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A B S T R A C T

Yorki (Yki), a transcriptional co-activator that is a key component of the Hippo pathway, induces the tran-
scription of a number of targets that promote cell proliferation and survival. Bombyx mori Yki3 (BmYki3), with
445 amino acid residues, facilitates cell migration and cell division, and enlarges cultured cell and wing disc size.
In this study, cellular localization, transcriptional co-activator activity, cell migration, cell cycle, and cell size
were characterized in alternative isoforms of BmYki. BmYki1 and BmYki3 are mainly located in the cytoplasm
and nucleus, respectively, while, BmYki2 is located in both the cytoplasm and nucleus. The mutation BmYki1S97A

(S97mutated to A) was transported from the cytoplasm to nucleus. Cell migration, cell cycle, and cell size could
be enhanced by BmYki, however, the effect of BmYki1 and BmYki2 on cell proliferation was less compared to
BmYki3. Moreover, wing discs could be enlarged by overexpressing BmYki1 or BmYki2 isoforms. Dual-luciferase
reporter assay showed that BmYki3 had the highest activity to B. mori ovarian tumor gene. In BmN cells
overexpressing one of the BmYki isoforms, expression levels of kibra ortholog (kibra), inhibitor of apoptosis
protein (iap), four-jointed (fj), expanded (ex), crumbs (crb) and BMP and activin membrane-bound inhibitor
homolog (Bmpr) genes were upregulated, while those of α-catenin (α-cat), decapentaplegic (dpp), serrate (serr)
and signal transducer and activator of transcription (stat) genes were down-regulated. There was some difference
in the regulation of gene expression between different isoforms. These results suggested that the activity of
BmYki isoforms was different in the silkworm.

1. Introduction

The Hippo pathway is an important signaling pathway for the reg-
ulation of organ growth (Madhuri and Amit, 2009; Stocker and Hafen,
2000; Edgar, 2006; Pan, 2007). The core components in the Hippo
pathway consist of a series of phosphorylated proteins, including the
serine/threonine Ste20 kinase Hippo (Hpo) (Wu et al., 2003; Jia et al.,
2003), nuclear Dbf-2 related (NDR) family kinases Warts (WTS), a
scaffold protein salvador (sav) (Harvey et al., 2003; Pantalacci et al.,
2003; Udan et al., 2003), and mob-as-tumor-suppressor (mats) (Lai
et al., 2005; Wei et al., 2007). In our previous study, the Hpo, Sav, Mats,
and Wts genes related to the Hippo pathway in the silkworm were
identified (Qian et al., 2013). Although the sequence identities of the
proteins from different species were not high, the conserved domains
were prominent (Qian et al., 2013), suggesting that the Hippo pathway

was evolutionarily conserved. Any component in the pathway that is
abnormally expressed or mutated will result in abnormal growth. For
example, during the imaginal development of the fruit fly Drosophila
melanogaster, the Wts mutant will give rise to an excessive proliferation
of cells in the development of multiple tissues. Yorkie (Justice et al.,
1995; Huang et al., 2005) with a WW domain, is a downstream element
of the Wts–Mats complex (Wu et al., 2003; Wei et al., 2007) which is
activated by the phosphorylated Hpo-Sav complex (Huang et al., 2005).
The activation of the Wts–Mats complex results in the phosphorylation
of Yorkie (Yki), which is associated with the 14-3-3 protein in the cy-
toplasm, and is inactivated and retained in the cytoplasm (Ren et al.,
2010; Zhang et al., 2008). When the Hippo signaling pathway is in-
hibited, Yki is transferred into the nucleus and combined with the
transcription factor Sd (Zhang et al., 2008; Goulev et al., 2008; Wu
et al., 2008; Zhao et al., 2008; Nolo et al., 2006), which up-regulates the
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expression of target genes, including diap1, cyclinE, and Bantam, to fi-
nally result in cell proliferation and the inhibition of apoptosis
(Thompson and Cohen, 2006; Campbell et al., 1992). Therefore, Yki is
an important transcriptional co-activator. A previous study indicated
that the serine-threonine-like kinase protein Hpo, WW-domain-con-
taining adaptor protein Sav, Mats, NDR family kinase protein Wts, and
transcriptional co-activator Yki were genes related to the Hippo
pathway in the silkworm (Qian et al., 2013). Smaller body size and late-
stage larval lethality in the silkworm, Bombyx mori, could be induced by
the B. mori Hpo (BmHPO) mutation (Xu et al., 2018a). Cell proliferation
activity and the cell cycle were changed with the up-regulation and de-
regulation of BmHPO (Li et al., 2018).

