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Abstract
To better understand the physiological events involving death after spawning in S. japonica (Japanese
spineless cuttle�sh), we have presently generated a proteomic data set to properly examine this
phenomenon. As such, a proteomic-based approach was employed to identify differentially expressed
proteins (DEPs) in the optic glands of S. japonica, at three distinct growth stages: pre-spawning after
sexual maturity (group A); spawning (group B) and postspawning before death (group C). About 955,
1000, and 1024 DEPs were identi�ed for each comparative group analysis (i.e., group B vs A, group B vs
C, and group C vs A). We further discovered that the function of these newly identi�ed DEPs was mostly
related to molecular events such as gene translation and signal transduction. According to the enriched
GO terms obtained by Gene Ontology analysis, the function of most DEPs was correlated with structural
molecule activity, ribosome function and gene expression. The majority of DEPs were known to be
involved in signal transduction and energy metabolism, interestingly, some aging-related DEPs were also
identi�ed. Putting together, our study provides new insights, at the protein level, in the phenomenon of
death after spawning in S. japonica, by refering to anti-aging effects conserved in other cephalopoda
species.

1 Introduction
Sepiella japonica (Mollusca, Cephalopoda, Decapoda, Sepiidae, Sepiella) is a common species of
cuttle�sh, largely distributed across the coastal waters of China, Japan and Indonesia as well as in many
parts of the Paci�c Ocean and the East China Sea [1]. In fact, S. japonica is abundantly present in China,
where it is considered a distinctive �shery resource and one of the four most famous sea products. This
categorization is mainly due to the high economic, edible and medicinal value of S. japonica [2]. As a
result, the wild population has continuously dropped since 1980s, and it has become nearly extinct
mainly due to over�shing [3]. Therefore, arti�cial breeding of S. japonica has been widely carried out.
However, the amount of brooding is about 1500~3000, only about 40% of the eggs could be produced,
after spawning, the cuttle�sh stops eating, stays underwater quietly but surfaces occasionally, and then
dies after a short period of time [4]. This phenomenon illustrates an immense loss of reproductive
resource. Actually, most of other living cephalopods are generally short lived (usually ~1 year) [5]. In
cephalopods, there is an organ called the optic gland which is inextricably linked to reproductive
regulation [6]. Earlier studies have shown that a modest concentration of octopus secretion can
accelerate its own death process, but its life span can eventually be extended after removal of the optic
gland [7]. Nevertheless, the precise reason for this phenomenon to occur remains unknown, and the
mechanism for the death of S. japonica after spawning has yet to be discussed. Indeed, limited
information has been disclosed about the pathways and mechanisms involved in accelerated death after
spawning. 

Aging is a complex process whose mechanisms are under continuous exploration [8]. Based on the
establishment of the concept of signaling pathways, researchers have evaluated a series of molecular
routes and identi�ed classical aging-related signaling cascades, such as Wnt, Insulin/IGF-1 and Notch [9-
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12]. However, the correlation between these pathways and mechanisms involving death after spawning in
S. japonica is poorly understood. Indeed, it is not well clear whether these signaling pathways play any
pivotal roles in S. japonica. Therefore, the application of label-free proteomic analysis of S. japonica
would certainly add more insights into the understanding of its physiological processes, including death
after spawning [13].

In this study, we have generated and further analyzed proteomic-based data from S. japonica at three
different growth stages - pre-spawning after sexual maturity, spawning and post spawning before death -
to �nd out differential proteins and related pathways and, consequently, to predict the role and impact of
these molecules into death after spawning in S. japonica. Hence, here we provide novel insights into the
understanding of this phenomenon and then look for potential solutions to control this physiological
process.

2 Materials And Methods
2.1 Study design and sample processing

S. japonica individuals used were collected in the East China Sea (23°00′-33°10′N; 117°11′- 131°00′E).
Organisms were divided into three groups according to their respective growth stages: group A (pre-
spawning after sexual maturity), group B (spawning), and group C (post-spawning before death). Optic
gland tissues were obtained from respective groups of cuttle�sh, and three samples were retrieved from
each group. A high-throughput label-free proteomic approach was utilized to determine the protein
content of each sample. The differentially abundant proteins, identi�ed after comparison between the
three groups, were selected when fold-change (FC) ≥1.5 and P < 0.05 (up-regulated) or FC≤0.667 and P <
0.05 (down-regulated). Bioinformatics analyses of all differentially identi�ed proteins were further carried
out.

2.2 Protein extraction

After tissue collection, optic glands were washed twice with pre-chilled PBS. Liquid on the surface was
sucked up with �lter paper. An appropriate volume of AP solution (1mL of AP solution per 50mg tissue),
supplemented with protease inhibitors, was used to homogenize the tissues. Next, tissue homogenates
were centrifuged for 10 mins at 13,000rpm at room temperature, and respective supernatants (protein
samples) were then transferred to new tubes/vials. A total volume of 21μL per protein sample was
resolved by SDS-PAGE to determine (i) the molecular weight range of the total protein and (ii) the
differences between the optic gland tissue samples. Protein concentration was determined at 595nm with
a Bradford kit, using a Microplate Reader (BioTek, Winooski, Vermont, U.S.A). Supernatants were stored at
-80℃ for further analyses.

2.3 Analysis of optic gland proteome 
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A total of 60μL per quanti�ed protein sample was treated with 5μL 1M dithiothreitol (DTT) for 1 hr at
37℃, and then mixed with 20μL 1M iodoacetamide (IAA) for an additional 1 hr in the dark. Samples were
then centrifuged, and resulting supernatants were separated. A volume of 100μL UA (8M urea, 100mM
Tris-HCl, pH8.0) was added to each supernatant, followed by a new round of centrifugation. After
repeating twice this last procedure, a total of 100μL 50mM NH4HCO3 was added to each respective
supernatant, followed by another round of centrifugation. This last procedure was repeated three times
before trypsinization. Sequencing-grade modi�ed trypsin (Promega, Madison, Wisconsin, U.S.A) was then
added to each protein sample (50:1 ratio of protein to enzyme). Sample digestion was performed for 12-
16 hrs at 37℃. Chromatographic separation of digested peptides was carried out on Easy-nLC 1200 and
Ultimate 3000 systems (Thermo Scienti�c, Waltham, MA, U.S.A), equipped with trap (C18, 100μm×20mm,
3μm) and capillary column (C18, 150μm×120μm, 1.9μm) con�gurations, separately. Peptide mixtures
were loaded on the trap column in solution A (0.1% formic acid), then separated with the capillary column
with a gradient solution B (0.08% formic acid and 80% acetonitrile), at a �ow rate of 310 nL/min. A
gradient was established according to the following steps: 3-8% solution B for 8 mins, 8-20% for 60 mins,
20-30% for 15 mins, 90% solution B for 2 mins and holding it for additional 5mins [14]. Separated
peptides were analyzed by Q-Exactive HF Orbitrap mass spectrometer (Thermo Scienti�c, Waltham, MA,
U.S.A).

