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Sleep disorder caused by abnormal circadian rhythm is one of the main symptoms and risk
factors of depression. As a known hormone regulating circadian rhythms, melatonin (MT)
is also namely N-acetyl-5-methoxytryptamine. N-acetylserotonin methyltransferase (Asmt)
is the key rate-limiting enzyme of MT synthesis and has been reportedly associated with
depression. Although 50-90% of patients with depression have sleep disorders, there are
no effective treatment ways in the clinic. Exercise can regulate circadian rhythm and play an
important role in depression treatment. In the present study, we showed that Asmt knockout
induced depression-like behaviors, which were ameliorated by swimming exercise. More-
over, swimming exercise increased serum levels of MT and 5-hydroxytryptamine (5-HT) in
Asmt knockout mice. In addition, the microarray data identified 10 differentially expressed
genes (DEGs) in KO mice compared with WT mice and 29 DEGs in KO mice after swimming
exercise. Among the DEGs, the direction and magnitude of change in epidermal growth
factor receptor pathway substrate 8-like 1 (Eps8I1) and phospholipase C-3 2 (Plcb2) were
confirmed by gRT-PCR partly. Subsequent bioinformatic analysis showed that these DEGs
were enriched significantly in the p53 signaling pathway, long-term depression and estrogen
signaling pathway. In the protein—protein interaction (PPI) networks, membrane palmitoy-
lated protein 1 (Mpp1) and p53-induced death domain protein 1 (Pidd1) were hub genes to
participate in the pathological mechanisms of depression and exercise intervention. These
findings may provide new targets for the treatment of depression.

Introduction
Sleep disorders caused by abnormal circadian rhythm have been widely demonstrated in patients with
depression [1,2]. However, most of the current antidepressants have a weak therapeutic effect on sleep
disorders 3], such as selective serotonin reuptake inhibitor (SSRI) and selective norepinephrine reuptake
inhibitor (SNRI), which are based on the monoamine hypothesis [4]. 5-Hydroxytryptamine (5-HT), a
kind of monoamine neurotransmitter, can be catalyzed by N-acetyl serotonin methyltransferase (Asmt)
via N-acetyl serotonin to form melatonin (MT) [5]. Clinically, MT level decreases in patients with de-
pression, and MT treatment can prolong sleep time and alleviate depression [6]. Animal studies have also
confirmed the rapid and lasting anti-depression and anti-anxiety effects of MT in chronic stress rats [7].
Therefore, it is of great significance to explore the regulatory factors of MT secretion in depression.

In the pineal, arylalkylamine N-acetyltransferase (AANAT) and Asmt are both key rate-limiting en-
zymes affecting MT biosynthesis. Asmt plays a catalytic role in the last step of the synthesis reaction and
has been found to be associated with depression [8]. The mRNA and protein expression levels of Asmt
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were significantly lower in patients with recurrent depression than those in healthy individuals [9]. It has been re-
ported that single nucleotide polymorphism of Asmt gene is implicated in depression, the AA genotype at rs4446909
and GG genotype at rs5989681 in the promoter B region of Asmt gene were protective genes of depression [10]. Sim-
ilarly, Asmt gene polymorphism has been reportedly relevant to the susceptibility of autism spectrum disorders [10]
and bipolar disorders [11]. Therefore, the first aim of the present study is to identify whether Asmt knockout induces
depression-like behaviors in mice, thus being employed as a useful model to study depression with sleep disorders.
Exercise has been found to regulate the phase of MT rhythm and the sleep-wake cycle [12], as well as circadian
adaptation [13] by regulating MT level [14]. Moreover, exercise is an effective treatment for major depression [15].
Among the many challenges related to depression, lack of biomarkers for diagnosis appears especially prominent.
Gene chip, also called DNA chip or DNA microarray, is an appropriate tool to address this issue [16]. In recent years,
gene chip has been widely used in the research fields of depression [17], exercise [18], and exercise intervention for
depression [19]. Therefore, the second aim of the current study is to investigate the effects of Asmt knockout and
swimming exercise on gene expression profiles in mice, which may provide selective biomarkers for depression.

Materials and methods

Animals and groups
Mice were obtained from Humangen Biotech Inc. (Shanghai, China). Asmt-knockout mice (F0) were generated
via co-injection of in vitro-synthesized Asmt sgRNA (5-gCGCCTACACCAACTCCCCCC-3'), Cas9 mRNA and
pMD19T-T7 vector into the zygotes of C57BL/6 mice [20]. Mouse Asmt gene (ID: 107626) is located in the F5 region
of X chromosome, and a total of 5 SgRNAs were designed for exons 2 and 3, and the splicing efficiency was tested
in NIH3T3 cells. The founder mice was analyzed with quantitative real-time polymerase chain reaction (QRT-PCR)
using the set of primers (sense 5’-agggtcacagttcatggtgg-3’ and antisense 5’-tcgacgcccacggecectegegta-3’). The initially
obtained Asmt-knockout mice (i.e., the positive founder mice with 20 bp deletion, FO) from Humangen Biotech Inc.
were backcrossed with their wild-type littermates C57BL/6 mice for three generations. Genotyping was conducted
with high resolution melting (HRM) analysis after qRT-PCR, which can distinguish three genotypes accurately [21].
Mice were housed with a 12-h light:dark cycle under controlled temperature (22 + 2°C) and humidity (50 +
10%), and were given standard diet and water ad libitum. The breeding male mice (3- to 4-week old, 17-20 g) were
performed gene identification to select Asmt-knockout homozygous mice and wild-type littermate mice. All mice
were adaptively reared for 3 weeks, and were then trained in a swimming program or not. Mice were randomly
assigned to four groups: wild-type control group (WT, n=5), Asmt-knockout control group (KO, n=5), wild-type
exercise group (WE, n=4), and Asmt-knockout exercise group (KE, n=5). All animal work has taken place in the
Experimental Animal Centre at East China Normal University, Shanghai, China.

Exercise protocol

As described in studies of ours [22] and others [23], WE and KE mice were trained in a moderate swimming process
with no weight loading in free style. Daily swimming exercise was performed in a large glass water tank [100 cm (L) x
60 cm (W) x 80 cm (H)] at 32 & 1°C. The exercise period began when mice were at the age of 6-7 weeks. During the
first week for adaptation, the training was graded beginning with 10 min on the first day until 60 min on the last day.
Thereafter, regular training period began with intensity of 60 min/day, 6 d/week for 4 weeks. Exercise was performed
at the same time every day (between 9:00 and 11:00 a.m.).

Behavioral testing

Except sucrose preference, a videocomputerized tracking system (DigBehav, Jiliang Co. Ltd., Shanghai, China) was
used to record the behavioral changes of the animals. These behavioral tests were performed as described in our
previous study [24].

Sucrose preference test (SPT)

In the SPT, sweetness preference decreases in depressed mice [25]. Briefly, 72 h before the test mice were trained to
adapt 1% sucrose solution (w/v): two bottles of 1% sucrose solution were placed in each cage, and 24 h later 1% sucrose
in one bottle was replaced with tap water for 24 h. After adaptation, mice were deprived of water and food for 24 h.
Thereafter, mice housed in individual cages had free access to two bottles respectively containing 200 ml of sucrose
solution (1% w/v) and 200 ml of water. At the end of 24 h, the sucrose preference was calculated as a percentage of
the consumed 1% sucrose solution relative to the total amount of liquid intake.
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Forced swim test (FST)

The FST is one of the most used tools for screening antidepressants among all animal models [26]. The swimming
sessions were conducted by placing the mice in cylinders (30 cm height x 10 cm diameters) containing 25°C water 20
cm deep so that the mice could not support themselves by touching the bottom with their feet. The FST was conducted
for 5 min, during which immobility time and struggling time was recorded. Floating in the water without struggling
and only making movements necessary to keep its head above the water were regarded as immobility.

Open field test (OFT)

The OFT is employed to evaluate the effects of antidepressant treatment [27]. Each mouse was placed in the center
of the open field (30 x 30 x 30 cm chamber, with 16 holes in its floor, each hole had infrared sensing) for 5 min in a
quiet room. The parameter assessed was the number of poking into holes.

Sample collection

Mice were decapitated after isoflurane anesthesia and blood was kept in room temperature, and then was centrifuged
at 3000 rpm for 10min to separate the serum and blood cells. The hypothalamus was rapidly and carefully separated
on ice-plate, in view of regulating effects of hypothalamus on sleep, mood, circadian, and seasonal rhythm [28]. The
serum and hypothalamus were stored at —80°C until assays.

Enzyme-linked immunosorbent assay (ELISA)
Serum concentrations of MT and 5-HT were determined using commercially ELISA kits (Shanghai Enzyme-linked
Biotechnology Co., Ltd., Shanghai, China) following the manufacturer’s instructions.

Agilent transcriptome microarray assay

The collected hypothalamus tissues were put into dry ice and sent to OE Biotech Co., Ltd (Shanghai, China) for the
One-Color Microarray-Based Gene Expression Detection and Analysis. Each group included three samples. The gene
expression profiles were conducted using Agilent SurePrint G3 Mouse Gene Expression V2.0 (8 x 60K, Design ID:
074809).

