor, Dmel, Aaeg, Tcas,
and Amel represented B. mori, D. melanogaster, A. aegypti, T. cas-
taneum, and A. mellifera respectively

Scm comprises multiple functional domains, such as two
ZF_FCS, two MBT, and one SAM domains (Figs. 2, 4c).
These conserved domains presented in Scm suggest the
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Fig. 3 Sequence alignment and phylogenetic relationship of insect
PRC2 complex. The percentage identities and NJ trees of insect
E(z) (a), Esc (b) and Su(z)12 (¢) were shown. The SET domain of
E(z) displayed the predicated twelve f§ sheets and binding sites with

HESE{\GRIZSFAAINe/LIdeAVaRAYF S
DLK SSPLLAHAG [RGVIRV)NS]

800

histone lysine (open circle) under and above sequence alignment
respectively. Black arrowhead above the sequence of Su(z)12
represented the residues of C2H2 structure
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«Fig. 4 Sequence alignment and phylogenetic relationship of insect
PRP group. The percentage identities and NJ trees of insect Pho (a),
Stmbt (b), Scm (¢), Pcl (d), E(Pc) (e) and Asx (f) were shown. Black
arrowhead and solid circle above the sequences of Pho and Pcl
represented C2H2 residues and C4HC3 residues, respectively. Pair
comparisons among MBT domains from five insects were shown in
percent identity/similarity. E(Pc)-A and E(Pc)-B regions in E(Pc) were
also compared except for E(Pc)-C region due to its low similarity

various and important roles in PcG-mediated repression in
insect species.

Pcl can interact with the PRC2 complex and enhance its
HMTase activity. The lack of Pcl, to some extent, reduces the
levels of H3K27me3 [50]. However, the ZF_PHD domains
of insect Pcl proteins are moderately conserved (Fig. 4d).

To date, the function of E(Pc) is not clear. A comparison
of amino acid sequences reveals the conserved N-terminus
of insect E(Pc) proteins but not any known domain struc-
tures. Previous studies for fruit fly E(Pc), however, have
defined three conserved regions, called E(Pc)-A, E(Pc)-B,
and E(Pc)-C [51], as shown in Fig. 4e. Except for the
E(Pc)-A region with higher identities, the other two regions
are diverse, especially in the small E(Pc)-C region.

Fruit fly Asx is reported to form a complex named
Polycomb repressive deubiquitinase (PR-DUB) with
calypso protein at PcG target genes [52]. Although there
are no known functional domains in Asx (Fig. 4f), it
exhibits a very high sequence similarity in their N-terminus
among different species.

Developmental expression profiles of Polycomb
group mRNAs

PcG proteins have been identified primordially as a group of
regulators for Hox gene expression, which is required for the
correct initiation of segmental determination during early
embryonic development in fruit fly [1, 2]. To observe the
expression patterns of silkworm PcG genes during
embryogenesis, total RNA at each time point indicated in
Fig. 5 was used as a template for RT-PCR. As shown in
Fig. 5, PcG gene expressions were detected throughout the
embryonic stage, which likely suggested their function in the
development of silkworm embryos. Significantly, almost all
these genes had a tendency to reduce the expressions at the
end of embryogenesis, just before the hatching, whereas
BmkE(Z) and BmASX had a stable expression level.
Furthermore, silkworm microarray data available from
the public database allowed us to analyze the tissue-specific
expression profiles of PcG genes [30]. The oligonucleotide
probes representing the entire silkworm PcG genes are listed
in Table 1, and a heat map is created based on signal
intensity (Fig. 6). Overall, the expression levels of PcG
genes were relatively low in various tissues on day 3 of the
fifth instar larvae. However, it was interesting that BmE(Z)
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Fig. 5 Developmental expression patterns of silkworm PcG genes
during embryogenesis. RT-PCR was performed to detect the expres-
sion patterns of PcG genes using specific primers and BmGAPDH
gene was used as internal control at each time point

BmPC
BmPH
BmSCE
BmPSC
BmE(Z)
BmESC
BmSU(Z)12
BmPHO
BmSFMBT
BmSCM
BmE(PC)
BmPCL
BmASX