MS data were evaluated by SEQUEST software [15] embedded into Proteome Discover 2.0 (Thermo
Scienti�c, Waltham, MA, U.S.A), using a peptide database (gby_All-Unigene.pep) constructed from the
transcriptome data of S. japonica. Parameters were set as the following: (i) fully tryptic peptides with ≤ 2
missed cleavages were permitted, (ii) �xed modi�cations were related to carbamidomethyl (C), (iii)
variable modi�cations were related to oxidization (M) and acetylation (Protein N-term), (iv) peptide mass
tolerance was 15 ppm, (v) fragment mass tolerance was 20 mmu, (vi) peptide con�dence was high and
(vii) peptide length 4. The �ltering parameter set was that the peptide false discovery (FDR) should less
than or equal to 0.01 [16-18].

2.4 Bioinformatic analysis

Three sample groups were cross compared in this study. Student’s t-test was used to identify proteins
with signi�cant differential expression among the different samples/groups. P < 0.05 was considered as
a statistically signi�cant difference. For volcano plot design, the log10 (FC) was used as abscissa and the
-log10 (P-value) was used as ordinate. Gene ontology (GO) analysis was performed for the functional
annotation of differential proteins. Particularly, three ontology categories (cellular component, molecular
function, and biological process) were analyzed via GO database (www.geneontology.org/). The main
biological functions of differential proteins were determined by GO enrichment analysis. Access to the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database
(http://www.kegg.jp/kegg/pathway.html) was used to annotate and further perform enrichment pathway
analysis of the differential proteins. Concomitantly, COG analysis of differential proteins was also carried
out. Enrichment pathway analysis of the differential expression protein groups was carried out by

http://www.geneontology.org/
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comparing differential proteins with KOG database. Thereafter, putative protein functions were predicted
and classi�ed.

2.5 Statistical analysis

        To evaluate the statistical signi�cance of the differences observed between different groups,
analysis of variance was performed using IBM SPSS statistics package (version: 23) and Prism 8
statistics software package (version: 8.3.1). All data presented in this study are means with standard
deviation calculated from the triplicated cultures in each group.

2.6 Quantitative real-time PCR (qRT-PCR) analysis

        Total RNA was isolated using TRIzol Reagent (CWBIO, Beijing, China), according to the
manufacturer’s instructions. Single strand cDNA synthesis was performed with a PrimeScript RT Reagent
kit (Takara Bio Inc., Beijing, China). The qRT-PCR was conducted with SYBR® Premix Ex Taq™  (Takara
Bio Inc., Dalian, China), using a CFX Connect™ Real-Time PCR Detection System (BIO-RAD Bio Inc.,
Shanghai, China). The following qRT-PCR program was used: 95℃ for 1 min, followed by 40 cycles of
95℃ for 15 secs, and 60℃ for 45 secs. Relative expression levels of the target genes were calculated
using the 2−ΔΔCt method. Each experiment included three biological replicates and three technical
replicates. The data were presented as mean ± standard deviation (S.D.) ANOVA was performed to
analyze the signi�cant differences of the data. P < 0.05 was considered as a statistically signi�cant
difference, while P < 0.01 was considered as extremely signi�cant. All primer sequences are listed in
Table S1.

2.7 Accession number

       The Label-free proteomics data have been deposited in the ProteomeXchange consortium via PRIDE
with the data set identi�er PXD033041. 

3 Results
3.1 Overview of proteomics and active metabolic pathways in the three stages

Protein content of each group sample was separated by SDS-PAGE, in the range of 20 to 220 kDa, and
some differences could be noticed between groups (Fig. 1). A total of 10,963 peptides and 2,147 proteins
were identi�ed across all samples (Fig. S1). A percentage of 91.24% of all identi�ed proteins had a
molecular weight within the range of 10 to110 kDa (Fig. S2a), and 86.21% of these proteins presented a
pI value in the range of 4-9 (Fig. S2b). The sequence coverage of most proteins (1,926 of 2,147; 89.71%)
is distributed within 35% (Fig. S2c), and 72.85% (1,564 of 2,147) of the identi�ed proteins were
represented by two or more peptides (Fig. S2d). Principal component analysis (PCA) for the proteomics
data indicated that the within-group biological replicates were close to each other whereas different
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groups were well separated from each other, validating the experimental setup and reliability of the
proteomics data for differentially expressed proteins (DEPs) analysis (Fig. S3).

        Venn diagram showed that there were 1229 co-expressed proteins in the three groups (Fig. 2a), which
were mainly enriched in Carbon metabolism, Ribosome, Oxidative phosphorylation, and other pathways
(Table S2). We focused on the top 10% most highly average expression proteins (HEPs) in each group
and found 109 HEPs that were common among all the groups (Fig. 2b, Table S3). The expression values
of these HEPs ranged from 12,734,240.06 -1,452,948,390.98. The �ve proteins with the highest average
expression were collagen type I alpha, superoxide dismutase (Cu-Zn family), histone H2B, ubiquitin-small
subunit ribosomal protein S27Ae, and tyrosinase. The 109 HEPs are mainly enriched in the
�ve KEGG pathways of Carbon metabolism, Biosynthesis of amino acids, Oxidative phosphorylation,
Citrate cycle (TCA cycle), and Glycolysis / Gluconeogenesis (Fig. 2c).

3.2 Identi�cation of differentially expressed proteins (DEPs)

        According to the parameters used for DEP selection (FC≥1.5 and P 0.05), a total of 955 proteins
were identi�ed and quanti�ed after comparing group A versus group B. Respective results indicated that
76 DEPs were up-regulated and 287 DEPs were down-regulated in group B, while 217 and 375 proteins
were respectively accumulated in groups A and B. The comparative results among the three different
groups are shown in Table 1. The distribution of DEPs among the groups are represented in volcano plots
(Figs. 3a, 3c, and 3e). The hierarchical clustering of all DEPs showed an elevation of protein levels during
distinct growth stages of S. japonica (Figs. 3b, 3d, and 3f). 

