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ARTICLE INFO ABSTRACT

Keywords: The Masculinizer (Masc) gene encodes a novel lepidopteran-specific protein that controls both masculinization
Bombyx mori and dosage compensation in the silkworm Bombyx mori. The Masc protein possesses two CCCH-type zinc finger
CRISPR/Cas9

domains (ZFs), a nuclear localization signal, and an 11-amino-acid region that is highly conserved among le-
pidopteran insects. Using a cell-based assay system, we revealed that two cysteine residues localized in the
conserved region, but not ZFs, are required for masculinization. In addition, nuclear localization of the Masc
protein is not associated with masculinizing activity. Because dosage compensation is considered to occur in the
nucleus, we inferred that the two ZFs play a role in the establishment of dosage compensation. To investigate this
hypothesis at the organism level, we utilized the CRISPR/Cas9 system and established three B. mori strains
whose Masc is partially deleted at different regions. The strain lacking the 210 C-terminal amino acids of the
Masc protein showed male-specific embryonic lethality due to its low abundance and/or instability. The male
embryos of this strain expressed the female-type splice variants of B. mori doublesex and did not express the male-
type mRNA of B. mori IGF-II mRNA-binding protein. Furthermore, mRNA levels of Z-linked genes were abnormally
enhanced only in male embryos. In contrast, the strain lacking both ZFs grew normally and did not show any
defective phenotypes including sexual differentiation and the expression of Z-linked genes, demonstrating that
the two CCCH-type ZFs, which are conserved in lepidopteran Masc homologs, are dispensable for masculini-
zation and dosage compensation.

Dosage compensation
Sex determination
Zinc finger domains

1. Introduction

The female heterogamety system is observed in a diverse range of
animals including butterflies and moths. In the silkworm Bombyx mori,
females have WZ sex chromosomes, whereas males have two Z sex
chromosomes (Tanaka, 1916). Genetic studies using mutant B. mori
strains have revealed that one copy of the W chromosome is sufficient
for determining B. mori femaleness, regardless of the copy number of
the Z chromosome (Hasimoto, 1933), indicating that the W chromo-
some encodes a dominant feminizing gene (Feminizer, Fem). In 2014, we
adopted an approach based on RNA-sequencing (RNA-seq) of male and
female embryonic RNAs and succeeded in identifying a feminizing
factor, Fem (Kiuchi et al., 2014). Fem RNA is transcribed from the W
chromosome and produces female-specific PIWI-interacting RNA

(piRNA). We also found that Fem piRNA forms a complex with Siwi, one
of the B. mori PIWI proteins, and that this complex targets a protein-
coding mRNA expressed from the Z chromosome. Embryonic knock-
down of this Z-linked gene resulted in feminization of male embryos,
indicating that this gene encodes a masculinizing factor, and we thus
named it Masculinizer (Masc). We and Xu et al. elucidated the mascu-
linizing activity in vivo by overexpression and CRISPR/Cas9-mediated
somatic mutation of the Masc gene using transgenic silkworms, re-
spectively (Sakai et al., 2016; Xu et al., 2017). Furthermore, we also
revealed that embryonic knockdown of Masc mRNA resulted in male-
specific death, which was caused by a failure of dosage compensation
(Kiuchi et al., 2014). These findings indicate that the Masc protein
controls not only masculinization but also dosage compensation in B.
mori.

Abbreviations: Masc, Masculinizer; ZFs, zinc finger domains; Fem, Feminizer; RNA-seq, RNA-sequencing; piRNA, PIWI-interacting RNA; Bmdsx, B. mori doublesex;
BmIMP, B. mori IGF-II mRNA-binding protein; EGFP, enhanced green fluorescent protein; NLS, nuclear localization signal; sgRNA, synthetic guide RNA; T7ENI, T7
endonuclease I; Masc-R, Fem piRNA-resistant Masc; M1, NIAS-Bm-M1; HotSHOT, hot sodium hydroxide and tris; RT-qPCR, quantitative reverse transcription-PCR
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Masc is a CCCH-tandem zinc finger (ZF) protein that is conserved
among lepidopteran insects (Kiuchi et al., 2014). To identify the regions
required for the masculinizing activity of the B. mori Masc protein, we
established a transient assay system using the B. mori BmN-4 cell line
(Katsuma et al., 2015). As BmN-4 is derived from B. mori ovary, the
splicing pattern of B. mori doublesex (Bmdsx), a gene that acts at the end
of the sex differentiation cascade, is the female type (Bmdsx®) (Suzuki
et al., 2003, 2005). We found that transfection of Masc cDNA into BmN-
4 cells resulted in production of the male-type splice variant of Bmdsx
(Bmdsx™) (Kiuchi et al., 2014). Moreover, Masc overexpression in BmN-
4 cells induces transcriptional increase in the male-type mRNA of B.
mori IGF-II mRNA-binding protein (BmIMPM) (Fukui et al., 2015;
Katsuma et al., 2015; Lee et al., 2015), the product of which plays a role
in the male-specific splicing of Bmdsx (Suzuki et al., 2010). Using this
artificial system, we successfully identified the regions and amino acid
residues required for the masculinizing activity of the Masc protein; two
cysteines at residues 301 and 304, both of which are completely con-
served among lepidopteran Masc homologs, are required for the mas-
culinizing activity (Katsuma et al., 2015). On the other hand, deletion
of two ZFs did not affect the mRNA levels of Bmdsx" and BnIMP"; thus,
the role of the CCCH ZFs in Masc functions remains unclear.