In our previous study, the cDNA of three B. mori Yki (BmYki) iso-
forms encoding 437 (BmYki1, AHJ26002.1), 390 (BmYki2,
AHJ26003.1), and 445 (BmYki3, AHJ26004.1) amino acid residues
were identified (Qian et al., 2013). BmYki1 was weakly expressed in the
tissues assessed, and the lowest level was in the silk gland. BmYki2
expressed highest in the head. BmYki3 expressed highest in the silk
gland, and was weakly expressed in the haemocyte (Liang et al., 2018).
Moreover, another isoform with 395 amino acid residues was found
(Zeng et al., 2018). The results reported by Liu et al. indicated that
BmYki1 potentially facilitates posterior silk gland growth and meta-
morphosis in the silkworm (Liu et al., 2016), moreover, it was found
that the weight of the posterior silk gland, cocoon, larval body, and
pupal body could be increased by overexpressing YorkiCA (Ser97 of the
BmYki1 was mutated to Ala97) (Zhang et al., 2017).

Body size, molting defects and, eventually, larval lethality could be
induced by knocking out BmYki (Xu et al., 2018b). Our previous results
indicated that cultured cells and wing disc size of the silkworm can be
controlled by BmYki3 (Liang et al., 2018).

Many genes in the eukaryotic genome are alternatively spliced to
form multiple transcripts. It was reported that a gene could generate
multiple transcripts encoding proteins with differing or opposing
functions, and a large majority of predicted alternative transcripts may
not even be translated into proteins (Bates et al., 2017). In Drosophila,
the Ovo locus encodes three isoforms, Shavenbaby (Svb), OVO-A and
OVO-B (Garfinkel et al., 1994), but their expression pattern and finc-
tions were quite different (Garfinkel et al., 1994; Lee and Garfinkel,
2000). In generally, although a lot of alterative splicing isoforms were
found, very few alternative protein isoforms have well-characterized
cellular function.

In the present study, we characterized the cellular location of BmYki
isoforms and compared the effect of overexpressing BmYki on cell mi-
gration, cell cycle, cell size, and target gene expression. Our results
suggest that alternative isoforms of BmYki have a different transcrip-
tional co-activator activity, the impact of BmYki3 on the regulation of
migration, cell cycle, and size of cells was the greatest among the three
BmYki isoforms.

2. Materials and methods

2.1. Construction of recombinant plasmids overexpressing BmYki

The cDNA of two BmYki isoforms encoding 437 (BmYki1,
AHJ26002.1) and 390 (BmYki2, AHJ26003.1) amino acid residues
were subcloned into the KpnI/EcoRI sites of the pIZT/V5-His vector
(Invitrogen, Frederick, MD, USA) to generate recombinant plasmid
pIZT/V5-His-BmYki1 and pIZT/V5-His-BmYki2, respectively. A re-
combinant plasmid Pizt/V5-His-BmYki3 containing the cDNA sequence
of BmYki3 (BmYki3, AHJ26004.1) with 443 amino acid residues was
constructed in our previous study (Liang et al., 2018).

The serine at residue 168 (S168) in Drosophila Yki is a phosphor-
ylation site (Ren et al., 2010). Bioinformation analysis indicated that
BmYki1 S97 maybe a phosphorylation site because BmYki1 S97 corre-
sponds to the Drosophila Yki S168. To mutate the S97 to alanine (A), the
codon TCG (289–291 nt) of S97 in BmYki1 was replaced with codon

GCT. The mutated BmYki1 (BmYki1S97A), which was confirmed by se-
quencing, was cloned into pIZT/V5-His to generate pIZT/V5-His-
BmYki1S97A.

2.2. Construction of the fluorescent reporter vector

To generate the luciferase expression vector, the promoter of the B.
mori ovarian tumor (Bmotu) amplified from silkworm genomic DNA
(Dazao strain) with the primers Potu5/Potu2-1 (Table S1) was cloned
into the SmaI and BamHI sites of a pFastBac™Dual vector (Frederick,
MD, USA) to generate pFast-potu5. The luciferase gene (luc) amplified
from plasmid pGL3 (Frederick, MD, USA) with the primers Luc1/Luc2
(Table S1) was inserted into the KpnI and SmaI sites of pFast-potu5 to
obtain the vector pFast-potu5-Luc.