Expression profile microarray experiments

Total RNA was quantified by NanoDrop ND-2000 (Thermo Scientific) and the RNA integrity was assessed using Ag-
ilent Bioanalyzer 2100 (Agilent Technologies). The RNA integrity assessment results of all samples were very good,
with A (RNA Integrity Number [RIN] >7 and 285/18S > 0.7), which means these samples can be used in subsequent
experiments. The sample labeling, microarray hybridization, and washing were performed according to the manufac-
turer’s standard protocols. After washing, the arrays were scanned by Agilent Scanner G2505C (Agilent Technologies)
to get the array images. The raw data were extracted from the images by Feature Extraction software (version10.7.1.1,
Agilent Technologies) finally.

Differentially expressed genes identification

Genespring (version 13.1, Agilent Technologies) was employed to process the basic analysis with the raw data. To
begin with, the raw data were normalized with the quantile algorithm. The probes that at least 100% of the values in
any 1 out of all conditions have flags in “Detected” were chosen for further data analysis. Differentially expressed genes
(DEGs) were then identified through fold change as well as P value calculated with unpaired ¢-test. The screening
criterion of DEGs was that the absolute fold change (FC-abs) > 2.0 and P<0.05. Afterward, Hierarchical Clustering
(shown in the heatmap) was performed to display the differential gene expression pattern among samples by MeV
4.6 software, and the parameters were “Distance Metrics, Euclidean Distance, Linkage Method, Complete linkage”

Bioinformatics analysis of expression profiles
Briefly, function annotations including biological process (BP), cellular component (CC), and molecular function
(MF) were obtained based on the Gene Ontology (GO) project (http://geneontology.org/). And enriched pathways
were identified using the Kyoto Encyclopedia of Genes and Genomes (KEGG) project (http://www.genome.jp/kegg/).
The GO and KEGG terms were pondered significant if P<0.05 or 0.1.

To locate potential therapeutic targets among identified DEGs, the protein—protein interaction (PPI) networks were
constructed by Search Tool for Retrieval of Interacting Genes/Proteins (STRING, version 9.0, https://string-db.org/)
and Cytoscape software (version 3.2.1, http://cytoscape.org/). The minimum required interaction score was set as
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0.15 in the STRING online database. Cytoscape software was used to visualize the PPI network, and the CytoHubba
plugin for Cytoscape was used to calculate the degree value to screen the hub genes.

qRT-PCR validation

The hypothalamus tissues were performed by qRT-PCR to exclude false-positive results and validate microarray as-
say results further. Total RNA was extracted from frozen tissues using TRIzol (Invitrogen, Chromos, Singapore) and
purified according to the instructions included. Then, double-stranded cDNA was synthesized from ~1 pg of total
RNA using ReverTra Ace® qPCR RT Kit (TOYOBO, Osaka, Japan). Real-time PCR kit (TOYOBO, Osaka, Japan) was
used to prepare the 20 pl reaction system, including 4 pmol of each primer, 2.0 x Master SYBR Green I (contains Taq
DNA polymerase, reaction buffer, ANTP mix, SYBR Green I dye, and 10 mM MgCl,), and 2.0 pul template. Real-time
PCR reactions were cycled in QuantStudio 3 Real-Time PCR Instrument (Applied Biosystems, CA, U.S.A.). The am-
plification occurred in a three-step cycle (denaturation at 95°C for 15 s, annealing at 61°C for 30 s, extension and
data collection at 72°C for 45 s) for 40 cycles. The target gene expression was normalized to internal standard 18S.
Fold changes in the expression of genes of interest were calculated using the 2724t method. According to mouse
EST sequences of epidermal growth factor receptor pathway substrate 8-like 1 (Eps811), phospholipase C-32 (Plcb2),
synaptotagmin-like 2 (Sytl2), checkpoint kinase 1 (Chekl), cyclin-dependent kinase inhibitor 1A (Cdknla), inositol
1,4,5-triphosphate receptor 2 (Itpr2), transformed mouse 3T3 cell double minute 4 (Mdm4), p53 induced death do-
main protein 1 (Pidd1), heat shock protein family A member 1B (Hspalb) and 18S in NCBI database. Primer Premier
3.0 software was used to design the primers. Primer sets used in the present study were shown in Supplementary Table
S1.

Statistical analysis

Data are presented as mean + SEM. Analyses were performed using GraphPad Prism Software (version 6.01). The
statistical significance of differences was determined using two-way ANOVA followed by Bonferroni test for post hoc
comparisons. Statistical significance was set at P<0.05 or 0.1.

Results
Effects of Asmt knockout and swimming exercise on depression-like

behaviors and serum levels of MT and 5-HT

First, we demonstrated that Asmt knockout induced depression-like behaviors, including reduced percentage of su-
crose preference in SPT (P<0.01, Figure 1A) and poking number in OFT (P<0.01, Figure 1D), compared with WT
group. Swimming exercise ameliorated depression-like behaviors induced by Asmt knockout, including increased
percentage of sucrose preference in SPT (P<0.01, Figure 1A), struggling time in FST (P<0.05, Figure 1C) and pok-
ing number in OFT (P<0.01, Figure 1D), as well as decreased immobility time in FST (P<0.05, Figure 1B). No KO
X swim interaction on behavioral testing was found.

Then, we examined the serum levels of MT and 5-HT in hypothalamus. No main effects of Asmt knockout were
found on the levels of MT or 5-HT, whereas swimming exercise increased the levels of MT (P<0.05, Figure 1E) and
5-HT (P<0.01, Figure 1F). A significant KO x swim interaction was found on MT level (F;, 11) = 4.853, P<0.05),
suggesting the association among M T, Asmt, and swim.

Identification of DEGs after Asmt knockout and swimming exercise
According to the strict screening criteria mentioned above, we identified a large number of DEGs, the overall re-
sults were presented in Supplementary Table S2. Of these DEGs, 7 up-regulated and 3 down-regulated genes were
identified in mice hypothalamus following Asmt knockout, compared with WT group (Figure 2A and Supplemen-
tary Table 3). In addition, 17 up-regulated and 12 down-regulated genes were identified in mice hypothalamus after
swimming exercise, compared to KO group (Figure 2B and Supplementary Table S4). The top 10 up-regulated and
down-regulated DEGs of the other comparisons among groups were shown in Figure 2C-E, and details were listed
in Supplementary Tables S5-7.

Validation of DEGs by qRT-PCR

To validate the microarray results, we selected nine DEGs based on P-value and FC-abs, the mean of expression
quantity and association with Asmt or exercise, and then performed qRT-PCR. These nine DEGs included Eps8l1,
Plcb2, Sytl2, Chekl, Cdknla, Itpr2, Mdm4, Pidd1, and Hspalb. The qRT-PCR results of Eps8l1 (Figure 3A) and
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Figure 1. Effects of Asmt knockout and swimming exercise on depression-like behaviors and serum hormone levels in mice
(A-D) Depression-like behaviors: (A) Sucrose preference in sucrose preference test (SPT); (B) Immobility time in forced swim test
(FST); (C) Struggling time in FST, (D) Poking number in open field test (OFT); (E and F) Serum hormone levels: (E) melatonin (MT),
(F) 5-hydroxytryptamine (5-HT). Data are presented as means + SEM (n = 3-5 per group). *P<0.05, **P<0.01 versus WT; #P<0.05,
##P<0.01 versus no swimming.
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Figure 2. Heatmaps of the DEGs in mice hypothalamus
(A) Asmt-knockout control group (KO) versus wild-type control group (WT), (B) Asmt-knockout exercise group (KE) versus KO, (C)

wild-type exercise group (WE) versus WT, (D) KE versus WT, (E) KE versus WE. Color scale represents gene expression value from
relatively low (green) to relatively high (red).
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Figure 3. Validation of DEGs by qRT-PCR

The expression levels of epidermal growth factor receptor pathway substrate 8-like 1 (Eps8I1, A) and phospholipase C-f3 2 (Plcb2,
B) in mice hypothalamus with response to Asmt knockout and swimming exercise. The relative mRNA levels were conducted using
gRT-PCR. Data are presented as means + SEM (n = 3 per group). *P<0.05, **P<0.01 versus WT; #P<0.05, ##P<0.01 versus no
swimming.

Plcb2 (Figure 3B) were consistent with the microarray data. The mRNA levels of Eps8l1 and Plcb2 were significantly
down-regulated following Asmt knockout in mice, verifying the reliability of hypothalamus gene expression profiles.
In view of enriched functions of Eps8l1 (Supplementary Table S8) and Plcb2 (Supplementary Table S9), we can infer
that Eps811 and Plcb2 were related to Asmt knockout-induced depression-like behaviors. In addition, it needs to be
turther proved whether Eps8l1 and Plcb2 are involved in antidepressant effects of swimming exercise. The validation
results of the other seven genes were shown in Supplementary Figure SI.