Dosage compensation is generally considered to occur in the nu-
cleus, so the Masc protein should function there. Using a series of Masc
derivatives fused to enhanced green fluorescent protein (EGFP), we
showed that Masc exhibits distinct nuclear localization and that there is
a strong determinant of this localization between residues 200 and 300
of the Masc protein (Sugano et al., 2016). Further experiments identi-
fied a bipartite nuclear localization signal (NLS) that is located between
residues 274 and 290 (Sugano et al., 2016). Intriguingly, a Masc deri-
vative that is localized in the cytoplasm also induced the expression of
both Bmdsx™ and BmIMP", showing that nuclear localization of the
Masc protein is not required for its masculinizing activity (Sugano et al.,
2016). Considering the fact that some CCCH-tandem ZF-containing
proteins play biological roles by binding nucleic acids via their ZFs
(Blackshear and Perera, 2014; Brooks and Blackshear, 2013; Pomeranz
et al., 2010), it is likely that the Masc ZFs bind genomic DNA or RNA in
the nucleus to establish dosage compensation in B. mori males.

As B. mori cultured cell lines possess abnormal numbers of chro-
mosomes (Imanishi and Ohtsuki, 1988), it is quite challenging to es-
tablish a cell-based assay system for evaluating the gene dosage effects.
To overcome this issue, it is necessary to establish an organism-based in
vivo assay system for dosage compensation. Recently, the CRISPR/Cas9
system has been applied to gene knockout studies on insects including
B. mori (Wang et al., 2013; Daimon et al., 2014; Ma et al., 2014; Wei
et al., 2014). In this study, we generated several Masc mutant B. mori
strains by the CRISPR/Cas9 system and characterized their phenotypes
in detail. The results clearly showed that deletion of the 210 C-terminal
amino acids caused distinct defects in both dosage compensation and
sexual differentiation, whereas, unexpectedly, two ZFs are dispensable
for both functions.

2. Materials and methods
2.1. Silkworm strains

The non-diapause strain N4 maintained in our laboratory was used
in this study. All larvae were fed with fresh mulberry leaves or artificial
diet SilkMate (NOSAN) under a continuous cycle of 12 h light and 12 h
darkness at 25 °C. The mutant strain AC210 was maintained by crossing
between a mutant female (—/W) and a male carrying heterozygous
mutation (—/+) because the homozygous mutation (—/—) was em-
bryonic lethal in males (Fig. 4A, B, E).

2.2. CRISPR/Cas9-mediated mutagenesis

We prepared synthetic guide RNAs (sgRNAs) and Cas9 mRNA
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according to a method reported previously (Bassett et al., 2013). Spe-
cific sgRNA target sequences were searched using ZiFiT Targeter
(Sander et al., 2010; Hwang et al., 2013). Primers used for sgRNA
transcription in vitro are listed in Supplemental Table S1. The plasmid
MLM3613 (Addgene) was used for Cas9 mRNA synthesis in vitro. A
mixture of sgRNA (0.5 pug) and Cas9 mRNA (10 pg) in a 30 ul volume of
RNase-free water with 1.5 pl of 3 M sodium acetate (pH 5.2) was added
into 90 ul of ethanol and centrifuged for RNA precipitation. The pel-
leted RNA was washed twice with 70% ethanol and resuspended in
11 pl of the injection buffer (100 mM KOAc, 2 mM Mg(OAc),, 30 mM
HEPES-KOH; pH 7.4). The RNA solution was injected into each egg
within 2-3h after oviposition (Yamaguchi et al., 2011). The injected
embryos were incubated at 25°C in a humidified Petri dish until
hatching. Injected individuals were crossed with non-injected in-
dividuals to obtain G; broods. We screened them by T7 endonuclease I
(T7ENI) assay (for detail, see below) and identified G; broods in which
mutant alleles were transmitted from Go. We maintained the screened
broods and established the mutant line according to the mating scheme
reported by Daimon et al. (2014).

2.3. Expression MascR-EGFP fusion protein in cultured cells

The Fem piRNA-resistant Masc (Masc-R)-EGFP expression plasmid
was constructed as reported previously (Sugano et al., 2016). Plasmid
mutagenesis was performed using a KOD-Plus-Mutagenesis Kit
(TOYOBO) with the primers listed in Supplemental Table S1. To en-
hance the translation level of the Masc protein, 10-bp 5’ untranslated
region was added to the Masc coding sequence. DNA sequences were
verified using an ABI Prism 3100 DNA sequencer (Applied Biosystems).
B. mori embryo-derived NIAS-Bm-M1 (M1) cells (Suzuki et al., 2008)
were cultured at 27 °C in TC-100 medium supplemented with 10% fetal
bovine serum. M1 cells (4 x 10° cells per 35-mm diameter dish) were
transfected with plasmid DNAs (1 pg) using X-tremeGENE HP (Roche).
Three days after transfection, EGFP fluorescence was observed and
captured using Floid Cell Imaging Station (Invitrogen).

2.4. Immunoprecipitation and immunoblotting

Anti-Masc rabbit polyclonal antibody was produced using mixed
synthetic peptides (Pos: 20-36 and 281-300) as antigens (Sigma-
Aldrich). To detect Masc protein in vivo, three pairs of testes were
collected from day 3 fifth instar larvae and homogenized in buffer at-
tached with LysoPure™ Nuclear and Cytoplasmic Extractor Kit (Wako).
Nuclear insoluble fraction was obtained in accordance with the man-
ufacturer's protocol and used for SDS-PAGE, followed by immunoblot-
ting with anti-Masc antibody.