2.3. Cell culture, transfection, and transformed cells

The BmN cell line derived from B. mori ovary was cultured in TC-
100 (Gibco BRL, Rockville, MD, USA) supplemented with 10% fetal
bovine serum (FBS) at 26.5 °C. Transfection of BmN cells with re-
combinant plasmids overexpressing BmYki was carried out using DNA
Transfection Reagent (Roche Diagnostics, Mannheim, Germany) fol-
lowing the manufacturer’s protocol. At 3 days after transfection, the
cells were screened continuously for a month with zeocin, at a final
concentration of 200 μg/mL, to generate BmN-Yki1, BmN-Yki2, BmN-
Yki3, and BmN-BmYki1S97A transformed cells. Simultaneously control
transformed cells (BmN-null) were generated by transfecting pIZT/V5-
His into BmN cells and screened with zeocin.

2.4. Luciferase reporter assay

Reporter activity was determined using the Dual-Luciferase
Reporter Assay System (Promega, Madison, WI, USA) according to the
manufacturer's instructions. A mixture of pFast-potu5-Luc (1 μg), pRL-
TK (0.1 μg), and pIZT/V5-His-BmYki (1011 copies) plasmids were
transfected into BmN cells (1× 105), and BmN cells co-transfected with
pFast-potu5-Luc, pRL-TK, and pIZT/V5-His plasmids were used as a
control. At 60 h post-transfection, BmN cells were collected and lysed
for 15min at room temperature using 1× passive lysis buffer (Promega,
Madison, WI, USA), and then the lysed cells were centrifuged at
12,000 gfor 10min. The supernatant was used for the determination of
luciferase activity. Luciferase activity was measured using GloMax
Multi Jr at 490 nm (Promega, Madison, WI, USA).

2.5. Immunofluorescent staining

BmN cells were collected and fixed with 4% paraformaldehyde for
15min, then rinsed with 0.01M of PBST (0.05% of Tween-20 in PBS)
and incubated with the prepared mouse anti-BmYki1 antiserum (Liang
et al., 2018) at 4 °C overnight. At the same time, BmN cells were in-
cubated with pre-immune antiserum as a negative control. After rinsing
with 0.01M PBST three times, the cells were incubated with TRITC-
conjugated goat anti-mouse IgG (Tiangen, Beijing, China) at 37 °C for
1 h. After removing non-combined TRITC-conjugated goat anti-mouse
IgG and staining with DAPI, the cells were then observed by an inverted
microscope (TE2000U, Nikon, Japan).

2.6. Cell wound healing assay

Cells (5× 105) were added to a six-well plate and cultured over-
night. A scratch wound was made across each well of the six-well plate
using a pipette tip. The plates were washed three times with PBS to
remove any loosely held cells and to ensure that the wound area was
free of cells. FBS free TC-100 medium was added and the cells were
cultured at 26.5 °C. Images were taken every 6–12 h post-scratch to
determine the speed of cell migration. ImageJ (https://imagej.nih.gov/
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ij/) were used to calculate the scratch distance according to the process.

2.7. Cell proliferation

BmN cells (2× 105/mL, 2mL) were added to a culture flask. After
adherent culture for 24 h, cells were observed under a microscope and
images were taken of five fixed views every 24 h to determine the cell
number in each view. ImageJ were used to count the cell number in the
captured images.

2.8. Cell size

Cells (1× 106) were transfected with either pIZT/V5-His-BmYki1,
pIZT/V5-His-BmYki2, pIZT/V5-His-BmYki3 (Garfinkel et al., 1994), or
pIZT/V5-His. After 24 h, the size of cells with and without fluorescence
were assessed every 24 h in the same culture.

2.9. Flow cytometer

To assess the effect of BmYki on the cell cycle, the ratios of cells at
G1, S, and G2 phases were estimated by flow cytometer according to
our previous report (Liang et al., 2018).

2.10. Real-time quantitative-PCR

Total RNAs were extracted from the cultured cells by using a High
Pure RNA Isolation Kit (Roche, Indianapolis, USA). The total RNA
(1 μg) was reverse-transcribed with a First-Strand cDNA Synthesis Kit
(TaKaRa, Dalian, China). Real-time PCR was carried out with a real-
time reverse transcription-PCR system (Cycler 1000; Bio-Rad, Hercules,
CA, USA) with SYBR green. The B. mori housekeeping gene actin A3 was
used as an internal control for normalization. The mixture (20 μL) in-
cluded 2 μL of cDNA, 0.5 μL of each primer (10mM), 10 μL of SYBR
Premix ExTaq (Bio-Rad, Hong Kong, China) and 6 μL ddH2O. Real-time
PCR was carried out as follows: one cycle at 50 °C for 2min, one cycle at
95 °C for 10min, 40 cycles at 95 °C for 15 s and 60 °C for 1min, with a
final cycle at 95 °C for 15 sec, 60 °C for 30 sec and 95 °C for 15 s.
Relative gene expression was estimated according to the 2−ΔΔCt

method. All samples were run in triplicate. The experimental data were
statistically analyzed using the Student’s t-test. A value of P < 0.05

was considered significant. The primers used in the present study are
listed in Table S1.