Enrichment analysis of DEGs after Asmt knockout and swimming

exercise

The function enrichment analysis of DEGs was conducted by GO analysis. Following Asmt knockout in mice, the most
prominent terms of BP, CC and MF were respectively involved in “sensory perception of bitter taste” (P=0.003288),
“exocytic vesicle” (P=0.005665) and “phospholipase C activity” (P=0.004805); Figure 4A and Supplementary Table
$10. After swimming exercise in KO mice, the most prominent terms of BP, CC, and MF were respectively involved in
“cellular response to UV-B” (P=8.09E-05), “melanosome” (P=0.000636) and “extracellular-glycine -gated chloride
channel activity” (P=0.007847); Figure 4B and Supplementary Table S11. The top 10 enriched GO terms generated
by the other comparisons among groups were presented in Figure 4C-E, and details were listed in Supplementary
Tables S12-14.

The pathway enrichment analysis of DEGs was further conducted to gain deeper insight into the effects of Asmt
knockout and swimming exercise on depression-like behaviors. Based on the KEGG database, three pathways were
significantly enriched following Asmt knockout and swimming exercise, such as p53 signaling pathway, long-term
depression (LTD), and estrogen signaling pathway, but the involved genes were different in each comparison (Figure
5A,B and Supplementary Tables 15-17). The top 20 enriched KEGG terms generated by the other comparisons among
groups were presented in Figure 5C-E, and details were listed in Supplementary Tables 18-20.
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Figure 4. Gene Ontology (GO) analysis of DEGs

(A) KO versus WT, (B) KE versus KO, (C) WE versus WT, (D) KE versus WT, and (E) KE versus WE. Bar charts of function enrichment analysis were
constructed by -log10 (P value) and the top 10 GO terms. The bar color represents GO terms related to Biological Process (green), Cellular Component
(blue) and Molecular Function (orange).

PPI network construction of DEGs
Generally, a gene with a higher degree in the PPI networks is capable of causing more variation in regulation pro-
cesses. A PPI network including 3 nodes and 2 edges was constructed (Figure 6A), up-regulated membrane palmi-
toylated protein 1 (Mppl) (degree = 2) may be involved in the molecular mechanisms of Asmt knockout-induced
depression-like behaviors. In addition, a PPI network including 15 nodes and 18 edges was constructed (Figure
6B), up-regulated Pidd1l (degree = 8) may be involved in the regulation mechanisms of swimming exercise for
depression-like behaviors. The PPI networks of the other comparisons among groups were shown in Figure 6C-E.
In order to further investigate the roles of identified DEGs in the development of depression, then we constructed
another network (Figure 6F) among Asmt, brain-derived neurotrophic factor (Bdnf), MT receptors (Mtnrla and
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Mtnrlb), identified DEGs (Eps8l1, Plcb2, Chekl, Cdknla, Itpr2, Mdm4, Pidd1, Hspalb), the first-order neigh-
bors of Eps8l1 (Cask, Sosl, Abil) and Plcb2 (Gnall). As shown in Figure 6F, Asmt may be participated in the
molecular mechanism of depression-like behaviors and swimming effects through Bdnf, then Asmt knockout
can lead to abnormal expression of Ep8ll via Sosl. Probably, Asmt knockout play an important role through
Mtnr1b/Gnall/Plcb2/Bdnf on depression-like behaviors. Although other identified DEGs from microarray data were
not successfully verified by PCR, they may be associated with the pathogenesis of depression and regulation of exercise

according to this network.
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Discussion

To our knowledge, this is the first study to report the animal model of depression induced by Asmt knockout. Of
course, it needs further study to confirm the model validity. Initially, we aimed to build Asmt knockout mice to
explore the role of MT in depression. However, we ignored the congenital deficiency of Asmt in C57BL/6] mice during
gene targeting, thus constructing a mouse strain that seemed to make little sense. Then we thought this question
deeply from a different perspective, mouse strain and genotype cannot be ignored when treated with antidepressant
therapy [29-31]. Even if C57BL/6] mice were born with melatonin deficiency, genetic deletion of MT1 melatonin
receptor caused depressive and anxiety-like behaviors in male and female C57BL/6 mice [32]. In fact, the comparison
of different strains of animals showed that the behaviors of C57BL/6] mice in FST, TST, and OFT were similar to other
strains [33].

Asmt is the key rate-limiting enzyme of MT [5]. MT has positive effects on depression by regulating neurogenesis
[34], neuroplasticity [35], and neurotransmitters [36]. More importantly, MT can improve depression accompanied
with anxiety and sleep disorder through oxidative stress and immune response [37]. Therefore, we suppose that Asmt
knockout-induced depression-like behaviors may be associated with MT expression. However, Asmt knockout did
not significantly affect melatonin levels in our study. Consistently, C57BL/6] mouse strain, which was often used to
construct animal models of depression, are inborn with lower Asmt activity in the previous studies. Interestingly, we
found that the KE animals show better improvement than WE animals in the behavioral studies, including reduced
immobility time in FST (P<0.01, Figure 1B) and increased struggling time in FST (P<0.01, Figure 1C). It is suggested
that male mice with Asmt knockout have an easier time reaping the benefits of exercise than wild-type. The possible
explanation for this is that Asmt knockout strengthens neurobehavioral response to exercise due to a significant KO
x swim interaction on the MT level. Furthermore, this may be related to a day-night difference in the response of
MT level to swimming [38]. As the substrate of MT formation catalyzed by Asmt, 5-HT is a critical factor linking
dysregulation of circadian system and mood [39]. Aerobic exercise has been found to enhance activities of brain
serotonergic projections [40]. In the current study, we also found that swimming exercise increased serum 5-HT (i.e.
serotonin) level.

To dissect the molecular and genetic basis underlying the association among depression-like behaviors, Asmt
knockout and swimming exercise, we have used transcriptome microarray technology. 10 DEGs were identified in
mice following Asmt knockout compared with WT group, and 29 DEGs were identified in mice after swimming
exercise compared to KO group. Nine DEGs were selected to validate the microarray results, whereas only Eps8l1
and Plcb2 were verified by qRT-PCR. Eps8 has three gene analogs, Eps8l1, Eps812, and Eps813 [41,42]. Our results
showed that Eps811 mRNA level in KO group was significantly down-regulated compared to WT group. Similarly,
the down-regulation of Eps8 was accompanied by negative effects on cell proliferation, differentiation, and survival
[43]. On the contrary, Eps8 has been reported to be up-regulated in most cancer patients, including pituitary gland
cancer, breast cancer, ovarian cancer, and so on [44]. Cancer patients have been reported a higher risk of depression
[45]. The inconsistency may be due to expression trend in depression and cancer subjects, and also due to expression
differences of Eps8 and three analogs. It has been reported that Eps8l1 and Eps812, but not Eps813, restore receptor
tyrosine kinase-dependent actin remodeling and link growth factor stimulation to actin organization [42]. The regu-
latory effects of Eps8l1 on actin dynamics suggested that it may be connected with exercise intervention for diseases.
Consistently, Eps8l1 was one of up-regulated genes after swimming exercise in microarray results. Furthermore, GO
terms analysis showed that Eps8l1 was involved in Rac guanyl-nucleotide exchange factor activity, which has been
found to regulate glucose metabolism in brain and then relate to brain diseases [46].

Besides, Eps8l1 is crucial for the Eps8-Abil-Sosl complex that required for Rac activation leading to actin cy-
toskeletal remodeling [46]. Sosl is a guanine nucleotide exchange factor, and Abil acts as a scaffold between Eps8
and Sos1 assemble [47]. Cask, another first-order neighbor of Eps8l1, belongs to the membrane-associated guany-
late kinase (MAGUK) family, and improve neurodevelopmental disorders by regulating synaptic plasticity [48,49].
These findings suggested that Eps8l1 may be concerned with brain diseases and exercise effects. According to the
PPI network (Figure 6F), the effects of Asmt knockout and swimming exercise may be connected with Bdnf, result-
ing in down-regulation of Eps8l1 via Sosl. Bdnf is important in improving depression-like behaviors by stabilizing
hippocampal synaptic plasticity, thus it is the most sensitive neurotrophic factor in antidepressant effects of exer-
cise [50]. Overall, Eps8l1 may take part in molecular mechanism of depression pathology and exercise effects via
regulating synaptic plasticity and actin structures.

Plcb2 has been found to mainly distribute in oligodendrocytes and modulate the transmission of neuroendocrine
signals [51]. Plcb2 binding to Gnall is responsible for the regulation of phospholipase C (PLC) in diverse systems
[52]. PLC is the key enzyme of phosphatidylinositol signaling pathway, which is closely related to neuron activity
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and exercise effect. It has been reported that PLC signal disorder is involved in neuropsychiatric diseases including
depression, bipolar disorder, schizophrenia, Huntington’s disease, and Alzheimer’s disease [51]. Six subtypes of PLC
have been identified in mammals, namely PLC (3, PLCy, PLC 9, PLC ¢, PLC ¢ and PLC 1. Among them, PLC 3 is
encoded by the Plcb gene, including Plcb1, Plcb2, Plcb3, and Plcb4. Plcb1-related signal pathway related to depression
[53], and chronic treatment with quetiapine changed Plcbl mRNA level from microarray analysis [54]. Our results
of enrichment analysis suggested that Plcb2 may be also one of depression-related target molecules like Plcbl. GO
terms enriched by Plcb2 mainly included sensory perception of bitter taste, cytoplasm, PLC activity, etc. KEGG terms
enriched by Plcb2 included LTD, estrogen signaling pathways, circadian entrainment, melanogenesis, carbohydrate
digestion and absorption, and AGE-RAGE signaling pathway in diabetic complications. Our results showed that
Plcb2 mRNA level was reduced following Asmt knockout in mice. Consistent with the PPI network (Figure 6F),
Asmt knockout may play an important role through Mtnr1b/Gnal1/Plcb2/Bdnf in depression. Taken together, Plcb2
may be a representative molecular marker of depression through the effects on circadian rhythm and metabolism,
which are crucial for depression [55] and exercise [56].