M1 cells transfected with Masc cDNAs were immunoprecipitated
with anti-GFP beads using tMACS GFP Tagged Protein Isolation Kit
(Miltenyi Biotec). Immunoprecipitated proteins were eluted from the
beads under a nondenaturing condition and subjected to SDS-PAGE.
Immunoblotting was performed with anti-GFP polyclonal antibody
(MBL).

2.5. T7ENI cleavage assay

Genomic DNA was extracted using the hot sodium hydroxide and
tris (HotSHOT) method (Truett et al., 2000). PCR was conducted using
TaKaRa Ex Taqg (TaKaRa) under the following conditions: 94 °C for
2min; 40 cycles of 94°C for 30s, 60 °C for 30s, and 72°C for 30s,
followed by 72 °C for 5min. The PCR product was annealed under the
following conditions: 95 °C for 10 min, 85 °C for 1 min, 75 °C for 1 min,
65 °C for 1 min, 55°C for 1 min, 45°C for 1 min, 35 °C for 1 min, and
25°C for 1 min, followed by 4 °C. The annealed PCR products were
cleaved by T7ENI (NEB) at 37 °C for 1 h. The cleavage products were
detected by agarose gel electrophoresis. The primers used for the T7ENI
cleavage assay are listed in Supplemental Table S1.
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+TAGchTTAG AN35
ATGACATCGGCAAAAGTAGCAACGCAGCTCATGAATAACAACAACGCACAAAATGGCCGCCAGCAGCCCATATCGCGACTAACAGCGCCCCCAACGGACC

AN35 AZFs —-AT AN35, AZFs
—» v CCCH ZFs
CTCGAATGAAGATAACCGCGTCATCATCGGAACAAAAAAAGAAACCGAAAGAACTTTGTCGCAACTTCCTCTGGGGAACATGCAGGAACTGAGTG
CCCH ZFs

TATTCACCTTCACAAACTAGACCTAAAAGTTTTGAAAGAAACCGTAAAGTTTTGCCGCGATTTTCAAAACAAAGTTACTTGCAGTAGACCTGTTTGTACA
TTTCTCCATGTTTCTGATGAGGAGCAARAAGCTATTTGAAAAAGAAGGCAAAATACCTCGTTTGCTAGCTGAAAGATACGCAGCTCTAAAAGATTCACCTA
CAGCAAAAATGGTGGTGGAGAAATCTCAAAAAACAGGTTCTATGTTTAACGTTGGAGATTATTTAACAAAACCACCGCCACCGCCACCACCCGTAGCATC
AGTGGCAGGGCCCTCAATACCAGTATCGCATCCATCTTGTTCTTCTCTGCAGTCAATGCTGGCATTACCACCACCACCACCACCTCCTCTTCCTCCACTA
CCGAAGGCTTCACTCCCTCAGCCAACAAAGGCGGTAACAATAACAACAACATCCACAACAGCAGTGGCTTCCACATCAACCCAAAAGTTGACACCAGCAA

AACCAGTTCCAAATACTACAGTGAGTACAACAGGCCTACATATACTAAATCAGCCTCCTCCACCAGGCTTTGATGCAAGTAAACCTCCACCACCATTACC
AZFs —»

TCAGATGAATGGTGCTATAAAACGGCCTGCATTCGATTCTTGCAAAGCTGGACAAAGAAAGATGGCAAAACTGGATGACGCGAATTCTTTAGAAAGCGAC

Conserved cysteines
TGCAATAACTGTGTGCAGAGGGAACTCAGGATTGAACTTTACAAACAAGAAATGAAAGACCTTGAAAAAGAACAAGAAAACAAGT CAAAGATGCTGAAGA

TGAAGATGGTGGAGCATGAGCGTGCAGTTGCAGTGCTGAAAGCAAACATTGACCCTGAATTTTATCAATGGTTCGATGATTACATTGAGGGTGTAACAAC
AC210 +vT
ATCAACAAAAGCTGTCCTGGTAGAGCTATTGAAGCATGTGGTGTCAAAAGGGAAATTAAAAAATTTAAAACTAACACAATCGCAGTATCCATTAGAAGAT
AC210
GCAGTTTTGACTACTTTAAGAAGATCTTCAAATCTAAATGATTCAACAAGATTGCTAAAATTGCTGGGATTGCTAGCTAGTAAAGAAAGAAAAC

CAGAAGCGCGTAATACAGAAATAAATACTGAAATACGAATAAATGCATCGAGCGTTGTGAAAAATACTGCATTGATGAACAGCCCCGTAAATGGTTTTGT

GAATCGACAAAAAGAGGTAACAATTGAAGCTAATCAGAAGAAAATTCCGATTGCTGTTAATAGTAATCACGTGACGACTACGCTCCCGCAAGCAAAAGTA

GCAACTCCTCCTATGCAGCCGAATGGGATAGTGCCATATCAGCTATCGGGAGTATCGTCTGCCAGCCCTTTTTACGGCAGTACCTGTCCACCTGCGACCA

GGATTGCTACAGCTCCCACGCAGTCGACTTCAAAGCAACCGGTGAGAATGAAGATGAACATGCCGAACATGCCAAACATACCAAACATGCATCAAAACGG

ACCCGGTTTTAATTTCCAATATAACATGGTGATGCGGTATCCACAACCACCACCGCCGTTTCAATAG

Fig. 1. CRISPR/Cas9-introduced mutations in the Masc coding sequence. The target sequences of sgRNAs are indicated by underlining. Proto-spacer adjacent motifs
(PAMs) are highlighted in bold. Cleavage sites are shown by arrowheads. The deleted (—) and inserted (+) sequences are shown on the cleavage sites. Predicted
initiation codons in Masc mutant strains are indicated by arrows. Premature stop codons caused by the mutations are highlighted by squares. The blue and green letters
indicate the locations of two CCCH-type zinc finger domains (ZFs) and highly conserved region containing two cysteine residues, respectively. Transcription of each
mutant Masc mRNA was confirmed by cDNA sequencing. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version

of this article.)