2.11. Overexpressing the BmYki gene in wing discs

Our previous study indicated that BmYki3 could enlarge wing disc
size (Liang et al., 2018). To assess the effect of up-regulating the
BmYki1 or BmYki2 gene expression level in the wing disc, 10 pupae at
day 3 pupation were injected with pIZT/V5-His-BmYki1 or pIZT/V5-
His-BmYki2 below the right-wing disc (1 μg/μl, 2 μl, per pupa). The
negative controls (the left-wing disc) were injected with water (2 μl, per
pupa).

3. Results

3.1. BmYki has seven alternative splicing isoforms at least

Multiple transcripts derived from a gene can be generated by al-
ternative splicing in the eukaryon. In our previous study, three BmYki
isoforms termed BmYki1, BmYki2, and BmYki3, encoding 437
(AHJ26002.1), 390 (AHJ26003.1), and 445 (AHJ26004.1) amino acid
residues, respectively, were cloned and sequenced (Qian et al., 2013).
To further detect the transcripts of BmYki, BlastN was carried out with
BmYki gene sequences, five other transcripts encoding 442
(XP_012549101.1), 441 (XP_012549102.1), 436 (XP_012549103.1),
395 (XP_012549104.1) and 437 (NP_001116819.1) amino acid residues
were found. The amino acid sequence alignment result is displayed in
Fig. 1.

A search for conserved domains indicated that there was a FAM181
(region 35–143) in all the isoforms; the AHJ26002.1, AHJ26004.1,
XP_012549103.1, XP_012549102.1, XP_012549101.1 and
NP_001116819.1 isoforms contained a 2WW domain (Domain with
two conserved Trp residues) which can bind proline-rich polypeptides
(Chen and Sudol, 1995), while AHJ26003.1 and XP_012549104.1 had a
WW domain. It was reported that Drosophila Yki S111, S168, and S250

were phosphorylation sites (Ren et al., 2010). Bioinformatics analysis
showed that BmYki1 S74, S97, and S126 were phosphorylation sites
(Fig. 1).

Fig. 1. Alignment of the deposited BmYki isoforms of silkworm in GenBank and the deduced phosphorylation sites. ‘S’ amino acid residue marked with an asterisk
was a deduced phosphorylation site, amino acid residue marked with an underline was WW domain. In this study, BmYki with 437 (AHJ26002.1), 390 (AHJ26003.1)
and 445 (AHJ26004.1) amino acid residues respectively are termed as BmYki1, BmYki2 and BmYki3.
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3.2. Transport of BmYki to the nucleus is promoted by mutating the S97

residue of BmYki to alanine (A)

Our previous study showed that BmYki was mainly located in the
nucleus of cultured BmN cells (Liang et al., 2018). To understand the
cellular location of BmYki isoforms and the effect of BmYki phosphor-
ylation on cellular location, BmN cells were transfected with either
pIZT/V5-His, pIZT/V5-His-BmYki1, pIZT/V5-His-BmYki2, pIZT/V5-
His-BmYki3, or pIZT/V5-His-BmYki1S97A and screened continuously for
more than a month with zeocin to generate BmN-null, BmN-Yki1, BmN-
Yki2, BmN-Yki3 (Liang et al., 2018), and BmN-BmYki1S97A transformed
cells. The qPCR results indicated that the corresponding BmYki gene
expression level was upregulated in the transformed cells.

Immunofluorescence assay showed that BmYki1 was mainly distributed
in the cytoplasm in the transformed cells BmN-BmYki1 (Fig. 2A, A′, A″),
whereas BmYki1 was found to be located in the nucleus of cells trans-
formed with BmN-BmYki1S97A (Fig. 2B, B′, B″). Drosophila Yki S168 is a
critical Wts phosphorylation site (Oh and Irvine, 2009), bioinformatic
analysis indicated that BmYki1 S97 corresponded to Drosophila Yki
S168. Our results indicated that the transport of BmYki to the nucleus
was promoted by mutating the BmYki1 S97 to A, suggesting BmYki1 S97

was also a Wts phosphorylation site. Moreover, we also found that
BmYki was distributed in both cytoplasm and nucleus in BmN-BmYki2
cells (Fig. 2C, C′, C″) and mainly located in the nucleus of BmN-BmYki3
transformed cells (Fig. 2D, D′, D″), suggesting that distribution and
location of BmYki in the cells could be also determined by unknown
factors in addition to the phosphorylation of BmYki.