It is worth noting that MT levels in Asmt KO mice decreased compared with WT mice, but there was no significant
difference. If the M T levels were not altered in Asmt KO mice, Eps8l1 and Plcb2 might ameliorate depressive symp-
toms in a more direct way. After Asmt was knocked out, the mRNA expression levels of Eps8l1 and Plcb2 decreased
(Figures 2A,B and 3A,B). Then Eps8l1 can down-regulate Bdnf via Sos1, and Plcb2 can down-regulate Bdnf directly
(Figure 6F). This reasonable conjecture is supported by evidence from the previous study. It is reported that Eps8
regulates axonal filopodia in hippocampal neurons in response to Bdnf, this is a process with crucial impacts on neu-
ronal development and synapse formation [57]. The results indicated that 5-HT affected Bdnf secretion from NG2
cells via the PLC signaling pathway [58]. And the cortical oligodendrocytes regulated the release of Bdnf through the
PLC pathway [59]. In other words, Eps8l1 and Plcb2 may regulate synaptic plasticity by affecting the expression level
of Bdnf to participate in the molecular mechanisms of depression.

In addition, our microarray data show that the RIKEN ¢cDNA 8430408G22 gene, RIKEN cDNA D930015E06 gene,
and RIKEN cDNA 1700001P01 gene down-regulated significantly in the antidepressant effects of exercise (Supple-
mentary Table S4). Long non-coding RNA (LncRNA) is defined as a non-coding RNA molecule with a length of more
than 200 nucleotides and was initially described by Okazaki et al in a large-scale sequencing study of a full-length
mouse cDNA library in 2002. Recently, the roles of IncRNA in the pathogenesis of depression have been shown to reg-
ulate synaptic plasticity, Bdnf expression, inflammation and so on [60]. LncRNA networks are differentially modified
during endurance exercise in mice with depression-like behaviors [61]. Further, it was confirmed that Baduanjin can
effectively ameliorate the symptoms of depression in patients with depression by regulating the dysregulated expres-
sion of IncRNA, mRNA, and circRNA [62]. So far, the researchers have raised some predictions of IncRNA function,
and their signal pathway and related regulatory networks still need to be further explored in the experiments.

KEGG analysis also revealed that p53 signaling pathway, LTD, and estrogen signaling pathway were enriched sig-
nificantly following Asmt knockout and swimming exercise. p53 signaling pathway is extremely essential for oxidative
stress imposed by exercise [63] and brain development [64,65]. p53 dysfunction was involved in depression and med-
icating apoptosis [66]. Recently, p53 loss has been found to drive neuron reprogramming in cancer [67]. Consistently,
Eps8l1 is also a key molecule in cancer research. These results suggest that there may be a comorbidity between can-
cer and depression induced by Asmt knockout. LTD pathway is also a kind of synapse plasticity form depending
on the change of postsynaptic Ca®* [68]. The increased LTD has been reported to be reversed by antidepressants in
rat hippocampal CA1 region [69]. The synaptic plasticity of cortical striatum was involved in learning and exercise
control [70]. Additionally, estrogen signaling pathway related to postpartum depression [71]. Women are 2.5 times
more likely to suffer from major depressive disorder (MDD) than men, which may due to the reduced estrogen level
[72]. Depression is a kind of abnormal disease of brain energy metabolism, the estradiol combining with estrogen re-
ceptors can modulate emotion and energy homeostasis through c-fos neural activity in amygdala and hypothalamus
[73]. Further study is needed to explore the roles of p53 signaling pathway, LTD and estrogen signaling pathway in
Asmt-related depression and exercise effects.

Finally, we identified two hub genes as candidate therapeutic target genes, Mppl and Pidd1, which play impor-
tant roles in PPI networks. Following Asmt knockout in mice, Mppl is the core gene in the PPI network. Mpp1 has
been reported to regulate neutrophil polarization by AKT1 phosphorylation [74]. Depression can be regarded as an
inflammatory disorder, whose pathophysiological mechanism is associated with AKT activity [75]. Mpp1, a skeleton
protein in the erythrocyte membrane, belongs to the MAGUK family [76]. Based on the above statements, Mpp1
may be an important target molecule related to depression and exercise effects. After swimming exercise in KO mice,
Pidd1 is the core gene in the PPI network. It is reported that Pidd1 may be participated in depression pathogenesis
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via Bdnf in the downstream [77]. KEGG terms enriched by Pidd1 included negative regulation of p53 signaling path-
way, apoptosis, NF-kappaB signaling pathway, etc. The previous study has found that Pidd1 connected p53/TP53 to
apoptosis as a component of DNA damage/stress response pathway [78]. Pidd1 is also important in the activation of
NF-kappaB [79]. It has been proposed that the antagonistic relationship between p53 and NF-kappaB may explain
the conversion between mania and depression state in bipolar disorders patients [80]. Moreover, exercise effects have
been widely studied in regulating NF-kappaB and improving depression.

Asmt knockout induced depression-like behaviors, which were ameliorated by swimming exercise. Our results
predicted some meaningful target genes as the biomarkers of depression-like behaviors and swimming exercise. Of
these, Eps8l1 and Plcb2 were the first time to be proposed as the target genes in depression. Moreover, they may
also be regulated by exercise. In addition, our bioinformatic results showed that p53 signaling pathway, long-term
depression and estrogen signaling pathway were enriched significantly. As the hub genes in the PPI networks, the
expression of Mpp1l and Pidd1 may provide diagnostic and therapeutic value for depression. Deficiently, the small
sample size and differences of RNA extraction methods in different laboratories may affect the results in the present
study. In addition, circadian rhythm were not recorded in mice. Consequently, further study is needed to understand
the underlying mechanism of these DEGs (including Eps8l1, Plcb2, Mppl, Pidd1) in Asmt-related depression and
exercise effects, thus provide new targets for the treatment of exercise for depression.

In summary, many laboratory mice, including C57BL/6], are born with lower Asmt activity and MT deficiency due
to the mutations at the Asmt. Thus, the idea that MT deficiency causes depression may be not reasonable in C57BL/6]
mice. But it may affect the body’s response to exercise, which can play an important role in depression treatment. Our
results suggest that Asmt and exercise may affect the depression neurobehavior responsiveness in male C57BL/6]
mice. Also, the present study concludes that Asmt knockout increase neurobehavioral response to exercise, probably
due to changed related gene expression levels. These findings may provide new targets for the treatment of exercise
for depression.
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Figure S1. Validation of DEGs by qRT-PCR. The expression levels of the other
seven genes in hypothalamus in response to Asmt knockout and swimming exercise.
(A) synaptotagmin-like 2 (Styl2), (B) checkpoint kinase 1 (Chekl), (C)
cyclin-dependent kinase inhibitor la (Cdknla), (D) inositol 1,4,5-triphosphate
receptor 2 (Itpr2), (E) transformed mouse 3T3 cell double minute 4 (Mdm4), (F) p53
induced death domain protein 1 (Pidd1), and (G) heat shock protein 1b (Hspalb). The
relative mRNA levels was conducted using qRT-PCR. Data are presented as means +

SEM (n = 3 per group). * p < 0.05 versus WT.



Supplementary Table 1. Gene-specific primers for quantitative real-time PCR.

Primer name Sequence
Eps8IL F: 5°-TCATTTGATCCCGGCTCGAT-3’
R: 5>-TCCCTTTCCCCATTCCCATC-3’
Plch2 F:5’-CTCTTCTCCTGTCCCCTGG-3’
R: 5>-TCTGCAAAGCTCCCAAGC-3’
Sytl2 F: 5-GGCCTAACCATCCACGAGAG-3’
R: 5’-GAATCGCTTGGGCTTGACAC-3
Chek1 F: 5-GAGAAAGGGAATTCTGAGGTG-3’
R: 5-TGGTGGGTTTAATGTCCAGC-3’
cdknla F: 5°-GGTGGGCTTATCTGGGATGG-3’
R: 5>-AAACAGGGATGTTTGGGGCT-3’
ltpr2 F: 5-GGAAGAGAGGCCTGTCATGT-3’
R: 5-GTGATGCTGCCATTCTCCAG-3’
Mdmé4 F: 5’-GATCCTCCTGCCTGGCTTAC-3’
R: 5’-CACAGACAGTGCATGCAGAC-3’
Pidd1 F:5-CTTTGTCCCTCCACGAGTCC-3’
R: 5’-CCTGAGGAGCAGAGAAGTGC-3’
Hspalb F: 5°-CTGCTTGGGCACCGATTACT-3’
R: 5-TCCCAGGCTACTGGAACACT-3’
185 F: 5-GTAACCCGTTGAACCCCATT-3’
R

: 5’-CCATCCAATCGGTAGTAGCG-3’




Supplementary Table 2. The overall results of DEGs.