2.6. Molecular sexing

Genomic DNA was extracted from an embryo, a newly hatched
larva, and a middle leg of an adult moth using the HotSHOT method.
Genomic DNA was also prepared from a single embryo used in total
RNA extraction using TRIzol reagent (Invitrogen), in accordance with

the manufacturer's protocol. Molecular sexing was carried out by
genomic PCR using KOD FX Neo (TOYOBO) with a W-specific marker,

Musashi, under the following conditions: 94 °C for 2 min; 40 cycles of
98°C for 10s, 52 °C for 30 s, and 68 °C for 1.5 min; followed by 68 °C for
2min (Kiuchi et al., 2014). Molecular sexing was also performed by
quantitative reverse transcription-PCR (RT-qPCR) analysis using a W-

A B \,? Fig. 2. The Masc proteins produced in the mutant
Q\' strains. A, Domain structure of the Masc protein in

CCCH Conserved $ ég’ $ ,\l;) 6\'7 the mutant strains. The hexagons indicate the loca-

ZFs cysteines kDa v Y v tion of two CCCH-type zinc finger domains (ZFs) and

wWT _" (588 aa) 250 » a highly conserved region containing two cysteine
NLS 150 » residues. The nuclear localization signal (NLS) is in-

100 » dicated by a light gray box. Deleted ZFs are shown by

AN35 " (553 aa) 75 » a dashed line. The recognition site of anti-Masc anti-
body in the N-terminus and the extra amino acids in

the C-terminus are shown by black and light gray bars,

AZFs (4522a) 50 respectively. B, Detection of the Masc proteins.
Testicular proteins were separated by SDS-PAGE and

AC210 —"— f (378 +29 aa) 37 » immunoblotted with anti-Masc polyclonal antibody.
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The Masc proteins are indicated by dots. Numbers to
the left indicate the positions of molecular weight
markers (kDa).
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WwT AN35
ELCRNFLWGTCTKGTECTHLHKLDLKVLKETVKFCRDFQNKVTCSRPGCT
FLHVSDEEQKLFEKEGKIPRLLAERYAALKDSPTAKMVVEKSOKTGSMEN
AZFs
VGDYLTKPPPPPPPVASVAGPSIPVSHPSCSSLQSMLALPPPPPPPLPPL
PKAPLPQPTKAVTITTTSTTAVASTSTQKLTPAKPVPNTTVSTTGLHILN
QPPPPGFDASKPPPPLPQMNGATKRPAFDSCKAGQRKMAKLDDANSLESD
CNNCVORELRIELYKQEMKDLEKEQENKSKMLKMKMVEHERAVAVLKANT
DPEFYQWFDDYIEGVTTSTKAVLVELLKHVVSKGKLKNLKLTQSQYPLED
AVLTTLTRRRSSNLNDSTRLLKLLGLLASKERKPEARNTEINTEIRINAS
SVVKNTALMNS PVNGFVNRQKEVTIEANQKKIPIAVNSNHVTTTLPQAKV
ATPPMQPNGIVPYQLSGVSSASPFYGSTCPPATRIATAPTQSTSKQPVRM
KMNMPNMPNIPNMHONGPGFNFQYNMVMRY PQPPPPFQ—-1inker—-EGFP
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Fig. 3. Expression of the N-terminally truncated Masc protein in B. mori cultured cells. A. Amino acid sequence of EGFP-fused Masc-R proteins. Methionine residues
and predicted translation start sites are indicated by red letters and arrows, respectively. The synthetic peptide sequence in the N-terminus is highlighted in gray. Two
CCCH-type zinc finger domains, nuclear localization signal, and highly conserved region containing two cysteine residues are indicated by underlining. The conserved
CCCH residues, essential basic amino acid residues for nuclear localization, and two cysteine residues required for masculinizing activity are shown in bold. B.
Expression of EGFP-fused Masc-R proteins in M1 cells. The wild-type and N-terminally truncated Masc-R proteins fused to EGFP were localized to the nucleus of M1
cells. C. Immunodetection of EGFP-fused Masc-R proteins. EGFP-fused Masc-R proteins were immunoprecipitated (IP) with anti-GFP antibody, and then im-
munoblotted (IB) with the indicated antibodies. The EGFP-fused Masc-R proteins (WT) and their dimers are indicated by dots and asterisks, respectively. The AN35-
and AZF-type Masc-R proteins fused to the EGFP are indicated by a square and triangles, respectively. Numbers to the left indicate the positions of molecular weight
markers (kDa). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Effect of the Masc mutation on hatchability. A, Hatching rate of the Masc
mutant strains. The percentages of hatched and unhatched eggs are indicated
by white and black bars, respectively. The ratio of unfertilized eggs is re-
presented by gray bars. The crossing patterns are indicated in brackets. The raw
data are shown in Table 3. B, An image of unhatched male embryos in the
AC210 strain (—/—). C-D, The dead larva in the egg shell. The arrowhead in-
dicates foreleg and the arrow indicates dorsal hair. E, Genotyping of embryos in
the AC210 strain. The sex of individual embryos was determined by PCR of a W-
chromosome-specific marker and the genotypes shown in brackets were de-
termined by DNA sequencing. The number indicates the sample size.
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specific marker, Fem. The oligonucleotide sequences of W-specific
markers are listed in Supplemental Table S1.