3.3 Functional annotation and pathway enrichment of DEPs

3.3.1 Gene Ontology (GO) analysis of DEPs

A total of 82.09% (784/955, B vs A), 84.28% (863/1024, B vs C) and 83.70% (837/1000, C vs A) of
respective DEPs were annotated with, at least, one GO term. The GO annotation of DEPs mainly focused
on (i) biological processes, (ii) molecular function, and (iii) cellular components (Figs. 4a, 4c, and 4e).
Some proteins involved in important biological processes, for instance those identi�ed after comparing
group C versus group B, were enriched and further correlated with gene expression (GO:0010467),
macromolecule biosynthetic process (GO:0009059), cellular macromolecule biosynthetic process
(GO:0034645), cellular amide metabolic process (GO:0043603), and peptide metabolic process
(GO:0006518) (P 0.01). In regard to the connection with cellular components, ribosome (GO:0005840),
intracellular ribonucleoprotein complex (GO:0030529), ribonucleoprotein complex (GO:1990904) were
signi�cantly enriched (P 0.01). In the context of molecular function, structural molecule activity
(GO:0005198) and structural constituent of ribosome (GO:0003735) were also signi�cantly enriched (P
0.01) (Fig. 4b and Table 2). The enrichment results of other groups are shown (Fig. 4d, 4f and Table 2).

3.3.2 KEGG analysis of DEPs
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KEGG pathway analysis was pursued to identify the signi�cant difference of DEP-related pathways for
each group comparison. After comparing group B versus group A, 43.87% (419/ 955) of the DEPs were
mapped into 200 pathways according to the KEGG database. For group B vs group C as well as group C
vs group A, 43.95% (450/1024) and 42.50% (425/1000) DEPs were mapped into 189 and 214 pathways,
respectively. The results of KEGG annotation of all selected DEPs are presented (Figs. 5a, 5c, and 5e). The
DEPs originated from the comparison between groups B and A were signi�cantly enriched in four
particular pathways (P 0.05): ribosome (P = 0.0039), spliceosome (P = 0.0143), apoptosis – �y (P =
0.0307), as well as antigen processing and presentation (P = 0.0307). The signi�cant pathways enriched
in the comparison between groups B and C (P 0.05) were the following: selenocompound metabolism (P
= 0.0016), propanoate metabolism (P = 0.0075), ECM-receptor interaction (P = 0.0099), alanine, aspartate
and glutamate metabolism (P = 0.0293), as well as arginine and proline metabolism (P = 0.0424). Finally,
the DEPs identi�ed on the comparison between groups C and A were signi�cantly enriched in six
pathways (P 0.05): glyoxylate and dicarboxylate metabolism (P = 0.0066), ECM-receptor interaction (P =
0.0111), mitophagy – animal (P = 0.0125), synthesis and degradation of ketone bodies (P = 0.0137),
pyruvate metabolism (P = 0.0245), as well as antigen processing and presentation (P = 0.0325) (Figs. 5b,
5d, 5f, and Table 3). Many pathways were simultaneously enriched by three DEPs data sets, including:
ECM-receptor interaction, Oxidative phosphorylation, Propanoate metabolism, Valine, leucine and
isoleucine degradation, etc (Fig. 6).

3.3.3 COG analysis of DEPs

The cluster of orthologous groups (COGs) of proteins was produced based on the database for
homologous classi�cation of proteins, which included two sections: (i) the COG database for prokaryotes
and (ii) the KOG database for eukaryotes. The putative functions of the DEPs were predicted and
classi�ed according to the KOG database. A total of 797 DEPs, originated from the comparison between
groups A and B, were assigned to the KOG classi�cation. Among 25 KOG categories, three particular ones
contained more than 100 DEPs: (i) posttranslational modi�cation, protein turnover, chaperones; (ii) signal
transduction mechanisms; and (iii) general function prediction only. Four other categories possessed
more than 50 but less than 100 DEPs: (i) translation, ribosome structure and biogenesis; (ii) intracellular
tra�cking, secretion, and vesicular transport; (iii) energy production and conversion; and (iv) cytoskeleton
(Fig. 7a). The comparative result of group B vs group C and group C vs group A comparisons are
presented in (Fig. 7b) and (Fig. 7c), respectively.

3.4 Proteins in central carbon metabolism and oxidative phosphorylation

        Central carbon metabolism (CCM) traditionally includes glycolysis, pentose phosphate pathway and
tricarboxylic acid cycle (TCA). In this study, the expression levels of most enzymes related to Central
carbon metabolism (CCM) were not signi�cantly different between group A and group B but were up-
regulated in group C (Fig. 8). Among them, the core enzymes of glycolysis 6-phosphofructokinase 1 (PFK)
and pyruvate kinase (PK) increased gradually from group A to group B and then to group C. Compared
with group A and group B, PFK in group C was upregulated by 2.3- and 1.9-fold, and PK in group C
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was upregulated by 2.9- and 1.5- fold compared with group A and B, respectively. The rate-limiting
enzyme of the pentose phosphate pathway, Glucose-6-Phosphate Dehydrogenase (G6PDH), was up-
regulated by 2.0- and 1.4-fold in group C compared with group A and group B, respectively. The core
enzymes of the TCA cycle, Citrate synthase (CS), isocitrate dehydrogenase (IDH), and α -ketoglutarate
dehydrogenase complex (OGDH), have also shown a trend of up-regulation over time. Compared with
group A and group B, these three enzymes were up-regulated by at least 2.1 fold and 1.8 fold in group C,
respectively. Similar to CCM, our results showed that the expression of most proteins of the �ve major
complexes involved in oxidative phosphorylation did not differ signi�cantly between groups A and B but
was signi�cantly upregulated in group C (Fig. 8). In addition, almost all proteins enriched in pyruvate
metabolism and propanoate metabolism pathways were gradually up-regulated, with the highest
abundance in group C (Fig. 8).

3.5 Proteins in ECM-receptor interaction

        From group A to group B, almost all the proteins enriched in the ECM-receptor interaction pathway
were down-regulated, except for agrin (AGRN), thrombospondin 2/3/4/5 (THBS2S), and integrin alpha 6
(ITGA6). From the group B to group C, all proteins were up-regulated. The expression levels of all proteins
were the highest in group C. THBS2S and ITGA6 were only detected in group C (Fig. 8). 