Comparison Up-regulated DEGs Down-regulated DEGs Total
KO VSWT 7 3 10
KE VS KO 17 12 29
WE VS WT 359 17 376
KE VS WT 455 29 484
KE VS WE 6 18 24

Supplementary Table 3. The DEGs between the KO and WT groups.

Gene symbol Gene name P value Fold RefSeq gene
change name
Up-regulated genes
Mppl membrane palmitoylated protein 1 0.00806796 3.17 AK165261
Tspanl tetraspanin 1 0.00955007 3.80 NM_133681
Chek1 checkpoint kinase 1 0.01303070 2.13 NM_007691
Tns4 tensin 4 0.01873418 2.06 /
Evx2 even skipped homeotic gene 2 homolog 0.03593857 2.18 NM_007967
Teddm2 transmembrane epididymal family member 2 0.03639276 2.31 NM_178243
Papin proteoglycan-like sulfated glycoprotein 0.04980407 211 NM_001205343
Down-regulated genes
Eps8I1 EPS8-like 1 0.00422430 -3.77 NM_026146
Plch2 phospholipase C, beta 2 0.01100710 -8.11 NM_177568
Sytl2 synaptotagmin-like 2 0.03631679  -2.35 NR_110348




Supplementary Table 4. The DEGs between the KE and KO groups.

Fold RefSeq gene
Gene symbol Gene name P value
change name
Up-regulated genes
1ft80 intraflagellar transport 80 0.00142910 5.60 NM_026641
pleckstrin homology domain containing,
Plekho2 ) 0.00238690 2.15 AK172714
family O member 2
Eps8i1 EPS8-like 1 0.00304345 3.97 NM_026146
Oca2 oculocutaneous albinism 11 0.00556511 5.86 NM_021879
Rab17 RAB17, member RAS oncogene family 0.00856209 451 NM_008998
solute carrier family 16 (monocarboxylic acid
Slc16a8 0.01601820 2.01 NM_020516
transporters), member 8
Limal LIM domain and actin binding 1 0.01671470 2.62 AK028311
Thcld23 TBC1 domain family, member 23 0.02440666 2.01 AK028852
Tmem192 transmembrane protein 192 0.02603117 2.16 AK090347
Mdm4 transformed mouse 3T3 cell double minute 4  0.02605572 2.18 AK028493
SIfn9 schlafen 9 0.02928562 2.36 NM_172796
Pidd1 p53 induced death domain protein 1 0.03002435 2.04 XM_006536220
Frmd4b FERM domain containing 4B 0.03248306 2.09 AKO051779
potassium voltage-gated channel, subfamily
Kceng5 0.03835360 2.55 /
Q, member 5
Sytl2 synaptotagmin-like 2 0.03854868 2.45 NR_110348
B cell leukemia/lymphoma 2 related protein
Bcl2alc 0.04754736 2.03 NM_007535
Alc
Glra3 glycine receptor, alpha 3 subunit 0.04915356 2.59 AKO038618
Down-regulated genes
8430408G22Rik RIKEN cDNA 8430408G22 gene 0.00433508 -2.71 NM_145980
Hyal2 hyaluronoglucosaminidase 2 0.00851087 -3.08 AKO087358
Gm1070 predicted gene 1070 0.01415500 -2.72 XR_105056
Bclllb B cell leukemia/lymphoma 11B 0.01569456 -2.09 XM_006516114
D930015E06Rik RIKEN cDNA D930015E06 gene 0.02218209 -2.27 NM_172681
Rab19 RAB19, member RAS oncogene family 0.02307621 -2.29 NM_011226
1700001P01Rik RIKEN cDNA 1700001P01 gene 0.02428712 -2.30 NM_028156
Ftcd formiminotransferase cyclodeaminase 0.03222452 -2.18 NM_080845
Itpr2 inositol 1,4,5-triphosphate receptor 2 0.03246053 -2.31 /
Cdknla cyclin-dependent kinase inhibitor 1A (P21) 0.03963165 -2.07 NM_007669
Hspalb heat shock protein 1B 0.04467700 -2.03 NM_010478
ventricular zone expressed PH
Vephl 0.04984868 -2.14 NM_145820

domain-containing 1




Supplementary Table 5. The top 10 DEGs between the WE and WT groups.

Gene symbol Gene name P value Fold RefSeq gene
change name

Up-regulated genes
Gm4788 predicted gene 4788 0.00000243 7.46 NM_001029977
Lrplb low density lipoprotein-related protein 1B 0.00000593 6.59 XM_006498459
Ranbpl RAN binding protein 1 0.00000763 4.28 AK151167
Bex6 brain expressed gene 6 0.00001760 8.10 NM_001033539
Pigb phosphatidylinositol glycan anchor biosynthesis, class B 0.00001830 2.67 AK161911
Spry4 sprouty homolog 4 0.00002970 8.60 NM_011898
Nudt19 nucleoside diphosphate linked moiety X-type motif 19 0.00003460 2.16 NM_033080
Ttc34 tetratricopeptide repeat domain 34 0. 00003540 4.03 XM_006538862
Spint2 hepatocyte growth factor activator inhibitor type 2 (Hai2) 0. 00004560 5.34 AF099016
H2-Q1 histocompatibility 2, Q region locus 1 0. 00005890 2.96 NM_010390
Down-regulated genes
Slc17a9 solute carrier family 17, member 9 0.00078700 -2.29 BC019537
Krt6a keratin 6A 0.00364642 -3.32 NM_008476
St6égalnac  ST6(alpha-N-acetyl-neuraminyl-2,3-beta-galactosyl-1,3)-

g2 N-(acztylgalacto:aminide aIp)r/1a-2,6-sialy£:transfe:;se 2) 000383534 208 NM_009180
Slc35b3 solute carrier family 35, member B3 0.00445461 -2.48 AK167051
Plch2 phospholipase C, beta 2 0.00472553 -10.15 NM_177568
Col6a2 collagen, type VI, alpha 2 0.00527168 -2.98 AKO044870
Gls glutaminase 0.01436419 -2.03 AK046297
Cabp5 calcium binding protein 5 0.01656183 -2.08 NM_013877
Vephl ventricular zone expressed PH domain-containing 1 0.02253773 -2.37 NM_145820
Lrat lecithin-retinol acyltransferase 0.03409176 903 NM_023624

(phosphatidylcholine-retinol-O-acyltransferase)




Supplementary Table 6. The top 10 DEGs between the KE and WT groups.

Fold RefSeq gene
Gene symbol Gene name P value
change name
Up-regulated genes
Slc51b solute carrier family 51, beta subunit . 00000138 5.70 NM_178933
Bex6 brain expressed gene 6 . 00000160 8. 47 NM_001033539
glial cell line derived neurotrophic factor
Gfra4 . .00000314  2.28 NM_001271002
family receptor alpha 4
polymerase (RNA) Il (DNA directed)
Polr2l . . 00000422 2.23 NM_025593
polypeptide L
. leucine-rich repeats and immunoglobulin-like
Lrig2 . . 00000533 3.55 AK158022
domains 2
Xyltl xylosyltransferase 1 . 00000637 2.27 NM_175645
hect (homologous to the E6-AP (UBE3A)
Hercl carboxyl terminus) domain and RCC1 . 00000649 2.38 AKO035553
(CHC1)-like domain (RLD) 1
Ranbpl RAN binding protein 1 . 00000698 4. 67 AK151167
4930555G01Rik RIKEN cDNA 4930555G01 gene . 00000956 2.96 NM_175393
Pricklel prickle homolog 1 (Drosophila) . 00001030 2.15 NM_001033217
Down-regulated genes
Mybph myosin binding protein H . 00014600  -2.32 NM_016749
alpha thalassemia/mental retardation syndrome
Atrx ) 0.00025200  -2.65 AK172134
X-linked homolog
Scfd2 secl family domain containing 2 .00079800  -2.02 AK044408
Hyal2 hyaluronidase 2 .00108229  -3.93 AKO087358
Slc35bh3 solute carrier family 35, member B3 . 00144001 -2.35 AK167051
Pixdcl plexin domain containing 1 . 00183679  -2.11 AKO040620
Slc17a9 solute carrier family 17, member 9 . 00288047  -2.09 BC019537
pleckstrin homology domain containing,
Plekhg3 ] .00312320  -2.00 AK080928
family G
Coll1a2 collagen, type XI, alpha 2 . 00315107  -2.01 NM_009926
Gkapl G kinase anchoring protein 1 . 00341408  -2.27  XM_011244543




Supplementary Table 7. The DEGs between the KE and WE groups.