3.3. Cell migration could be facilitated by different BmYki isoforms

To understand the effect of different BmYki isoforms on cell mi-
gration, a cell wound healing assay was carried out. The results showed
that cells migration could be promoted by overexpressing the BmYki
gene, the migration distance of BmN-BmYki1 and BmN-BmYki2 cells
was less (Fig. 3) than that of BmN-BmYki3 cells (Liang et al., 2018).

3.4. Cell proliferation could be facilitated by different BmYki isoforms

Our previous study indicated that BmYki3 facilitates cell prolifera-
tion (Liang et al., 2018). To characterize the difference in the promo-
tion of cell proliferation between BmYki isoforms, the cell number per
view was investigated under a microscope. The initial value of cell
number per view was similar between the different transformed cells,
however, 9 days later, the cell number of BmN-BmYki1, BmN-BmYki2,

Fig. 2. The sub-cellular location of BmYki iso-
forms in their corresponding transformed cells.
(Magnification: 10×40). A, A’, A’’: BmN-
Yki1；B, B’, B’’: BmN-Yki1S97A；C, C’, C’’ :
BmN-Yki2; D, D’, D’’ : BmN-Yki3; A, B, C, D: the
nucleus was stained with DAPI (blue); A’, B’, C’,
D’: the BmYki was stained with TRITC; A’’, B’’,
C’’, D’’: merged A, B, C, D and E respectively
with A’, B’, C’, D’and E’.

Fig. 3. Comparison of cell migration among the different transformed cells.
BmN-null, BmN-Yki1, BmN-Yki2 and BmN-Yki3 represented the transformed
cells respectively with pIZT/V5-His, pIZT /V5-His-BmYki1, pIZT/V5-His-
BmYki2 and pIZT/V5-His-BmYki3. Cell wound healing assay was used to assess
cell migration, the migration distance was measured every 6 h.
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and BmN-null increased by 8.07, 7.14 and 5.29 folds, respectively,
compared to the initial value, while the cell number of BmN-BmYki3
increased by 12.26-fold (Liang et al., 2018). This indicated that cell
proliferation could be facilitated by BmYki, the proliferation rates for
BmN-BmYki3 were fastest, followed by BmN-BmYki1, and then BmN-
BmYki2 (Figs. 1–4). The ratio of G1, S, and G2 phases, which were
estimated by flow cytometry after the synchronized cells were cultured
in TC-100 medium supplemented with 10% FBS for 48 h, was used to
assess cell proliferation. The results showed that the ratio of the G1, S,
and G2 phase was 43%, 25%, and 32% in BmN-null transformed cells
(Liang et al., 2018), 36%, 45%, and 19% in BmN-BmYki1 cells, and
40%, 36%, and 24% in BmN-BmYki2 cells, respectively (Figs. 2–4). This
confirms that BmYki1 and BmYki2 could promote cell proliferation in
the same way as BmYki3 (the ratio of G1, S, and G2 phase was 28%,
44% and 28% in BmN-BmYki3 transformed cells) (Figs. 2–4) (Liang
et al., 2018).

3.5. BmYki could enlarge cell size

To assess the effect of different isoforms of BmYki on cell size, BmN
cells were transfected with vectors overexpressing BmYki and the size
of cells with/without fluorescence were investigated every 24 h. The
results indicated that the size of transformed cells with fluorescence
was larger than cells without fluorescence, indicating that BmYki could
increase the cell size. An obvious difference in cell size was not found
among different treatment groups (Fig. 5).

3.6. Expression of genes related to signaling pathways, the cell cycle, and
apoptosis could be regulated by overexpressing BmYki

To further understand the role of BmYki isoforms on the regulation
of cell size, cell division, and expression level of genes in related sig-
naling pathways, the cell cycle, and apoptosis were investigated after
BmYki was upregulated. The results showed that an obvious change was
not found in the expression level of the wts2 gene, however, the ex-
pression level of genes upstream (kibra, Fj and Ex) of the Hippo pathway
was upregulated. The expression level of the inhibitor of apoptosis
protein (iap) and BMP and activin membrane-bound inhibitor homolog
(Bmpr) genes, negative regulators of TGF-beta, were also upregulated
after a BmYki gene was over-expressed in the cultured cells (Fig. 6);
whereas, the catenin alpha (cat, function as a linking protein between
cadherins and actin-containing filaments of the cytoskeleton), dec-
apentaplegic (dpp, a member of the TGF-β superfamily), serrate (serr, a
Notch ligand), signal transducer and activator of transcription (stat,
JAK-STAT Pathway) genes were down-regulated. Comparison analysis
indicated that there were some differences in the regulation effective-
ness of different BmYki isoforms on the genes tested (Fig. 6).