3.6 Proteins in endocytosis and phagosome 

        Analyzing the DEPs involved in endocytosis between each two groups, it was found that the number
of DEPs for A/B, B/C and A/C were 16, 10 and 12, respectively. Compared with group B, 13 DEPs were up-
regulated and 3 DEPs were down-regulated in group A. Compared with group C, all 10 DEPs in group B
were all down-regulated. Compared with group C, 4 DEPs were up-regulated and 8 DEPs were down
regulated in group A (Fig. 9).

3.7 Proteins in aging-related pathways

        Kegg enrichment of DEPs revealed that several aging-related signaling pathways were enriched,
including mTOR, cGMP/PKG, Wnt, MAPK, and PI3K/Akt signaling pathways (Fig. 5). The analysis of
DEPs in these signaling pathways showed that the expression of proteins in mTOR and Wnt signaling
pathways in group C was higher than that in the other two groups (Fig. 8). In contrast, the expression of
proteins in cGMP - PKG and PI3K Akt signaling pathways decreased gradually (Table S4), among which
Na+/K+ ATPase alpha subunit (ATP1A), mitochondrial ADP/ATP carrier proteins (SLC25A4S), heat shock
protein 90 alpha family class A member 1 (HSP90AA1), heat shock protein 90 alpha family class B
member 1 (HSP90AB1) and tyrosine3-monooxygenase/tryptophan 5-monooxygenase activation protein
epsilon (YWHAE) were detected only in group A. In MAPK signaling pathway, the expression levels of Ras-
related GTPase (RAP1A) and �broblast growth factor receptor 4 (FGFR4) proteins increased gradually,
while heat shock 70kDa protein 1/2/6/8 (HSPA1s) was detected only in group A (Table S4).

3.8 Other major metabolism
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        Based on KEGG annotation and protein abundance, we found that almost all proteins in the
peroxisome, pyruvate metabolism and propanoate metabolism pathways were more abundant in group C
than in the other two groups (Fig. 8).

3.9 Quantitative validation by qRT-PCR

        To further verify the results for protein expression, �fteen representative genes related to aging-
related pathways, namely CALM2, RhoA, PPP3C, CAMK2, PLCB, Rap1A, GNB1, ATPeV1E, ATPeV1G, GRB2,
KRAS, MAP2K1, AKT, GSK3B and CTSD were quanti�ed using qRT-PCR. The results indicated that the
mRNA expression levels of most genes showed a consistent alteration tendency with the corresponding
proteins; however, RhoA and ATPeV1G showed disparity between mRNA expression and protein
abundance (Fig. 11, and Table S4).

4 Discussion
4.1 Correlation between GO terms and protein function

According to the GO annotation, we found that the GO terms were similar among the different groups. In
regard to biological processes, the GO terms with the largest number of DEPs were related to “cellular”,
“metabolic”, and “single-organism” processes. In the context of cellular components, enriched GO terms
refered to “cell”, “cell part”, and “organelle” (group B vs group A) / “membrane” (group B vs group C, and
group C vs group A). Lastly, in regard to molecular functions, most of the DEPs were grouped as
“binding”, “catalytic activity”, and “structural molecular activity” (group B vs group A, and group B vs
group C) / “transporter activity” (group C vs group A) (Figs. 4a, 4c, and 4e). 

 To better explain the results of GO annotation, we further performed GO enrichment and COG analyses.
In the comparison between groups A and B, the main enriched GO terms were “structural molecular
activity”, “ribosome”, and “gene expression” (Fig. 4b; Table 2). Among these, “structural molecular activity”
also appeared in the GO annotation, while “ribosome” corresponded to “organelle” in GO annotation. This
data analysis indicated that the activity of some genes, ribosomes and proteins were increased from the
period of sexual maturity to spawning (manifested as the enrichment of “structural molecular
activity”). In regard to the comparison between groups B and C, the main enriched GO terms were
“peptidase inhibitor activity”, “peptidase regular activity”, and “extracellular region part” (Fig. 4d and Table
2). In particular, two terms were related to peptidase, which were also involved with “catalytic activity” in
molecular function that appeared in GO annotation. Such results illustrate that the activity of peptidase
have increased from the period of spawning to death, where some changes had also taken place in the
part of extracellular region.

The homeostasis of S. japonica gradually becomes unstable after spawning. According to the
comparison between groups A and C, the main enriched GO terms were “calcium ion binding”, “cation
binding”, and “metal ion binding” (Fig. 4f; Table 2). Correspondingly, a representative number of DEPs
were annotated in “transport activity” and “membrane”. Calcium ions act as second messengers in signal
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transduction pathways, so the large number of DEPs in these GO terms (i.e., group C vs group A) indicate
that major changes in metabolic pathways potentially occur after spawning of S. japonica.

        Protein function analyses by COG have shown a large number of DEPs involved in “signal
transduction mechanism”, as well as “posttranslational modi�cation, protein turnover, chaperones”,
indicating that calcium ion indeed plays an important role in the aging process of S. japonica. Secondly,
many DEPs were related to “energy production and conversation”, and “intracellular tra�cking, secretion,
and vesicular transport”. These results correspond to the fact that many DEPs appeared in cellular and
metabolic processes based on the GO annotation. Moreover, the number of DEPs in “translation,
ribosome structure and biogenesis” (group C vs group A comparison) was much lower than that observed
in other comparative analyses (i.e group B vs group A, or group B vs group C). These results indicate that
the activity of protein synthesis decreased signi�cantly after spawning (Fig. 7a, 7b, and 7c).

4.2 Signi�cant enriched pathways detected upon comparison between S. japonica groups

KEGG enrichment analysis was performed to screen key pathways during aging process. The results of
this analysis indicated that the enriched pathways were distinct for each group (Figs. 5b, 5d ,5f, and Table
3). In the comparison of group B versus group C, the most signi�cant enrichment pathway was
“ribosome”, which contained the largest number of DEPs. This result was consistent with the KEGG
pathway annotation. We presume that ribosome activity increases due to a large requirement for protein
acquisition before spawning. In addition, “Spliceosome” and “Parkinson’s disease” pathways were also
signi�cantly enriched, but both contained a fewer number of DEPs. Spliceosome is a macromolecular
complex, comprised of �ve small ribonucleoproteins (U1, U2, U4, U5, and U6) and numerous proteins [19],
which is responsible by the intron removal of pre-RNAs (splicing) and further maturation of the
transcripts [20, 21]. In the present study, most spliceosome related proteins were down-regulated during
spawning relative to the other two stages. We hypothesize that this down-regulation could be the main
reason that the ribosome activity of S. japonica decreases during spawning. In humans, Parkinson’s
disease is a long-term degenerative disorder of the central nervous system (CNS). In this case, midbrain
cells of affected patients are typically compromised, therefore affecting the locomotor system. We
noticed that DEPs from “Parkinson’s disease” pathway were concentrated in the mitochondria, and all of
them were down-regulated. Among these DEPs, some were able to inhibit ATP production. Mitochondrial
activity appears to increase to further reconstitute ATP levels that were reduced due to the inhibition of
ATP synthesis. Ultimately, this process would also produce increased amounts of ROS, which could
potentially lead to cell apoptosis. 