2.7. Genotyping

Genotyping of Masc mutant strains was performed by T7ENI clea-
vage assay or DNA sequencing with BigDye® Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems) and ABI PRISM” 3130xI Genetic
Analyzer (Applied Biosystems). The primers are listed in Supplemental
Table S1.

2.8. RT-PCR

Total RNA was prepared from an embryo using TRIzol reagent in
accordance with the manufacturer's protocol and subjected to reverse
transcription using avian myeloblastosis virus reverse transcriptase
with an oligo-dT primer (TaKaRa). RT-PCR was conducted using KOD
FX Neo under the following conditions: 94 °C for 2 min; 40 cycles of
98°C for 155, 60 °C for 30s, and 68 °C for 30s; followed by 68 °C for
2min. Splicing patterns of Bmdsx were examined by RT-PCR with the
primers listed in Supplemental Table S1. RT-qPCR was performed using
KAPA™ SYBR FAST qPCR kit (KAPA Biosystems) and StepOnePlus™
Real-Time PCR System (Applied Biosystems). The gene-specific primers
are listed in Supplemental Table S1. Masc cDNAs from mutant strains
for DNA sequencing were obtained by RT-PCR using KOD One
(TOYOBO) with the primers listed in Supplemental Table S1 under
following conditions: 40 cycles of 98 °C for 10's, 60 °C for 5, and 68 °C
for 10s.

3. Results
3.1. Establishment of Masc mutant strains by CRISPR/Cas9 system

The Masc gene is located on the Z chromosome and consists of ten
exons and nine introns (Kiuchi et al., 2014). We designed three sg RNAs
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for targeting different positions of the Masc gene (Fig. 1). We injected
them with Cas9 mRNA into newly laid eggs and successfully introduced
an insertion or a deletion into the exons of the Masc gene. All insertions
or deletions caused premature stop codons, resulting in the production
of N- or C-terminally truncated Masc proteins. The predicted structures
of these truncated Masc proteins produced in the three established
mutant strains are shown in Fig. 2A. The AN35 strain had a 10-bp in-
sertion in exon 2 and potentially produced N-terminally truncated Masc
protein. AZFs is a strain lacking both of the two ZFs by a 2-bp deletion
in exon 2. The AC210 strain lacked a large part of the C-terminal region
but retained two conserved cysteine residues required for the mascu-
linizing activity. This mutated Masc protein also contained 29 unrelated
amino acids at the C-terminus.

3.2. Production of truncated Masc proteins in Masc mutant strains

To detect Masc proteins produced in Masc mutant strains, we pro-
duced anti-Masc polyclonal antibody using two synthetic peptides (N-
terminus and a middle part of the Masc sequence) as antigens.
However, the antibody recognized only the N-terminal region of the
Masc protein (Fig. 2B). Although many non-specific bands were de-
tected in all testicular samples, a 64 kDa band was specifically obtained
in wild-type and AC210 (—/+) strains (dots in Fig. 2B). The corre-
sponding band was not detected in AN35 and AZFs strains. The C-
terminally truncated Masc protein was not detected in the male larvae
carrying the heterozygous mutation (—/+) in AC210 strain. To verify
the production of N-terminally truncated Masc protein in AN35 and
AZFs strains, we constructed expression plasmids that express the Masc-
R or AN35- and AZF-type Masc-R proteins fused to the enhanced green
fluorescent protein. The predicted amino acid sequences are shown in
Fig. 3A. In AN35 strain, the N-terminally truncated Masc-R-EGFP pro-
tein is predicted to be translated from the 3rd methionine. On the other
hand, two ZFs are predicted to be lost in AZFs strain by translation from
the 4th methionine. All N-terminally truncated Masc-R-EGFP proteins
were produced and localized to the nucleus of B. mori embryonic cul-
tured cell line, M1 (Fig. 3B). Production of the EGFP-fused, N-termin-
ally truncated Masc proteins in M1 cells was verified by immunoblot-
ting of the immunoprecipitated proteins (Fig. 3C), indicating that the N-
terminally truncated Masc-R-EGFP proteins were also translated in B.
mori cells. The AZF-type Masc-R proteins fused to the EGFP were also
translated in cells transfected with the wild-type and the AN35-type
plasmids (Fig. 3C).