3.7. The activity of the Bmotu gene promoter could be increased by BmYki3

Yki functions as a co-activator, after being transported into the
nucleus, which could interact with transcriptional factor Scalloped (sd)
and promoted target gene expression. To assess the activity of different
BmYki isoforms, the activation effect of BmYki to the Bmotu gene
promoter was investigated with a dual-fluorescence reporter assay, the
results showed that the activity of the promoter could be facilitated
only by BmYki3 (Fig. 7). Compared to the other isoforms, BmYki3 has
an extra amino acid sequences ‘PSLQL’, which could be involved in the
promotion of Bmotu gene promoter activity.

3.8. Both BmYki1 and BmYki2 could enlarge wing disc size

Wing disc size could be enlarged by BmYki3 (Liang et al., 2018). To
assess the effects of up-regulating the BmYki1 or BmYki2 gene on the
development of the wing disc, the right and left wing discs of 10 pupae
were injected with pIZT/V5-His-BmYki1 or pIZT/V5-His-BmYki2 and
water, respectively. Approximately 30% (20%) of the front wing was
increased by 13.3–25% (16.7–20%) and approximately 20% (20%) of
the hind wing was increased by 11.1–12.5% (12.5–25%) in length in
the group injected with pIZT/V5-His-BmYki1(pIZT/V5-His-BmYki2),
whereas the abnormal wing was not observed in the group injected with
water. These results indicated that both BmYki1 and BmYki2 could
enlarge the wing disc size (Table 1, Fig. 8).

4. Discussion

In the eukaryon, multiple mature mRNA can be generated from
precursor mRNA via alternative splicing events. It has been an im-
portant way of extending the genetic information of a gene, but the
functional role of alternative protein isoforms has been the subject of
considerable debate. At the other extreme, it was considered that most
alternative transcripts will not encode proteins, and alternative splicing
may not be the key to the proteome complexity (Tress et al., 2007). A
previous study has indicated that BmYki is transcribed into four func-
tional splicing isoforms in the silk glands of the silkworm (Zeng et al.,
2018). In this study, we found that eight spliced isoforms potentially
coding 437, 442, 436, 441, 445, 390, 437 and 395 amino acid residues
could be generated from BmYki precursor mRNA. Western blot analysis
showed that two special signaling bands (about 50 and 43 kDa) re-
presenting BmYki could be observed in the testis, silk gland, and fat
body (Liang et al., 2018), suggesting that some spliced isoforms of
BmYki could translate into proteins. The S111, S168, and S250 in Droso-
phila Yki were phosphorylated by Wts, of which the S168 is most critical

Fig. 4. Comparison of cell proliferation among the different transformed cells.
4–1: The 2×105/mL of the transformed cells (2 mL) were added into a culture
flask, after adherent culture for 24 h, 5 fixed views were selected, took image
every 24 h to determine cells number per views. 4–2: The synchronized cells
were cultured in TC-100 medium supplemented with 10% FBS for 48 h, the
ratio of cells in G1, S and G2 phase for BmN-null, BmN-BmYki1, BmN-BmYki2
and BmN-Yki3 were respectively estimated by flow cytometer.
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for interaction with the14-3-3 protein in the cytoplasm, and is in-
activated and retained in the cytoplasm (Ren et al., 2010; Zhang et al.,
2008). Bioinformatics analysis indicated that BmYki S74, S97, and S126

were phosphorylation sites. Subcellular location indicated that BmYki1
was transported from the cytoplasm into the nucleus after S97 was

mutated to A, suggesting S97 phosphorylation contributes to the cellular
location of BmYki1, which may be helpful in promoting cell migration
and cell cycle, it may also increase cell size. Moreover, in the trans-
formed cells BmN-BmYki1, BmYki was mainly located in the cytoplasm;
in the transformed cells BmN-BmYki2, BmYki was located in both the
cytoplasm and nucleus, while in the transformed cells BmN-BmYki3,
BmYki was mainly located in the nucleus, suggesting there were some
differences in the cellular location of BmYki isoforms. It was reported
that there are some potential sites of phosphorylation by an unknown
kinase in Drosophila Yki, which influence phosphorylation of S168 by
Wts, suggesting that the cellular location of BmYki isoforms maybe also
influenced by some unknown phosphorylation sites. Drosophila Yki
protein has a WW domain which interacts with proline-rich polypep-
tides (Chen and Sudol, 1995). Yki associates with Wts via a WW domain
PPXY motif interaction (Huang et al., 2005), whereas WW domains
were not required for phosphorylation of Yki by Wts (Oh and Irvine,
2008) and for interaction with Sd, but instead are positively required
for its activity (Oh and Irvine, 2009). Both BmYki1 and BmYki3 had
two WW domains, whereas BmYki2 only had one. The WW domain
binds to proteins with a particular proline-motif and/or a phospho-
serine or phosphothreonine-containing motif, suggesting the activity of
the transcriptional co-activation of BmYki isoforms were different. This
speculation was confirmed by an investigation of the changes in some
gene expression levels in the cultured cells after different BmYki iso-
forms were over-expressed.