In the comparison between group B versus group C, “selenocompound metabolism”, “propanoate
metabolism” and “ECM-receptor interaction” were the most notably enriched pathways (Fig. 5d).
Selenocompounds (i.e., compounds containing selenium or seleno-substances) have activities similar to
glutathione peroxidase (GSH-Px), therefore acting as putative antioxidant and/or anti-aging molecules.
Under certain conditions, selenium is also capable of preventing cancer progrression [22-24]. In our study,
all DEPs presented in the “selenocompound metabolism” pathway were up-regulated. Coincidently, all
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DEPs involved in “Propanoate metabolism” were also up-regulated (Fig. 8). “Propanoate metabolism” is
an alternate metabolic pathway which starts with the processing of propanoate to propanoyl coenzyme A
(propanoyl-CoA). Propanoyl-CoA is further converted into succinyl-CoA, an intermediate of the citric acid
(TCA) cycle. It has been demonstrated that the activity of the TCA cycle is enhanced and, consequently,
energy supply is increased during spawning of S. japonica. 

Extracellular matrix (ECM) is a complex three-dimensional network of extracellular macromolecules, such
as enzymes, glycoproteins, and collagen [25]. ECM provides a suitable place for cell survival, and it can
in�uence cell shape, function, metabolism, migration and differentiation through signal transduction
cascades [26]. After comparison with group C, most of the DEPs in “ECM-receptor interaction” pathway
were signi�cantly down-regulated in group B (Fig. 8). Changes on protein content related to these
pathways indicated that the increase of cell activity in S. japonica may have occurred between pre- to
post-spawning. Therefore, energy supply provided by the CCM was enhanced and more ROS were
produced. In order to prevent the damage caused by ROS in cells, the expression of peroxisomes and
selenocompounds concomitantly increased to counterbalance cell aging and pro-apoptotic events. In
addition, the “ECM-receptor interaction” pathway was also signi�cantly enriched after comparison of
group C versus group A, where most of the DEPs were signi�cantly up-regulated in the group C. Similar
results were obtained in group B versus group C comparison, reiterating the increase of cell activity in
cuttle�sh after spawning. Furthermore, the “glyoxylate and dicarboxylate metabolism” and “mitophagy-
animal” pathways were more signi�cantly enriched than other pathways in the comparison between
group C versus group A, similar to the “ECM-receptor interaction” pathway. The former pathway can affect
TCA cycle, pyruvate and purine metabolism, so many DEPs were up-regulated in group C. The latter
pathway was also related to mitochondrial autophagy (mitophagy). Mitophagy plays an important role in
maintaining cell health. Under normal conditions, mitophagy can selectively remove damaged
mitochondria, adjust mitochondrial content, and change cellular metabolic needs [27]. In case mitophagy
is altered, the number of damaged mitochondria may increase. Furthermore, damaged mitochondria
leads to ATP depletion and release of cytochrome C, promoting caspase activation and the onset of
apoptosis. Our results showed that most of DEPs involved in this pathway solely appeared in the group C,
suggesting an increase in mitophagic activity. However, according to the KEGG mapping of this pathway,
the function of many proteins in this pathway can be suppressed by hypoxia. Coincidently, S. japonica
quietly lives underwater after spawning, which may lead to hypoxic effects. The function of this pathway
may be inhibited because of hypoxia. So, we inferred that the up-regulated protein did not play its role
well, and cell apoptosis continued.

4.3 Ca2+-related DEPs and their involvement with aging progress

Several aging-related pathways were identi�ed via KEGG analysis (Fig. 5), such as cGMP/PKG, Wnt,
MAPK, PI3K/Akt and mTOR signaling pathways (Table S4). DEPs from each group were eventually
present in these pathways, and up- or down-regulation of the proteins could affect the function of related
pathways. 
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Calcium (Ca2+) plays an important role as a second messenger by regulating some aspects of cellular
signaling [28]. Calmodulin is the major intracellular Ca2+ receptor in many cells. Calmodulin can activate
a lot of enzymes in response to Ca2+ and regulate a series of biological processes, such as the assembly
and disassembly of microtubules, by controlling the activity of protein kinases [29, 30]. At distinct growth
stages, the abundance of calmodulin as well as of related proteins continued to decline signi�cantly. The
decrease of calmodulin levels indicates a decrease on Ca2+ which could lead to the imbalance of various
biological processes. Orexin A is an appetite-stimulating neuropeptide that can increase Ca2+ in the
orexigenic hormone neuropeptide Y (NPY)-producing hypothalamic neurons via Ca2+ channels [31], to
further active calcium/calmodulin-dependent protein kinase kinase 2 (CAMKK2) [32]. Previous studies
have shown that the NPY expression was reduced in mice devoid of CAMKK2, which consequently
consume less food [33]. Besides, calcium/calmodulin-dependent protein kinase (CAMK) is associated
with protective functions against cerebrovascular damage. Defects of CAMKK2 and CAMK IV in mice
lead to brain injuries and behavioral deficits [34, 35]. In our present study, the abundance of
calcium/calmodulin-dependent protein kinase II (CAMK2) decreased in group B and increased
signi�cantly in group C. The large number of CAMK2 expressed in group C is unsatisfactory due to the
decrease of calmodulin abundance. Moreover, the function of CAMK2 is related to CAMKK2, which may
reduce the appetite and activity ability of S. japonica after spawning.