3.3. Sex differentiation of Masc mutant strains

We maintained three Masc mutant strains with fresh mulberry
leaves and sexed individual animals at the pupal stage. No apparent
abnormality was observed in the pupae of all mutant strains. We dis-
tinguished between males and females by looking at the 9th and 8th
abdominal segments of the pupae, respectively, and found that the ratio
of male to female pupae was approximately 50% in all mutant strains,
except for in the AC210 strain (Table 1). When a female moth carrying
the mutation (—/W) was crossed with a male moth carrying the het-
erozygous mutation (—/+) in the AC210 strain, the proportion of male
pupae decreased (Tukey's wholly significant difference test, p < 0.05).
Molecular sexing using a W-chromosome-specific marker revealed that
sex reversal did not occur in any mutant strains (Table 2). Mutant fe-
male progeny (—/W) were normally obtained from the male parents
carrying a heterozygous mutation (—/+) in both the AZFs and AC210
strains (Table 2). We obtained male moths carrying a homozygous
mutation in AN35 and AZFs, but not in AC210, indicating that AC210
(—/-) is lethal in males. No external morphological abnormalities
were observed at the adult stage in all mutant strains (results not
shown).
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Table 1
The sex ratio of the Masc mutant pupae.
Strain No. of female pupae No. of male pupae Total
(%) (%)
WT 31 (48.4) 33 (51.6) 64
47 (54.7) 39 (45.3) 86
59 (50.9) 57 (49.1) 116
AN35 67 (54.9) 55 (45.1) 122
62 (57.9) 45 (42.1) 107
48 (51.1) 46 (48.9) 94
AZFs 45 (48.4) 48 (51.6) 93
58 (48.7) 61 (51.3) 119
44 (46.8) 50 (53.2) 94
AC210 (+/W x —/+) 52(43.7) 67 (56.3) 119
69 (53.1) 61 (46.9) 130
45 (48.9) 47 (51.1) 92
AC210 (—/W X —/+) 64 (66.0) 33 (34.0) 97
62 (63.3) 36 (36.7) 98
60 (65.2) 32 (34.8) 92

3.4. Fertility and hatchability of Masc mutant strains

In AN35 and AZFs strains, female moths mated with male moths
normally and laid enough eggs (approximately 200 eggs/moth,
Table 3). Almost all embryos developed normally and hatched at 10
days postoviposition (Fig. 4A). The male moths carrying the hetero-
zygous mutation (—/+) in AC210 were appreciably attracted to both
the wild type (+/W) and the mutant female moths (—/W) and then
mated with them. Most embryos from the wild-type (+ /W) females
developed normally, while approximately 30% of embryos from the
AC210 (—/W) females died at 1 day before hatching (Fig. 4A and B,
Table 3). We dissected the dead AC210 embryos and observed normally
colored larval bodies with legs and hairs (Fig. 4C and D). Most of the
unhatched embryos were males with the homozygous mutation (—/—)
(Fig. 4E). In addition, we did not find males carrying the homozygous
mutation (—/—) in newly hatched larvae, indicating that AC210
(—/—) is embryonic lethal in males.

3.5. Expression of the sex-determining genes in Masc mutant strains

To examine the effect of the Masc mutation on sexual differentia-
tion, we investigated Bmdsx splicing and BmImp™ expression in mole-
cularly sexed embryos. In most cases, genetically defined sexes were
identical to those of the patterns of Bmdsx splicing and BmImp™ ex-
pression. However, AC210 (—/—) male embryos expressed the female-
type isoform of Bmdsx and did not exhibit BmImp™ expression (Fig. 5A
and B). In both sexes, the Masc mRNA levels in AZFs and AC210 (both
genotypes) embryos were comparable to those in wild-type embryos
(Fig. 5C). In addition, male-biased expression of the Masc gene was also
observed in mutant embryos, suggesting that mutant Masc mRNAs are
normally expressed in terms of the mRNA level and expression pattern.
These results indicate a defect of masculinization in AC210 (—/-)
male embryos.

3.6. Dosage compensation in Masc mutant strains

To investigate whether dosage compensation is normally estab-
lished in mutant strains, we measured the expression levels of Z-linked
genes in wild-type and mutant embryos (Fig. 6). We performed RT-
qPCR experiments of five genes (BGIBMGA002078, BGIBMGA003860,
BGIBMGA000710, BGIBMGA012270, and BGIBMGA000486) that were
selected from various positions of the Z chromosome (Table S1). The
results clearly showed that the expression levels of all examined Z-
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Table 2

Molecular sexing and genotyping of the Masc mutant moths.
Strain Q (e}

+/W* (%) —/W (%) Total +/+ (%) —/+ (%) —/= (%) Total

AN35 (=/W X —/=) 0 6 (100) 6 0 0 6 (100) 6
AZFs (=/W X —/+) 6 (50.0) 6 (50.0) 12 0 6 (50.0) 6 (50.0) 12
AC210 (+/W X —/+) 6 (50.0) 6 (50.0) 12 6 (50) 6 (50.0) 0 12
AC210 (—/W X —/+) 6 (50.0) 6 (50.0) 12 0 12 (100) 0 12

2 The sex of individual moth was determined by PCR of the W-chromosome-specific marker and the genotypes were determined by T7ENI assay or DNA se-

quencing.
Table 3
Hatchability of the Masc mutant strains.
Strain No. of No. of No. of Total
hatched unhatched unfertilized
eggs (%) eggs (%) eggs (%)
WT 158 (90.8) 14 (8.0) 2.1 174
204 (91.9) 14 (6.3) 4 (1.8) 222
196 (94.2) 6 (2.9) 6 (2.9) 208
AN35 177 (95.7) 6 (3.2) 2(1.1) 185
176 (91.2) 5 (2.6) 12 (6.2) 193
183 (929) 8 (4.1) 6 (3.0) 197
AZFs 127 (84.1) 17 (11.3) 7 (4.6) 151
216 (93.1) 6 (2.6) 10 (4.3) 232
185(97.4) 5 (2.6) 0 (0) 190
AC210 (+/W X —/+) 193 (90.6) 14 (6.6) 6 (2.8) 213
212 (90.2) 18(7.7) 5(2.1) 235
139 (92.7) 7 (4.7) 4 (2.7) 150
AC210 (—/W x —=/+) 71 (53.8) 47 (35.6) 14 (10.6) 132
174 (69.3) 68 (27.1) 9 (3.6) 251
98 (52.1) 75 (39.9) 15 (8.0) 188

linked genes were comparable between the wild-type and AZFs strains.
On the other hand, AC210 (—/—) male embryos expressed Z-linked
genes at levels more than twice as high as the wild type. The expression
level of an autosomal gene, BGIBMGA009017, was comparable among
both sexes of all strains. These results clearly showed that dosage
compensation was established in AZFs (—/—) males, but not in AC210
(—/-) males.