It was hypothesized that alternative splicing exists to allow the
tissue-specific rewiring of protein–protein interaction networks (Colak
et al., 2013). In 14,623 predicted proteins of the silkworm, nearly 18%

Fig. 5. Comparison of cell size for different transformed cells. The BmN cells were transfected with pIZT/V5-His-BmYki1, pIZT/V5-His-BmYki2 and pIZT/V5-His-
BmYki3, respectively, the cells with/without fluorescence were measured every day.

Fig. 6. Change in expression level of genes related signaling pathway, cell cycle and apoptosis after BmYki gene expression was up-regulated.

Fig. 7. Effect of BmYki isoforms on activity of otu gene promoter. The mixture
of pFast-potu5-Luc (1 μg), pRL-TK (0.1 μg) and Pizt/V5-His-BmYki (1011 copies)
plasmids were transfected into BmN cells (105), and the co-transfected BmN
cells with pFast-potu5-Luc, pRL-TK and Pizt/V5-His plasmids was used as a
control.The collected BmN cells at 60 h post-transfection were lysed, the su-
pernatant (100 μg protein) was used for the determination of luciferase activity.
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contained PY motifs, and nearly 30% contained various motifs that
could be recognized by WW domains (Meng et al., 2015). The tandem
WW domains of formin-binding protein 21 are connected by a highly
flexible region, enabling their simultaneous interaction with two pro-
line-rich motifs (Huang et al., 2009), therefore we suggest that the in-
teraction of BmYki with its binding proteins was changed with the
number of WW domains. Usually, alternative splicing has tissue speci-
ficity, expression patterns of BmYki isoforms also vary in the different
tissues (Liang et al., 2018), so the size of different tissue may be
regulated by different BmYki isoforms.

In the present study, we found that cell migration and cell pro-
liferation could be facilitated by BmYki, the effectiveness of BmYki3
was greatest, followed by BmN-BmYki1, and BmN-BmYki2. Proteomic
evidence suggested that the vast majority of genes have a single
dominant splice isoform (Tress et al., 2016). Our previous study in-
dicated that the expression level of BmYki3 was obviously higher than
that of BmYki1 and BmYki2 overall (Liang et al., 2018), so BmYki3 may
be a dominant splice isoform.

Cell migration could be promoted by Yap, a homolog of Drosophila
Yki. In this study, we found that the migration of transformed cells
could be promoted by overexpressing BmYki, the migration distance for
BmN-BmYki3 cells was the greatest, followed by BmN-BmYki1 and
BmN-BmYki2, indicating that BmYki isoforms facilitate cell migration
and migration ability changes between BmYki isoforms.

The Hippo signaling pathway plays an important role in controlling
the cell cycle, the size of cells and organs. In the silkworm, BmYki fa-
cilitates organ growth (Liu et al., 2016). Overexpression of BmYki1CA in
the posterior silk gland significantly increased the weight of the pos-
terior silk gland (Zhang et al., 2017). Overexpression of BmYki1 in
cultured B. mori embryonic cells indicated that the transcription of silk

protein-coding genes and transcription factors regulating the synthesis
of silk proteins were down-regulated remarkably (Zeng et al., 2017),
suggesting that BmYki1 plays a role in controlling the size of silk glands
and the expression of silk protein-coding genes. Knocking out BmYki
led to reduced body size, molting defects, and eventually, larval leth-
ality (Xu et al., 2018b). Somatic development and cell proliferation of
the silkworm could be regulated by the Hippo pathway (Li et al., 2018).
Our previous study showed that the wing size of silkworm was atro-
phied by silencing the BmYki gene and increased by overexpressing
BmYki3 at day 3 of pupation (Liang et al., 2018). In the present study,
we found that the wing size of the silkworm could be increased by
overexpressing BmYki1 or BmYki2, and the proliferation, cell cycle, and
size of cultured BmN cells could be facilitated by BmYki isoforms,
suggesting that the organ is enlarged by virtue of its action on pro-
liferation and/or size of the cell.