4.4 DEPs involved in energy supply

        CCM is the main source of energy required by organisms and provides precursors for other
metabolism [36]. The occurrence of animal diseases and the emergence of plant adversity are usually
accompanied by severe metabolic disorders, which are mostly attributed to CCM disorders. CCM also
affects the function of immune cells and is associated with disease resistance and immune
responses [37]. Most of the energy released by CCM is stored in reductive coenzymes, and only a small
part is directly formed into ATP through substrate phosphorylation. The energy in reductive coenzyme
needs to be synthesized by oxidative phosphorylation before it can be utilized [38]. In this study, the rate-
limiting enzymes of the three CCM pathways were all upregulated at spawning than pre-spawning,
although most of the enzymes did not differ signi�cantly during these two growth periods, suggesting
that the optic glands of S. Japonica require more energy at spawning than pre-spawning. This may be
due to the fact that S. Japonica 's optic gland synthesizes and secretes hormones that regulate
spawning. After spawning, the CCM pathway and oxidative phosphorylation pathway-related enzymes of
the S. Japonica optic gland were almost all up-regulated, and the energy metabolism was highly active,
indicating that the metabolic activity of the S. Japonica optic gland was further enhanced after spawning,
which may involve hormone synthesis and secretion (7), ECM synthesis and secretion, cell growth and so
on.

        Glycolysis is one of the most ancient metabolic pathways for energy production in living
cells [39] and a primitive metabolic pathway that is easily exploited by cancer cells for energy to grow and
spread [40]. Many studies have shown that cancer cells switch from getting energy from normal cells
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through aerobic respiration to glycolysis or burning sugar [41, 42]. Glycokinase 2 (HK2), phosphofructase
(PFK), M2-type acetone kinase (PKM2) and other key enzymes in glycolysis have become tumor markers,
and their expression and activity can affect tumor glycolysis and thereby affect tumor proliferation [43-
45]. In this study, most proteins in the glycolysis process were up-regulated, especially the key enzyme
phosphofructokinase (PFK) was signi�cantly up-regulated, which indicated that the glycolysis process in
the optic gland of S. japonica was signi�cantly enhanced after spawning. This may indicate that the S.
japonica's immunity degenerates due to aging after spawning, resulting in tumors, which has been
reported in some salmon studies. [46].

4.5 Effect of Ras-related proteins in the cell cycle of S. japonica

        The Ras superfamily is composed by a series of small GTPases, divided in �ve main GTPase
families (Ras, Rho, Ran, Rab, Arf), which are largely involved in the regulation of cell division [47]. The Ras
family mainly impacts cell proliferation, while Rho is involved in cell morphology, Ran in nuclear
transport, and both Rab and Arf have roles in vesicle transport [48]. RhoA is a small GTPase protein from
the Rho family, whose main function is to regulate cell division and cytoskeleton as well as to control the
activity of other signaling pathways through various cytokines. KRAS was the �rst Ras member identi�ed
as a p21 GTPase [49]. KRAS is usually tethered to cell membranes and is an early player in many signal
transduction pathways, usually acting as a switch in cell signaling. KRAS controls cell proliferation under
normal conditions and, when mutated, functions as an oncogene. In our current study, the expression of
both RhoA and KRAS were also observed (Table 4S). The content of RhoA and KRAS in groups A and C
did not show a signi�cant change but still, it was signi�cantly up-regulated in group C.

        Furthermore, Rap-1A (another member of Ras family) was detected in all groups, but signi�cantly up-
regulated in group C. Some studies have demonstrated that Rap-1A can interact with c-Raf [50-52]. RAF
kinases can be activated by the interaction with RAS-GTPases. RAF kinases consist of three
serine/threonine protein kinases (related to retroviral oncogenes) which participate in the MAPK
cascade [53]. Excessive activation of MAPK cascade may result in excessive cell proliferation and tumor
formation. MAPK and AKT were also observed in all groups and showed a similar abundance trend. Both
are serine/threonine protein kinases, involved in adjusting cellular response to a diverse array of stimuli.
Therefore, MAPK and AKT regulate a series of cell functions including gene expression, mitosis, cell
proliferation, cell migration and apoptosis. MAP2K is located upstream of MAPK, and plays a role in
activating MAPK enzymatic activity. MAP2K was detected in all groups here analyzed. The proteins
discussed above are involved in Wnt, MAPK and mTOR signaling pathways. In addition to their role in
aging, these pathways are also involved in tumor formation. The increased expression of these proteins
in group C indicates that the cell cycle in S. japonica was affected, potentially leading to abnormal cell
proliferation and tumor formation.

4.6 DEPs involved in phagosome and endocytosis

        It is worth mentioning that the “phagosome” and “endocytosis” pathways included many DEPs
originated from the comparison of group C vs group A, where the number of up-regulated proteins was
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more prominent than the amount of down-regulated proteins (Fig. 9). Phagosomes are key organelles
present in macrophages, and participate in a series of physiological events such as tissue remodeling,
clearance of apoptotic cells, and control of pathogen proliferation inside cells [54, 55]. Phagosome
formation is essential for body homeostasis, particularly in the innate and adaptive host defense against
pathogens [56, 57]. The change of DEPs in “phagosome” pathway in different growth stages suggests
that the phagosome activity may increase continuously, which potentially re�ect the imbalance of
homeostasis in S. japonica after spawning. In fact, at this stage, the cuttle�sh is more susceptible to
various external factors, like viruses and other pathogenic microorganisms. Therefore, an increase in
phagosome activity is possibly required to maintain certain body functions. Endocytosis is a general term
describing a process by which cells absorb external material by engul�ng it with the cell membrane [58].
The endocytosis activity of optic gland cells reached the highest after spawning, which may be because
the S. japonica stopped feeding after spawning, and the cells maintained their function by enhancing
endocytosis and increasing nutrient uptake [59]. 

4.7 Na+/K+ ATPase and cellular homeostasis

        Na+/K+ ATPase is a type of enzyme that is embedded in the cell membrane. This ATPase has both
carrier and enzymatic activities, so it plays an important role in many aspects of cell homeostasis and
energy supply, such as (i) catalyzing ATP hydrolysis, (ii) transporting Na+ and K+ to both sides of cell
membrane to maintain membrane potential, (iii) regulating the cellular osmotic pressure, and (iv)
promoting impulse conduction on nerve cells [60]. Na+/K+ ATPase consists of two subunits (α and β), the
α subunit possesses the ATPase activity as well as Na+ and K+ binding sites. According to our results, the
α subunit of Na+/K+ ATPase was present in group A (Table S4), but it was not detectable in groups B and
C. So, we can infer that S. japonica has failed to synthesize Na+/K+ ATPase during the stages of
spawning and postspawning. Accordingly, the S. japonica cannot provide enough energy due to the lack
of Na+/K+ ATPase, so a large amount of energy consumption by spawning may jeopardize whole
homeostasis. Hypoxia and starvation can also reduce the activity of Na+/K+ ATPase [61]. The S. japonica
stops feeding and remain underwater after spawning. Coincidentally, such behavior may lead to hypoxia
and starvation, which further limits the function of Na+/K+ ATPase and may speed up the death of S.
japonica. 