4. Discussion
4.1. In vivo characterization of mutant Masc proteins

The Masc protein has been shown to play essential roles in mascu-
linization and dosage compensation in B. mori, but it is largely un-
known how this protein functions separately in each context. In cell-
based assays using B. mori cultured cells, we have revealed that two
conserved cysteine residues (Cys-301 and Cys-304) are essential for
masculinization, but two CCCH-type ZFs are not (Katsuma et al., 2015).
As our assay system was considered inappropriate for assessing Z-linked
gene expression, it is necessary to establish a novel system to evaluate
dosage compensation when the Masc protein is modified. To determine
the critical region required for dosage compensation and to understand
the mechanism by which Masc protein accomplishes this process, we
attempted to generate mutant silkworms in which the Masc gene is
partially deleted. Using these mutant strains, we investigated which
regions are involved in dosage compensation or sexual differentiation in
vivo.

To examine the production of the truncated Masc proteins instead of
the wild-type one in each mutant strain, we generated anti-Masc
polyclonal antibody using synthetic peptides. The antibody seemed to
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recognize the N-terminal region of the Masc protein. As shown in
Fig. 2B, a specific 64 kDa band was detected in wild-type and AC210
(—/+) testes. The C-terminally truncated Masc protein (presumed
molecular weight is 45 kDa) was not detected in AC210 (—/+) strains.
This was presumably because large C-terminal deletion affected the
stability of the protein. On the other hand, no specific bands were de-
tected in AN35 and AZFs strains since Masc proteins produced in these
strains lacked the antibody epitope (Fig. 2A). As the phenotypes of
these strains were indistinguishable from that of wild-type strain, the N-
terminally truncated proteins ought to be produced in AN35 and AZFs
strains. Expression analysis in B. mori cultured cells strongly supported
the translation from the internal initiation codons in these mutant Masc
proteins (Fig. 3B and C).

4.2. The role of CCCH-type zinc finger domains in the Masc protein

Unexpectedly, the strain lacking both of the two CCCH ZFs (AZFs)
did not show any defective phenotypes at any developmental stages,
indicating that Masc's ZFs are not required for sexual differentiation and
dosage compensation. We previously found that Masc orthologue in
Trilocha varians (Bombycidae) exhibits masculinizing activity, regard-
less of the absence of two amino acid residues between the conserved
second and third cysteine residues in its second CCCH ZF (Fig. S1). This
result also supports our conclusion. However, two CCCH ZFs are highly
conserved among lepidopteran insects in spite of the overall low se-
quence homology of Masc homologs (Fig. S1) (Katsuma et al., 2015).
What is the role of Masc's ZFs? The CCCH-type ZF-containing proteins
usually function by binding DNA or RNA in cells (Pomeranz et al.,
2010; Brooks and Blackshear, 2013; Blackshear and Perera, 2014).
Masc ZFs are not essential, but might have positive effects on the
transcriptional repression of Z-linked genes via assisting Masc's binding
to nucleic acids. We are currently investigating this possibility.

Another possibility explaining the lack of defective phenotypes in
AZFs silkworms is that the loss of Masc ZFs could be functionally
compensated for by other ZF-containing proteins, such as BmZNF-2
(BGIBMGA004989) (Gopinath et al., 2016). BmZNF-2 is a recently
discovered protein that also possesses two tandemly arranged CCCH
ZFs in the N-terminus and two cysteine residues in the central region
(Fig. S1). However, some of the residues within the highly conserved
11-amino-acid region are not identical to those of Masc homologs (Fig.
S1). Our previous study revealed that amino acid substitution of some
of these residues reduced the masculinizing activity but did not abolish
it completely (Katsuma et al., 2015). Gopinath et al. reported that
transfection of Bmznf-2 cDNA into BmN-4 cells induced Bmdsx™ ex-
pression (Gopinath et al., 2016), suggesting that the product of this
gene possesses masculinizing activity in B. mori cells. Although the in
vivo functions of BmZNF-2 protein remain unknown, it is likely that this
protein could compensate for the loss of Masc ZF functions in AZFs
animals.

4.3. The effects of Masc deletion on male development

Homozygous deletion of the 210 C-terminus amino acids resulted in
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Fig. 5. Effect of the Masc mutation on the expression of the
sex-determining genes. A, Representative splicing pattern of
Bmdsx in early embryos (72 hpo) of the Masc mutant strains.