A previous study has indicated that upstream components Ex, Mer,
Kibra, Crb, and Fj of the Hippo pathway are also targets of Yki, which
provided a negative feedback mechanism to regulate the status of
Hippo pathway precisely (Genevet et al., 2010). A similar result was
found in this study, suggesting that the mechanism that regulates the
status of the Hippo pathway is conserved.

It was reported that organ growth is also controlled by patterning
signals including Wingless/Ints (Wnts), bone morphogenetic proteins
(BMPs), and Hedgehogs (Hhs), and scaled by nutrient-dependent sig-
nals including insulin-like peptides (ILPs) transduced by the target of
rapamycin (TOR) pathway (Parker and Struhl, 2015). Our results
showed that the genes Bmpr, a negative regulator of TGF-β, and dpp, a
member of the TGF-β superfamily, were both down-regulated by
overexpressing BmYki, suggesting the TGF-β pathway could be regu-
lated by the Hippo pathway. Moreover, it was reported that TGF-β can

Table 1
Effects of up-regulation of BmYki1 or BmYki2 gene expression on the size of the wing disc. Serial numbers 1–3 (4–6), at day 3 of pupation, the pupae were,
respectively, injected with water for left wing disco and pIZT/V5-His-BmYki1(pIZT-V5/His-BmYki2) for right wing disco.

Serial number length of the left front
wing (cm)

length of the right
front wing (cm)

expansion ratio of length for
the front wing

length of the left hind
wing (cm)

length of the right
hind wing (cm)

expansion ratio of length for
the hind wing

1 1.5 1.7 13.3% 0.9 1.0 11.1%
2 1.2 1.4 16.7% 0.8 0.9 12.5%
3 1.2 1.5 25% 0.9 0.9 0%
4 1.2 1.2 0% 0.8 1.0 25%
5 1.0 1.2 20% 0.8 0.9 12.5%
6 1.2 1.4 16.7% 0.8 0.8 0%

Fig. 8. Effects of up-regulating the BmYki1 or BmYki2 genes on wing disc development of pupae. A and A’, normal moth wing. B and B’, a moth which was injected
with pIZT/V5-His-BmYki1 and water below the right and left wing disc, respectively, at day 3 of pupation; H2O, injected with water; Yki1, injected with pIZT/V5-
His-BmYki1. C and C’, a moth which was injected with pIZT/V5-His-BmYki2 and water below the right and left wing disc, respectively, at day 3 of pupation. H2O,
injected with water; Yki2, injected with pIZT/V5-His-BmYki2.
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target the Hippo pathway scaffold RASSF1A to facilitate YAP/SMAD2
nuclear translocation (Pefani et al., 2016), so there was a crosstalk
between TGF-β and Hippo pathways. A recent study has indicated that
knockdown of the junction component α-catenin caused nuclear accu-
mulation and activation of YAP (Yki homolog) in mammalian cells
(Yang et al., 2015). Our result showed that α-catenin gene expression
level was down-regulated in the silkworm ovary-derived cultured cells
where BmYkigene was upregulated, so we suggest the coadjustment of
Yki and α-catenin. The expression level of Serr, a Notch ligand, was
down-regulated in the transformed cells overexpressing BmYki, so the
Hippo pathway cross-talks with Notch signaling (Kang et al., 2016) in
the silkworm.

The Hippo pathway interacts with different growth pathways in
distinct somatic cell types and interacts with the EGFR and JAK/STAT
pathways to regulate the non-autonomous proliferation of germ cells,
and plays an important role in establishing the precise balance of the
soma and germ line (Sarikaya and Extavour, 2015). In the silkworm, the
reduction of Yki expression by RNAi down-regulated Yki target genes in
the ovary, decreased egg number (Liu et al., 2016) and YorkieCA

overexpression in the posterior silk gland improves silk yield (Zhang
et al., 2017). Our results indicated that the JAK-STAT signaling
pathway could be down-regulated by overexpression of BmYki, sug-
gesting that the Hippo pathway could regulate the precise balance of
the soma and germ line. The JAK-STAT pathway is an important innate
immune pathway. Recent results showed that YAP negatively regulated
an antiviral immune response and YAP deficiency results in enhanced
innate immunity (Wang et al., 2017). The JAK-STAT pathway has a
more specialized role in the antiviral defense of silkworms (Zhang et al.,
2016), therefore we speculate that the overexpression of BmYki may
decrease the resistance to viral disease.
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