4.8 Heat shock proteins and cellular protein homeostasis

Heat shock proteins (HSP) are among the most highly expressed cellular proteins across all species [62].
In group A, HSP70 and HSP90 expression were detected (Table S4). The molecular chaperone HSP70 can
interact with ribosomes and control protein quality, together with the ribosome associated complex (RAC)
and the nascent polypeptide-associated complex (NAC) [63-65]. Importantly, HSP70 play a signi�cant role
in overall cellular homeostasis. For instance, HSP70 can help matrix proteins to cross over the
mitochondrial inner membrane, in an ATP-dependent manner [66-68], and later fold and assemble into
protein complexes. Under resting conditions, HSP90 has similar functions that mainly include (i) protein
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folding, (ii) intracellular transport, (iii) cellular structure maintenance, (iv) control of protein degradations
and (v) modulation of cell signaling [69]. However, no HSP70 and HSP90 expression was detected in
groups B and C. As a result, protein homeostasis of S. japonica during spawning was certainly affected.
After spawning, the continued lack of HSP can continuously damage protein homeostasis, which may
lead to the absence of mitochondrial matrix proteins and, ultimately, to mitochondrial malfunction. In
fact, newly emerging and nascent polypeptide chains become defective/unfolded proteins in the absence
of HSP70 and respective molecular chaperones. The turnover of certain defective/unfolded proteins can
be eventually limited. Ubiquitin is a small protein that marks the proteins to degradation [70]. Proteins can
be ubiquitinated through the synergy of ubiquitin activating enzymes (E1), ubiquitin conjugating enzymes
(E2) and ubiquitin ligases (E3) [71, 72]. After ubiquitination, proteins are frequently degraded by
proteasome with the support of HSP70 and its molecular chaperones [73]. Interestingly, the abundance of
the skp1 component of ubiquitin ligase continuously increased in both groups B and C (Table S4), but it
was not detectable in group A. Upon comparison with group B, the abundance of ubiquitination-related
components showed no signi�cant up-regulation in the group C. These analyses indicate that the amount
of non-functional proteins in S. japonica increased during the spawning process. In the meantime,
“useless” proteins that were tagged by ubiquitin failed to be promptly degraded due to the absence of
HSP70, which also resulted in the increased expression of ubiquitin ligases and the further abundance of
non-functional proteins. As previously stated, we can infer that the imbalance on protein homeostasis
occurs in the postspawning stage, which can accelerate the aging process in S. japonica.

4.9 CTSD and other DEPs involved in aging-related pathways

Additional proteins have also shown signi�cant changes between different groups, such as PLCB, SEC13,
CTSD and others (Table S4). It is worth mentioning that an antibacterial effect may exist in CTSD
synthesized in vitro. In the current work, the expression of CTSD was signi�cantly down-regulated in
group B only, with no signi�cant differences between group A and group C. We inferred that this could be
a strategy for cuttle�sh to cope with issues related to distinct body aspects after spawning. Regarding the
signi�cant decreased of CTSD levels during spawning, more in-depth studies are warranted. Most of
proteins shown in Table S4 are not exclusive to aging-related signaling cascades, since they may also
impact other pathways. The signi�cant up- or down-regulation between different groups, in addition to
the close interaction between different pathways, indicate that the aging process of S. japonica after
spawning is a complex process that deserves more detailed investigations.

5 Conclusion
        In this study, many proteins typically involved in aging-related pathways were identi�ed using a label-
free proteomic approach. Bioinformatics analyses showed that energy metabolism, stress response and
cell proliferation of S. japonica optic gland changed signi�cantly at different stages of spawning.
Compared with the stage of pre-spawning, the energy metabolism of S. japonica optic gland increased
after spawning, cells showed signs of over-proliferation. This effect was possibly due to cell cycle
dysregulation, which is a classic feature of cancer. The cell cycle dysregulation is usually accompanied
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by homeostasis imbalance, which can lead to a weakening of the stress response against the
environment. In a way, the cuttle�sh at this stage would be more vulnerable to pathogen infection, but
further experiments are needed to verify this assumption. In addition, our study also showed that S.
japonica optic gland cells may supplement the required nutrients and maintain cell function by
enhancing endocytosis and phagosome activity after spawning.

        The rapid aging and death of S. japonica after spawning is a very complex process that involves
many internal factors related to energy metabolism, cell cycle regulation, immunity, protein homeostasis,
as environmental conditions such as temperature, stress and food. Our study provides some reasoning
for the phenomenon of spawning, at the level of proteomics, and paves the way for further scienti�c
studies.
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Tables
Table 1 DEPs identified in group B vs group A, group B vs group C, and group C vs group A.

vs Y_ compare X_special Y_special X and Y_
common

X_up-
regulated

X_down-
regulated

oup B vs Group
A

375 217 1292 76 287

oup B vs Group
C

175 359 1492 41 449

oup C vs Group
A

503 161 1348 219 117

 

 

Table 2 GO enrichment for DEPs (P 0.01)
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  GO: ID  Description  P-value

B vs A GO:0005198 Structural molecule activity 3.18E-03
GO:0005840 Ribosome 5.47E-03
GO:0010467 Gene expression 7.56E-03
GO:0009059 Macromolecule biosynthetic process 7.57E-03
GO:0034645 Cellular macromolecule biosynthetic process 7.57E-03
GO:0030529 Intracellular ribonucleoprotein complex 7.76E-03
GO:1990904 Ribonucleoprotein complex 7.76E-03
GO:0003735 Structural constituent of ribosome 7.76E-03
GO:0043603 Cellular amide metabolic process 8.52E-03
GO:0006518 Peptide metabolic process 9.34E-03

       
B vs C GO:0030414 Peptidase inhibitor activity 2.71E-05

GO:0061134 Peptidase regulator activity 2.71E-05
GO:0044421 Extracellular region part 4.82E-05
GO:0005578 Proteinaceous extracellular matrix 5.76E-05
GO:0004866 Endopeptidase inhibitor activity 5.76E-05
GO:0061135 Endopeptidase regulator activity 5.76E-05
GO:0016020 Membrane 1.72E-04
GO:0004867 Serine-type endopeptidase inhibitor activity 2.60E-04
GO:0031224 Intrinsic component of membrane 2.61E-04
GO:0016021 Integral component of membrane 4.00E-04
GO:0031012 Extracellular matrix 1.03E-03
GO:0004857 Enzyme inhibitor activity 1.03E-03
GO:0005576 Extracellular region 1.76E-03
GO:0005201 Extracellular matrix structural constituent 2.49E-03
GO:0044425 Membrane part 3.69E-03
GO:0004222 Metalloendopeptidase activity 5.82E-03
GO:0022900 Electron transport chain 6.76E-03
GO:0004872 Receptor activity 8.70E-03
GO:0060089 Molecular transducer activity 8.70E-03