Fold RefSeq gene
Gene symbol Gene name P value
change name
Up-regulated genes
Oca2 oculocutaneous albinism 11 0.002111519 5.74 NM_021879
Ino80d INO80 complex subunit D 0. 003547891 2.01 AK086434
Rab17 RAB17, member RAS oncogene family 0.004100437 4.23 NM_008998
solute carrier family 15 (H+/peptide
Slcl5a2 0. 005312482 3. 56 NM_021301
transporter), member 2
pleckstrin homology domain containing, family
Plekho2 0.022072747  2.16 AK172714
O member 2
Tmem192 transmembrane protein 192 0. 03725582 2.04 AK090347
Down-regulated genes
Pibfl progesterone immunomodulatory binding factor 1 0. 004009988  -2. 18 AKO030385
Gcek glucokinase 0.006009245 -2.56 NM_001287386
Tmco5 transmembrane and coiled-coil domains 5 0.007638294  —-2.92 NM_026104
ZKkscan7 zinc finger with KRAB and SCAN domains 7 0. 009346905 —-3.61  NM_001177505
Sp110 Sp110 nuclear body protein 0. 009538312  -2.00 NM_175397
lymphatic vessel endothelial hyaluronan
Lyvel 0.011785862  -2.01 NM_053247
receptor 1
Cedc77 coiled-coil domain containing 77 0.013087017 -2.34 NM_026028
Laol L-amino acid oxidase 1 0.013674419  -2.23 NM_ 133892
Popdc3 popeye domain containing 3 0.014859548  -2.36 NM_024286
Pctp phosphatidylcholine transfer protein 0.015091728  -2.99 BC053478
Bclllb B cell leukemia/lymphoma 11B 0.021204049 -2.43 XM_006516114
Gpr150 G protein-coupled receptor 150 0.023718348  -2.17 NM_175495
Egr3 early growth response 3 0.026980145 -2.05 NM_001289925
Zfyve28 zinc finger, FYVE domain containing 28 0.034588687 -2.09 NM_001015039
Lag3 lymphocyte-activation gene 3 0. 03522037 -2.04 NM_008479
Tusc3 tumor suppressor candidate 3 0.035297345  -3.98 AK168664
Ccr2 chemokine (C-C motif) receptor 2 0.036493722  -2.17 NM_009915
Hpca hippocalcin 0.038588762  -2.02 BU504979




Supplementary Table 8. GO terms significantly enriched by Eps8I1 in the comparison of KO versus

WT and KE versus KO groups.

Regulation
ID GO term P value P value
(KO VSWT) (KE VS KO)

Biological Process

G0:1900029 positive regulation of ruffle assembly 0.003287926 0.009530627

G0:0016601 Rac protein signal transduction 0.009368012 0.026997436
Cellular Component

G0:0001726 ruffle 0.034013467 0.004371725
Molecular Function

G0:0030676 Rac guanyl-nucleotide exchange factor activity 0.006721637 0.018217986

G0:0042608 T cell receptor binding 0.007678511 0.020794221

Supplementary Table 9. GO terms significantly enriched by Plcbh2 between the KO and WT groups.

Regulation
ID GO term P value
(KO VSWT)
Biological Process
G0:0050913 sensory perception of bitter taste 0.003287926

GO0:0001580 detection of chemical stimulus involved in sensory perception of bitter taste 0.014950453

G0:0016042 lipid catabolic process 0.046498252
Cellular Component

GO0:0005737 cytoplasm 0.047224936

G0:0005829 cytosol 0.489489852

Molecular Function

G0:0004629 phospholipase C activity 0.004805373
G0:0004435 phosphatidylinositol phospholipase C activity 0.008634546
G0:0031683 G-protein beta/gamma-subunit complex binding 0.01197408
G0:0008081 phosphoric diester hydrolase activity 0.02240329
G0:0005509 calcium ion binding 0.028870235

G0:0005543 phospholipid binding 0.039253587




Supplementary Table 10. The top 10 enriched GO terms of DEGs between the KO and WT groups.

ID GO term Enriched P value
genes

Biological Process
G0:0050913 sensory perception of bitter taste Plch2 0.003287926
G0:1900029 positive regulation of ruffle assembly Eps8I1 0.003287926
G0:0006975 DNA damage induced protein phosphorylation Chekl 0.003287926
G0:0048096 chromatin-mediated maintenance of transcription Chekl 0.004694026
G0:0070257 positive regulation of mucus secretion Sytl2 0.005162325
G0:0045839 negative regulation of mitotic nuclear division Chekl 0.005162325
G0:2000279 negative regulation of DNA biosynthetic process Chek1 0.006566021
500010569 regulation of double-strand break repair via homologous Chekl 0.007033519

recombination

G0:0016601 Rac protein signal transduction Eps8I1 0.009368012
G0:0031572 G2 DNA damage checkpoint Chekl 0.009834312

Cellular Component
G0:0070382 exocytic vesicle Sytl2 0.005664978
G0:0005657 replication fork Chek1 0.009425405
G0:0019897 extrinsic component of plasma membrane Sytl2 0.012705168
G0:0042470 melanosome Sytl2 0.012705168
G0:0030863 cortical cytoskeleton Mppl 0.015041809
G0:0000794 condensed nuclear chromosome Chekl 0.019235097
G0:0000781 chromosome, telomeric region Chekl 0.023875266
G0:0032587 ruffle membrane Eps8l1 0.02526342
G0:0001726 ruffle Eps8I1 0.034013467
G0:0005604 basement membrane Papin 0.04587151

Molecular Function
G0:0004629 phospholipase C activity Plch2 0.004805373
G0:0042043 neurexin family protein binding Sytl2 0.006242886
G0:0030676 Rac guanyl-nucleotide exchange factor activity Eps8I1 0.006721637
G0:0042608 T cell receptor binding Eps8I1 0.007678511
G0:0004435 phosphatidylinositol phospholipase C activity Plch2 0.008634546
G0:0003779 actin binding Eps8I1;Tns4 0.010618993
G0:0001786 phosphatidylserine binding Sytl2 0.011497631
G0:0031683 G-protein beta/gamma-subunit complex binding Plch2 0.01197408
G0:0008081 phosphoric diester hydrolase activity Plch2 0.02240329
G0:0005544 calcium-dependent phospholipid binding Sytl2 0.02240329




Supplementary Table 11. The top 10 enriched GO terms of DEGs between the KE and KO groups.

ID GO term Enriched genes P value
Biological Process
G0:0071493 cellular response to UV-B Hyal2;Cdknla 8.09E-05
G0:0006977 DNA damage response Cdknla;Pidd1 0.000118457
G0:0043066 negative regulation of apoptotic process Mdm4;Bcl11b;Piddl;Hspalb;Cdknla 0.000407
G0:2001238  positive regulation of extrinsic apoptotic signaling pathway Hyal2;Pidd1 0.000988155
G0:0055085 transmembrane transport Itpr2;0ca2;Slc16a8;Kengb 0.002144141
G0:0032482 Rab protein signal transduction Rab17;Rab19 0.003786561
G0:0006886 intracellular protein transport Rab17;Rab19;Sytl2 0.004540113
G0:0006547 histidine metabolic process Ftcd 0.008174517
G0:0033153 T cell receptor V(D)J recombination Bclllb 0.008174517
G0:0044027 hypermethylation of CpG island Kcnglotl 0.008174517
Cellular Component
G0:0042470 melanosome Rab17;Sytl2 0.000635581
G0:0005622 intracellular Bel11b;HspalbiEpsBl;Sind; 0.001358343
Cdknla;Rab17;1ft80
G0:0030139 endocytic vesicle Hyal2;Rab17 0.002529989
G0:0001726 ruffle Eps8I1;Frmd4b 0.004371725
G0:0005886 plasma membrane D930015E06RIk;Hyal2iVephLiLimal; - 1 1353304
Itpr2;Slc16a8;Glra3;Sytl2;Rab17;Rab19
G0:0097458 neuron part Bclllb 0.010611343
G0:0000139 Golgi membrane Hyal2;Ftcd 0.01112583
G0:0000307 cyclin-dependent protein kinase holoenzyme complex Cdknla 0.013247104
G0:0030686 90S preribosome Gm6252 0.013247104
G0:0070382 exocytic vesicle Sytl2 0.01587607
Molecular Function
G0:0016934 extracellular-glycine-gated chloride channel activity Glra3 0.007847372
G0:0015129 lactate transmembrane transporter activity Slc16a8 0.009149467
G0:0051015 actin filament binding Limal;Eps8I1 0.010284424
G0:0015278 calcium-release channel activity Itpr2 0.010449909
G0:0019912 cyclin-dependent protein kinase activating kinase activity Cdknla 0.011748702
G0:0004415 hyalurononglucosaminidase activity Hyal?2 0.013045847
G0:0008028 monocarboxylic acid transmembrane transporter activity Slc16a8 0.0156352
G0:0042043 neurexin family protein binding Sytl2 0.016927413
G0:0004861 cyclin-dependent protein serine/ Cdknla 0.016927413
threonine kinase inhibitor activity
G0:0070679 inositol 1,4,5 trisphosphate binding Itpr2 0.016927413




Supplementary Table 12. The top 10 enriched GO terms of DEGs between the WE and WT groups.