C

The Bmdsx splicing was examined by RT-PCR. The molecular
sex of the embryos was determined by PCR and RT-qPCR of
W-chromosome-specific markers. The F and M indicate fe-
male- and male-type splicing of Bmdsx, respectively. The
number indicates the sample size. B-C, Expression of the
masculinizing genes in early embryos. The expression levels
of BmIMP™ and Masc were examined by RT-qPCR. The re-
lative mRNA levels (wild-type female = 1) were normalized
to that of 7p49. The bars indicate means + SD. The sample
size is the same as in Fig. 5A.
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an embryonic lethal phenotype only in males (Fig. 4E). This defect is
presumably caused by the abnormal transcriptional upregulation of Z-
linked genes in male embryos (Fig. 6). Similar results were obtained
when Masc mRNA was transiently knocked down by injecting Masc
siRNA into B. mori embryos (Kiuchi et al., 2014). However, in em-
bryonic RNAi experiments, it was difficult to evaluate the precise
timing of individual death owing to many factors, including the dif-
ference in knockdown efficiency and endurance among the embryos. In
the present study, we dissected unhatched male embryos of AC210
(—/—) and observed that larval bodies were completely developed and
colored normally, but they did not move at all (Fig. 4B-D). This clearly
showed that the failure of dosage compensation does not affect em-
bryogenesis in B. mori. Similar phenomenon was also observed in
Drosophila melanogaster. Although dosage compensation begins at early
embryogenesis in D. melanogaster, mutations in the dosage compensa-
tion regulators cause male-specific lethality during the late larval or
early pupal stages (Belote and Lucchesi, 1980; Rastelli et al., 1995;
Franke et al., 1996).

The Masc protein produced in AC210 lacks a large part of the C-
terminal region but possesses the highly conserved region required for
masculinization in vitro (Fig. 2A) (Katsuma et al., 2015). However,
AC210 males with homozygous mutation (—/—) lost the masculinizing
activity and the compensation of Z-linked gene dosage (Fig. 5A and B,
and 6). Immunoblotting with anti-Masc antibody showed loss or very
low abundance of the AC210 Masc protein in mutant testis, suggesting
that loss-of-function of this strain results from low abundance but not

36

from functional disruption of the Masc protein. In our cell-based assays,
we found that the Masc derivative lacking the 294 N-terminal amino
acids possessed the masculinizing activity, but further deletion of the C-
terminal region from this derivative completely abolished it (Katsuma
et al.,, 2015). As no other conserved regions in lepidopteran Masc
homologs were detected (Fig. S1) (Katsuma et al., 2015), it was
speculated that the C-terminal region might be required for the stability
and/or precise conformation of the Masc protein, which is a major
reason for low abundance and/or instability of the AC210 Masc protein.

Silkworms with heterozygous deletion of the 210 C-terminal amino
acids [AC210 (—/+)] did not exhibit any defects in sexual differ-
entiation and transcription of Z-linked genes when compared with the
wild type (Figs. 5 and 6). In B. mori, Masc mRNA level is controlled by
the W-chromosome-derived female-specific piRNA in females, whereas
how Masc mRNA is regulated in males is unknown. Immunoblotting
showed that Masc protein are sufficiently expressed in males carrying
the heterozygous mutation (—/+) in AC210 strain compared to wild-
type strain (Fig. 2B). Our study suggests that one intact Masc allele is
sufficient for silkworm male development. In lepidopteran species that
are monosomic (Z0) in females and ZZ in males, the number of Z
chromosomes is believed to be the important sex determiner (Traut
et al., 2007). If Masc is also involved in sex determination and dosage
compensation in Z0/ZZ moths, the transcriptional regulation of Masc is
more crucial than that in B. mori because they do not possess female-
specific factors for controlling Masc mRNA levels.
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Fig. 6. Effect of the Masc mutation on dosage compensation. The expression levels of five Z-linked genes and one autosomal gene were examined by RT-qPCR in the
early embryonic stage (72 hpo). The relative expression levels (wild-type female = 1) were normalized to that of rp49. The molecular sex of the embryos was
determined by PCR and RT-qPCR of W-chromosome-specific markers. The bars indicate means + SD. The sample size is the same as in Fig. 5A. Asterisks indicate a

significant difference in one-way ANOVA with post hoc Tukey's test (p < 0.05).

4.4. The prospect of CRISPR/Cas9-mediated mutagenesis in the Masc gene

The CRISPR/Cas9 system has been shown to be applicable to a wide
range of organisms including insects (Bassett et al., 2013; Awata et al.,
2015). Gene knockout B. mori has been generated using this genome
editing tool (Wang et al., 2013; Daimon et al., 2014; Ma et al., 2014;
Wei et al., 2014), but there have been no reports on the generation of a
series of different alleles of a single gene. In the present study, we used
three different sgRNAs for targeting the Masc gene (Fig. 1), and suc-
cessfully established three mutant strains, AN35, AZFs, and AC210. All
of the Masc proteins produced in each mutant possess the highly con-
served cysteines at residues 301 and 304 in the central region but lack
partially N- or C-terminal region (Fig. 2A). Using these mutant strains,
we showed that two ZFs of the Masc protein are not required for sexual
differentiation and dosage compensation. On the other hand, we were
not able to narrow down the region(s) required for masculinization and
dosage compensation precisely. This is mainly because the target spe-
cificity of Cas9 restricts the cleavage positions of the gene of interest
and we selected only three appropriate sites in the Masc gene. Recently,
several attempts to expand the targetable sequences in Cas9-mediated
genome editing applications have been reported (Hirano et al., 2016;
Zeng et al., 2016). Furthermore, new editing methods using other en-
donucleases, such as Cpfl, have been developed (Yamano et al., 2016).
Using such newly developed genome editing tools, we will be able to
generate more Masc mutant strains and thereby explore the detailed
mechanisms by which the Masc protein controls the dual biological
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processes of masculinization and dosage compensation.
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