       
C vs A GO:0005509 Calcium ion binding 1.41E-05

GO:0043169 Cation binding 8.12E-05
GO:0046872 Metal ion binding 1.05E-04
GO:0005576 Extracellular region 3.18E-04



Page 24/35

GO:0031224 Intrinsic component of membrane 8.09E-04
GO:0016021 Integral component of membrane 8.18E-04
GO:0016020 Membrane 2.53E-03
GO:0030414 Peptidase inhibitor activity 2.59E-03
GO:0061134 Peptidase regulator activity 2.59E-03
GO:0004867 Serine-type endopeptidase inhibitor activity 2.62E-03
GO:0004857 Enzyme inhibitor activity 4.18E-03
GO:0004866 Endopeptidase inhibitor activity 4.92E-03
GO:0061135 Endopeptidase regulator activity 4.92E-03
GO:0008061 Chitin binding 5.24E-03
GO:0006030 Chitin metabolic process 9.22E-03
GO:0006040 Amino sugar metabolic process 9.22E-03
GO:0048583 Regulation of response to stimulus 9.22E-03
GO:1901071 Glucosamine-containing compound metabolic process 9.22E-03
GO:0016459 Myosin complex 9.22E-03
GO:0044425 Membrane part 9.50E-03
GO:0043167 Ion binding 9.69E-03

 

Table 3 KEGG enrichment for DEPs (P 0.05)
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  ko: ID Description P-value

B vs A ko03010 Ribosome 3.88E-03
ko03040 Spliceosome 1.43E-02
ko04214 Apoptosis - fly 3.07E-02
ko05012 Parkinson's disease 1.28E-02
ko04612 Antigen processing and presentation 3.07E-02

       
B vs C ko00450 Selenocompound metabolism 1.64E-03

ko00640 Propanoate metabolism 7.51E-03
ko04512 ECM-receptor interaction 9.95E-03
ko00250 Alanine, aspartate and glutamate metabolism 2.93E-02
ko00330 Arginine and proline metabolism 4.24E-02

       
C vs A ko00630 Glyoxylate and dicarboxylate metabolism 6.63E-03

ko04512 ECM-receptor interaction 1.11E-02
ko04137 Mitophagy - animal 1.25E-02
ko00072 Synthesis and degradation of ketone bodies 1.37E-02
ko00620 Pyruvate metabolism 2.45E-02
ko04612 Antigen processing and presentation 3.25E-02

Figures
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Figure 1

Analysis of protein quality of S. japonica at different stage. The total content of proteins isolated from S.
japonica optic gland (groups A, C and D) were analyzed by SDS-PAGE.
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Figure 2

Wenn analysis of co-expressed genes in different groups and pathway enrichment of co-highly expressed
genes. (a) Wenn analysis of co-expressed genes in three groups; (b) Wenn analysis of co-highly
expressed genes in three groups; (c) Pathway enrichment of co-highly expressed genes in three groups.
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Figure 3

Differentially expressed proteins (DEPs) detected between different groups of S. japonica. Volcano plot of
group B vs group A (a), group B vs group C (c) and group C vs group A (e). The up- and down-regulated
proteins are marked in red and green, respectively. Heatmap of group B vs group A (b), group B vs group C
(d) and group C vs group A (f). Red and green colors represent high and low protein abundance,
respectively.



Page 29/35

Figure 4

GO analysis of differentially expressed proteins (DEPs). Distribution of GO annotation of the DEPs
identi�ed in group B vs group A (a), group B vs group C (c) and group C vs group A (e). Red and green
bars represent up- and down-regulated proteins, respectively. Blue bar represents unique proteins detected
in a single group. GO enrichment of differentially expressed proteins in group B vs group A (b), group B vs
group C (d) and group C vs group A (f). The size of spots represents the number of proteins in each GO
term. Different colors represent distinct P-values. GO numbers represent GO terms, which can be found in
Gene Ontology.
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Figure 5

KEGG analysis of DEPs. Results of KEGG annotation in group B vs group A (a), group B vs group C (c)
and group C vs group A (e). Up- and down-regulated proteins (red and green, respectively) as well as
unique (blue) proteins are indicated in the pathways. KEGG enrichment of differentially expressed
proteins is shown for comparisons between group B vs group A (b), group B vs group C (d) and group C
vs group A (f). The color of spots indicates the signi�cance level related to differences between each
group. Gene names can be found in KEGG by searching gene symbols.



Page 31/35

Figure 6

Pathway enriched by three DEPs datasets.
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Figure 7

COG analysis of DEPs detected between different groups of S. japonica. DEPs detected in group B vs
group A (a), group B vs group C (b) and group C vs group A (c), were categorized according to the
information storage, cellular, signaling, and metabolism process.
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Figure 8

Heatmap showing changes in abundance of proteins in several major metabolic pathways. The color
scale represents protein abundance normalized as Z-score, from blue the lowest to red the highest values.
Red means up regulation, blue means down regulation.
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Figure 9

Fold changes in protein abundance in the phagosome and endocytosis pathways at three stages. (a) in
the phagosome pathway; (b) in the endocytosis pathway.

Figure 10

Relative mRNA level of genes encoding proteins involved in aging-related pathways. CALM: calmodulin;
RhoA: Ras homolog gene family, member A; PPP3C: serine/threonine–protein phosphatase, catalytic
subunit; CAMK2: calmodulin–dependent protein kinase ; PLCB: phospholipase C, beta; Rap1A: Ras–
related protein 1A; GNB1: guanine nucleotide-binding protein, subunit beta–1; ATPeV1E: V–type H+–
transporting ATPase subunit E; ATPeV1G: V–type H+–transporting ATPase subunit G; GRB2: growth
factor receptor–binding protein 2; KRAS: GTPase KRas; MAP2K1: mitogen–activated protein kinase
kinase 1; AKT: RAC serine/threonine–protein kinase; GSK3B: glycogen synthase kinase 3 beta; CTSD:
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cathepsin D. “*” and “**” indicate signi�cant differences at P 0.05 and P 0.01, respectively. Data are
presented as mean±S.D. from three independent biological replicates.
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