ID GO term Enriched genes P value
Biological Process
G0:0006900 membrane budding Trim72;Wasl;Vpsda 0.000156763
G0:0051056 regulation of small GTPase mediated signal transduction lgsec3;Raplgap2;Cdc42bpa 0.0011777
G0:0070588 calcium ion transmembrane transport Atp2eL;Oprmi;LoxhdL;Cacnalhy 0.001319117
Ryrl;Trpm1;Slc8bl
G0:0071320 cellular response to cAMP Igfbp5;Akap7;Egr3;Henl 0.001573349
G0:0015914 phospholipid transport Pitpnb;Atplla;Pctp;Tmem30a 0.002442009
G0:2000344 positive regulation of acrosome reaction Cacnalh;PIbl 0.003180204
G0:0070863  positive regulation of protein exit from endoplasmic reticulum Slc51b; Tmem30a 0.003180204
G0:0045759 negative regulation of action potential Cnr2;Hcenl 0.003180204
G0:0018119 peptidyl-cysteine S-nitrosylation S$100a9;S100a8 0.003180204
G0:0009804 coumarin metabolic process Cyp2a5;Cyp2a4 0.003180204
Cellular Component
G0:0042383 sarcolemma Oprmi;Trim72CacnalhiRyrl: 0.003030434
Col6a2;Slc8bl
G0:0016023 cytoplasmic membrane-bounded vesicle Hyal2;Sgk3;Axin2;Wasl;Chil3 0.0046114
G0:0090543 Flemming body Vpsda;lstl 0.005601224
G0:0000139 Golgi membrane Hyal2;Atp2c1;Xylt1;Wasl;Copgl 0.021606423
G0:0005881 cytoplasmic microtubule Cyp2a4;Cyp2a5;Axin2 0.030840161
G0:0030992 intraciliary transport particle B Rabl2;Ttc30a2 0.032204495
GO0:0005871 kinesin complex Kif5h;Kifl2;Kiflc 0.033902314
G0:0016607 nuclear speck Apex1;Dyrkla;Ppih;1810011010Rik  0.034440442
G0:0030139 endocytic vesicle Rabepl;Kif5h;Hyal2 0.03711623
G0:0016529 sarcoplasmic reticulum Ryr1;Akap7;Syne2 0.038779671
Molecular Function
G0:0035662 Toll-like receptor 4 binding S$100a9;S100a8 0.003349627
G0:0016798 hydrolase activity, acting on glycosyl bonds Hyal2;Lyz1;Lyz16;Tdg;Chil3 0.004014281
G0:0008536 Ran GTPase binding Kpnb1;Xpo6;Rangrf 0.005512792
G0:0043425 bHLH transcription factor binding Usf2;Ep300;Tcf4 0.006090798
G0:0050786 RAGE receptor binding S$100a9;S100a8 0.006996174
G0:0050544 arachidonic acid binding S100a9;S100a8 0.006996174
G0:0008565 protein transporter activity Ap2bl;Kpnbl;Xpo6;Rangrf 0.008477855
G0:0003796 lysozyme activity Lyz1;LyzI6 0.008478305
G0:0008017 microtubule binding Kiflc;SlOOaQ;Kibe-;PppSC; 0.009382088
$100a8;Ska2;Kif12
G0:0019904 protein domain specific binding VpsdaE214;0prmL stl; Akap?; 0.011967994

Kpnb1;Stx18;Ppplr2;Tdg




Supplementary Table 13. The top 10 enriched GO terms of DEGs between the KE and WT groups.

ID GO term Enriched genes P value
Biological Process
G0:0048844 artery morphogenesis Prrx1;Smad7;Nf1;Stra6;Hes1 0.000102012
G0:0051056 regulation of small GTPase mediated signal transduction Cdc42bpa;Raplgap2;lgsec3 0.002302552
G0:0030325 adrenal gland development Stra6;Nf1;Pdgfra 0.004916793
G0:0072711 cellular response to hydroxyurea Rad51;Atrx 0.005029769
G0:0070863 positive regulation of protein exit from endoplasmic reticulum Tmem30a;SIc51b 0.005029769
G0:0045759 negative regulation of action potential Cnr2;Henl 0.005029769
G0:0065004 protein-DNA complex assembly Tcf4;Ep300 0.006636052
G0:0006900 membrane budding Wasl;Vpsda 0.006636052
GO0:2000323  negative regulation of glucocorticoid receptor signaling pathway Phb;Cryl 0.006636052
G0:0017148 negative regulation of translation Paip2b;Tial;Gigyf2;Trim71;Igfbp5  0.006900816
Cellular Component
G0:0031527 filopodium membrane Antxrl;Palm;Syne2 0.002901969
G0:0031258 lamellipodium membrane Antxrl;Syne2 0.006918742
G0:0005793 endoplasmic reticulum-Golgi intermediate compartment Ptpn2;Rgmb;Nucb1;lstl 0.008793303
G0:0090543 Flemming body Vps4a;lstl 0.008800374
G0:0000139 Golgi membrane XyItl;Hy-aIZ;Copgl;WasI; 0.015973912
Arfipl;Atp2cl
G0:0035102 PRC1 complex Phc2;Chx8 0.01826734
G0:0000792 heterochromatin Phc2;Cbx8;Atrx 0.020481389
G0:0005798 Golgi-associated vesicle Map6d1;Nucbl 0.02108549
G0:0005902 microvillus Lyz1;Hyal2;Spn;Pdgfra 0.023635841
G0:0016363 nuclear matrix Zfp326;Scaf8;Runx1tl;Hesl 0.041483935
Molecular Function
G0:0015026 coreceptor activity Gfra4;Rgmb;Cd22 0.003419784
G0:0019904 protein domain specific binding E2H;TdgIstLKpnbL:Akap7;Scats; 0.007541022
Ppplr2;Homer2;Stx18;Vps4da;Spn
G0:0045545 syndecan binding Semaba;Nfl 0.008827046
G0:0008022 protein C-terminus binding Pb;TeH; AkapT:Ksrl PazdlL; 0.009739438
Rad51;Ep300;Vpsda;Henl
G0:0008536 Ran GTPase binding Xpo6;Rangrf;Kpnbl 0.010378605
G0:0043425 bHLH transcription factor binding Usf2;Tcf4;Ep300 0.011438707
G0:0031490 chromatin DNA binding Apex1;Prdm14;Vax2;Ep300 0.011540636
GO0:0005515 protein binding Rab3d;Ksr1;Sma-d7;Gkap1;Istl;Kcnq 0.013121392
lotl;Runx1tl;Sim1;Ptpn2;Chx1;etc
G0:0004629 phospholipase C activity Plch2;Plcd4 0.01319896
G0:0032403 protein complex binding Mb2142;Casp3;KpnbLlst;Otof;Pdg 0.014087821

fra;Ppfia2;Ins2;Ep300;Apex1;etc




Supplementary Table 14. The top 10 enriched GO terms of DEGs between the KE and WE groups.

ID GO term Enriched genes P value
Biological Process
G0:0031077 post-embryonic camera-type eye development Bclllb 0.007665899
GO0:0010574  regulation of vascular endothelial growth factor production Ccr2 0.007665899
G0:0010837 regulation of keratinocyte proliferation Bclllb 0.007665899
G0:0019725 cellular homeostasis Ccr2 0.007665899
G0:0033153 T cell receptor V(D)J recombination Bclllb 0.007665899
G0:0006003 fructose 2,6-bisphosphate metabolic process Gck 0.007665899
G0:0031584 activation of phospholipase D activity Hpca 0.008938013
G0:0002829 negative regulation of type 2 immune response Ccr2 0.008938013
G0:0032811 negative regulation of epinephrine secretion Gek 0.008938013
G0:0045627 positive regulation of T-helper 1 cell differentiation Ccr2 0.008938013
Cellular Component
G0:0008250 oligosaccharyltransferase complex Tusc3 0.008992746
GO0:0097458 neuron part Bclllb 0.010271025
G0:0045180 basal cortex Gek 0.010271025
G0:0044327 dendritic spine head Hpca 0.012822804
GO0:0005765 lysosomal membrane Tmem192;0ca2 0.018663317
G0:0032839 dendrite cytoplasm Hpca 0.028000441
G0:0005768 endosome Tmem192;Rabl7; 0.02954089
Zfyve28
G0:0042470 melanosome Rab17 0.03425766
G0:0032590 dendrite membrane Hpca 0.03425766
G0:0032809 neuronal cell body membrane Hpca 0.03425766
Molecular Function
G0:0004396 hexokinase activity Gck 0.007065876
G0:0004340 glucokinase activity Gek 0.007065876
G0:0005536 glucose binding Gck 0.01524864
G0:0016493 C-C chemokine receptor activity Ccr2 0.01757462
G0:0015095 magnesium ion transmembrane transporter activity Tusc3 0.01757462
G0:0031210 phosphatidylcholine binding Pctp 0.019895309
G0:0019955 cytokine binding Ccr2 0.023366447
G0:0005540 hyaluronic acid binding Lyvel 0.027976222
G0:0004950 chemokine receptor activity Ccr2 0.029125387
G0:0032266 phosphatidylinositol-3-phosphate binding Zfyve28 0.03370898




Supplementary Table 15. Common KEGG terms emerged in both comparisons.