<400 400~800 800~12001200~1600 =1600

Fig. 6 Multiple organic expression patterns of silkworm PcG genes
on day 3 of the fifth instar larvae. The signal intensities representing
the expression levels were shown by different color grades
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Fig. 7 Knockdown of the

PRC2 components affected the A
methylation profiles of H3K27.

a RT-PCR analysis of PRC2
knockdown and control cells.

dsEGFP
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dsSU(Z)12
dsEGFP
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for normalization in the semi- BmE(Z) anti-H3K27me3 - -
quantitative RT-PCR. . “
b Western blotting analysis of
histones purified from the BmESC anti-H3K27me2 |
knockdown and control cells
with antibodies specific for
H3K27me3, H3K27me2, BmSU(Z)12 . ——
H3K27mel, and H3K27ac. @ anti-H3K27me1 ‘ --
Antibody against H3 was used
as a loading control. BmGAPDH e G b ro— . . —
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immunofluorescence staining nti-H3
with H3K27me3 antibody and A
the nuclei were counterstained
with DAPI c H3K27me3 DAPI Merge
- -- -
o - - -
o - - -
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was highly expressed in all the tissues. Moreover, BmSCE
and BmESC exhibited higher expression in reproductive
organs, the ovary and testis, than the other tissues examined.

Knockdown of the PRC2 components affecting
the methylation profiles of H3K27

We now analyze whether the silkworm PRC2 components
can catalyze the methylation on the H3K27 site. To do this,
we performed the knockdown of BmE(Z), BmESC, and
BmSU(Z)12 by specific dsSRNA for each gene to study their
effects on the methylation patterns of H3K27 in the silkworm
BmN4-SID1 cells. As demonstrated in Fig. 7, the transcripts
of BmE(Z), BmESC, and BmSU(Z)12 mRNAs were drasti-
cally reduced after RNAi induction (Fig. 7a). To evaluate

@ Springer

their effects on the methylation of H3K27 in vivo, histones
purified from the PRC2 knockdown cells were subjected to
Western blot analysis using the modification-specific anti-
bodies against H3K27me3, H3K27me2, H3K27mel, and
H3K27ac. Knockdown of BmE(Z) significantly decreased
H3K27me3, whereas no changes were observed in
H3K27me?2 compared to the control (Fig. 7b). Interestingly,
the H3K27mel was greatly increased in the knockdown
cells. Meanwhile, we also detected the acetylation of H3K27,
it was unchanged. Also, we obtained the same results by the
knockdown of the other two components, BmESC and
BmSU(Z)12. In agreement with the results of Western blot
analysis, immunofluorescence staining showed that
H3K27me3 signals were decreased in knockdown cells
(Fig. 7c¢).
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H3K27me3 maintenance through mitosis

Transcription repression mediated by PcG complexes is
associated with the methylation of H3K27 on the loci of
target genes, and H3K27me3 is also a mark for facultative
heterochromatin [53, 54], which is involved in the changes
in chromatin structure and compaction. Although
H3K27me3 has been reported to localize mainly on the
pericentric heterochromatin at interphase and mitosis in
mammalian cells [55], to our knowledge this methylation
state has not been analyzed definitely during different
phases of mitosis in holocentric organisms. To examine
whether H3K27me3 is maintained through the mitotic
stage, we performed immunostaining using a specific
antibody for H3K27me3 in the silkworm BmN4 cells and
observed the modification profile in different cell phases,
including prophase, metaphase, anaphase, and telophase.
As shown in Fig. 8, H3K27me3 appeared across the
mitotic chromatin, although only a very weak signal was
observed in metaphase and anaphase. Presumably, the
highly condensed chromatin in these phases prevents the
access by the antibody, resulting in a weaker signal than
other phases. To test this hypothesis, we performed the
knockdown of the BmCDC27 gene, a homolog that is
essential for the metaphase to anaphase transition [56].
Western blot analysis using the H3K27me3 antibody

Prophase

Metaphase

Anaphase

Telophase

Fig. 8 H3K27me3 pattern on chromatin during mitosis. Immunoflu-
orescence staining of mitotic chromatin in the silkworm BmN4 cells
was performed by using the H3K27me3 antibody and the nuclei were
counterstained with DAPI

revealed no difference between the metaphase-arrested
cells and control cells (data not shown).

Discussion

PcG complexes have been implicated as important chro-
matin modifiers, the functions of which have extended their
initial identification as regulators for homeotic transfor-
mation. Owing to their conserved evolution among various
organisms, a large number of species are subjected to tar-
gets in order to study the regulatory mechanism of PcG
complexes. In this study, we identified the PcG genes from
the Lepidopteran model insect silkworm. In our analysis,
13 PcG orthologous genes were found in the silkworm
genome and divided into three groups: PRC1, PRC2, and
PRP. However, the homologs of three fruit fly genes—
SU(Z)2, ESCL, and PHOL—were not identified in silk-
worm. Also, three other insects—A. aegypti, T. castaneum,
and A. mellifera—have no apparent homologs of these
three genes, except for the SU(Z)2 homolog in A. aegypti
[57]. Previous studies reveal that Su(z)2, Escl, and Phol
have roles similar to those of Psc, Esc, and Pho, respec-
tively, and suggest the redundant functions of these genes
in fruit fly [57-61]. Further, a comparative analysis of PcG
proteins from five insect species showed that these PcG
proteins occupied structurally identical domains. It is
noteworthy that PcG proteins have various and important
domains, such as CHROMO, MBT, SET, SAM, ZF, and so
on, that have been reported to be involved in protein—
protein, protein—-DNA, and protein-RNA interactions. A
large variety of structures found in PcG proteins would
assign PcG complexes to execute multiple functions during
development.

In fruit fly, PcG complexes have crucial roles in early
embryogenesis [1, 2]. Similarly, silkworm PcG genes were
widely expressed during the entire embryonic period, and
the transcripts were reduced to low levels along with the
accomplishment of embryogenesis. Importantly, before the
shortening stage (around day 4 in this study), a key stage
for segmental determination, PcG genes have reached high
and stable expression levels, which indicated a regulatory
role of PcG in this process. The further experiments,
however, need to uncover the relationship between PcG
regulation and segmental determination. After organ gen-
eration was complete (day 7), the transcripts began to
decrease. These expression patterns were comparable to
those of fruit fly. Moreover, we analyzed the expression
profiles in postembryonic development based on micro-
array data. Although the majority of PcG genes gave weak
expression signals, BmE(Z) had high expression levels in
all tissues tested. Other than its catalytic activity on the
methylation of H3K27, BmE(z) might have other unknown
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functions, that needs further study. In addition, BnSCE and
BmESC were more highly expressed in reproductive organs
than in other tissues, likely suggesting that they play
important roles in the development or maturation of these
organs.

We further explored the function of PcG genes in silk-
worm by using RNAi. Down-regulation of the three com-
ponents of the PRC2 complex greatly decreased the global
levels of H3K27me3, but not of H3K27me?2, and increased
H3K27mel levels, consistent with a previous report, in
which the SU(Z)12 gene was knocked down [62], revealing
that the silkworm PRC2 complex contributed to the tri-
methylation of the H3K27 site as it does in mammals.
However, key questions remain to be answered: how does
the PRC2 complex catalyze the tri-methylation of H3K27,
or what substrates are required for PRC2 activity? A recent
report shows different H3K27 marks at the same target
locus from various cell lines with different transcription
levels, implying that the H3K27 modifications have dis-
tinctive correlations with the chromatin state [63]. That
study also led to the speculation that H3K27me3 is estab-
lished predominantly at repressed genes in inactive loci or
domains, while H3K27me?2 is established at inactive genes
in potentially active loci. Thus our data, together with these
studies, suggest that, at least on global levels, the silkworm
PRC2 complex is involved in the establishment of the
H3K27me3 state to form an inactive locus. Potentially,
H3K27mel may be a substrate for the PRC2 complex
because of the significant increase in H3K27mel after the
knockdown of the PRC2 components.

Taken together, in the present study, we have identified
13 PcG orthologs in silkworm and characterized their
expression profiles and functions. Our data also suggests a
conserved mechanism involved by PcG complexes
between holocentric organisms and monocentric organ-
isms. These results will provide fundamental knowledge
useful for further investigations of PcG functions in
silkworm.
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