Enriched genes Enriched genes
ID KEGG term
(KO VSWT) (KE VS KO)

Up-regulated pathway

mmu04115 p53 signaling pathway Chekl Cdknla, Mdm4, Pidd1
Down-regulated pathway

mmu04730 Long-term depression Plch2 Itpr2

mmu04915 Estrogen signaling pathway Plch2 Itpr2, Hspalb

Supplementary Table 16. The top 20 enriched KEGG terms of DEGs between the KO and WT

groups.
ID KEGG term Count PopHit Enriched P value
mmu05143 African trypanosomiasis 1 36 Plcbh2 0.009128992
mmu04973  Carbohydrate digestion and absorption 1 43 Plch2 0.01085139
MU0496L Endocrine and other factor-regulated . 54 Plch2 0013554988
calcium reabsorption
mmu04730 Long-term depression 1 61 Plch2 0.015273533
mmu04115 p53 signaling pathway 1 67 Chekl 0.016745379
mmu04720 Long-term potentiation 1 67 Plch2 0.016745379
mmu04924 Renin secretion 1 72 Plch2 0.017971077
mmu00562 Inositol phosphate metabolism 1 72 Plcbh2 0.017971077
mmu04918 Thyroid hormone synthesis 1 73 Plch2 0.018216124
mmu04971 Gastric acid secretion 1 74 Plcbh2 0.018461142
mmu04970 Salivary secretion 1 78 Plch2 0.019440905
mmu04911 Insulin secretion 1 85 Plcb2 0.021154313
mmu04540 Gap junction 1 86 Plch2 0.021398963
mmu04925 Aldosterone synthesis and secretion 1 86 Plch2 0.021398963
mmu04912 GnRH signaling pathway 1 89 Plch2 0.02213273
mmu04915 Estrogen signaling pathway 1 96 Plch2 0.023843784
mmu04713 Circadian entrainment 1 98 Plch2 0.024332381
mmu04070 Phosphatidylinositol signaling system 1 98 Plch2 0.024332381
mmu04916 Melanogenesis 1 100 Plch2 0.024820856

AGE-RAGE signaling pathway in
mmu04933 L o 1 100 Plch2 0.024820856
diabetic complications

Note: Count, the number of genes enriched in specific KEGG terms; PopHit, Population Hit, the

number of genes annotated in specific KEGG terms.



Supplementary Table 17. The top 20 enriched KEGG terms of DEGs between the KE and KO groups.

ID KEGG term Count PopHit  Enriched genes P value
mmu04115 p53 signaling pathway 3 67 Cdknla;Mdm4;Pidd1 7.11E-05
mmu04210 Apoptosis 3 136 Itpr2;Pidd1;Bcl2alc  0.000544095
mmu04915 Estrogen signaling pathway 2 96 Itpr2;Hspalb 0.006126744
mmu04064 NF-kappa B signaling pathway 2 104 Pidd1;Bcl2alc 0.007135674
mmu04725 Cholinergic synapse 2 113 Itpr2;Kcengbs 0.008355333
mmu04921 Oxytocin signaling pathway 2 153 Cdkn1la;ltpr2 0.014816667
mmu05202 Transcriptional misreguilation in 2 177 Cdknla;Bcl2alc 0.019466689

cancer
mmu04218 Cellular senescence 2 187 Cdknla;ltpr2 0.021566129
mmu00670 One carbon pool by folate 1 19 Ftcd 0.024444178
mmu05167 Kaposi's sarcoma-associated 2 204 Cdknla;ltpr2 0.025345465
herpesvirus infection
mmu05205 Proteoglycans in cancer 2 206 Cdkn1la;ltpr2 0.025807118
mmu00531 Glycosaminoglycan degradation 1 21 Hyal?2 0.02685877
mmu05169 Epstein-Barr virus infection 2 220 Cdknla;Hspalb 0.029136503
mmu00340 Histidine metabolism 1 25 Ftcd 0.031671824
mmu05206 MicroRNAs in cancer 2 281 Cdknla;Mdm4 0.045523727
mmu05219 Bladder cancer 1 41 Cdknla 0.050710538
mmu05134 Legionellosis 1 58 Hspalb 0.070569428
mmu04730 Long-term depression 1 61 Itpr2 0.074034863
mmu04213 Longevity regulating 1 62 Hspalb 0.075187421
pathway-multiple species
mmu05214 Glioma 1 64 Cdknla 0.077488665

Note: Count, the number of genes enriched in specific KEGG terms; PopHit, Population Hit, the

number of genes annotated in specific KEGG terms.



Supplementary Table 18. The top 20 enriched KEGG terms of DEGs between the WE and WT

groups.
ID KEGG term Count PopHit Enriched genes P value
. Vpsda;Gm8909;Kif5h;Istl;lgsec3;
mmu04144 Endocytosis 10 286 0.010638002
H2-Q1;Rabepl;Eeal;Wasl;Ap2bl
mmu03410 Base excision repair 3 35 Apex1;Hmgb1;Tdg 0.017352165
) ) ) Gm8909;Hist1h2bb;Ep300;Pik3cd
mmu05203 Viral carcinogenesis 8 231 0.022632799
;H2-Q1;Casp3;Ranbp1;Egr3
Gm9839;AF366264;Kpnbl;
mmu03013 RNA transport 6 167 L 0.039646722
Upf3b;Eif3j2;Eifl
mmu00515 Mannose type O-glycan biosynthesis 2 23 Large;B3galnt2 0.050373382
mmu04977 Vitamin digestion and absorption 2 24 Lrat;Plbl 0.054065857
Glycosylphosphatidylinositol (GPI)-anchor . .
mmu00563 ) ) 2 25 Pigb;Pigg 0.057851097
biosynthesis
mmu04950 Maturity onset diabetes of the young 2 27 Hes1;Ins2 0.065686286
mmu04922 Glucagon signaling pathway 4 102 Phkal;Ep300;Gcgr;Plch2 0.067782835
mmu05210 Colorectal cancer 3 62 Casp3;Axin2;Pik3cd 0.067995381
) . Gm9839;PIch2;Ep300;Axin2;
mmu04310 Wt signaling pathway 5 146 0.068196654
AF366264
) ) Cox7c;Plch2;Dnal1;Ep300;
mmu05016 Huntington's disease 6 194 0.070358373
Casp3;Ap2bl
mmu05146 Amoebiasis 4 106 Plch2;Casp3;Serpinb6c;Pik3cd 0.075455761
mmu04932  Non-alcoholic fatty liver disease (NAFLD) 5 151 Cox7c;MIx;Pik3cd;Ins2;Casp3 0.076084982
mmu04931 Insulin resistance 4 109 MIx;Pik3cd;Ins2;Ppplr3b 0.081487103
mmu04940 Type | diabetes mellitus 3 70 H2-Q1;Ins2;Gm8909 0.089243539
mmu04520 Adherens junction 3 72 Wasl;Ep300;Pvrl4 0.094944201
mmu05100 Bacterial invasion of epithelial cells 3 76 Elmo1;Wasl;Pik3cd 0.106779222
mmu04960  Aldosterone-regulated sodium reabsorption 2 38 Pik3cd;Ins2 0.114048583
mmu04068 FoxO signaling pathway 4 132 Ins2;Ep300;Pik3cd;Sgk3 0.135038658

Note: Count, the number of genes enriched in specific KEGG terms; PopHit, Population Hit, the

number of genes annotated in specific KEGG terms.



Supplementary Table 19. The top 20 enriched KEGG terms of DEGSs between the KE and WT

groups.
ID KEGG term Count PopHit Enriched genes P value
Eeal;Erbb4;lstl;Pdgfra;Gm8909;

mmu04144 Endocytosis 12 286 H2-Q1:Kif5b;Rabepl;Ap2bl; 0.005018707

Wasl;Vpsda;lgsec3
Glycosylphosphatidylinositol (GPI)-anchor . . .
mmu00563 ) ] 3 25 Pigg;Pigb;Pign 0.011800954
biosynthesis
mmu00640 Propanoate metabolism 3 31 Pcca;Dbt; Abat 0.020011716
. . Casp3;Polr2l;Plch2;Ap2bl;Ep300;

mmu05016 Huntington's disease 8 194 0.022609904
Cox7c;Sdha;Dnall

mmu03410 Base excision repair 3 35 Tdg;Apex1;Hmgbl 0.026853535

mmu04066 HIF-1 signaling pathway 5 105 Pik3cd;Ins2;Ep300;Pgk1;Rps6kbl 0.040315982

mmu04931 Insulin resistance 5 109 Ppp1r3b;Pik3cd;Ins2;MIx;Rpsékbl  0.045846837

mmu04932  Non-alcoholic fatty liver disease (NAFLD) 6 151 Casp3;Pik3cd;Ins2;MlIx;Cox7c;Sdha  0.052647317

mmu01521  EGFR tyrosine kinase inhibitor resistance 4 80 Pik3cd;Nf1;Rps6kbl;Pdgfra 0.05576429

) . Pik3cd;Ifnal4;Ptpn2;Ep300;
mmu04630 Jak-STAT signaling pathway 6 159 0.06394295
1121r;1122ral

mmu04350 TGF-beta signaling pathway 4 85 E2f4;Smad7;Rps6kbl;Ep300 0.066184875

mmu04666 Fc gamma R-mediated phagocytosis 4 87 Wasl;Limk1;Rps6kb1;Pik3cd 0.070618462

mmu05215 Prostate cancer 4 87 Pik3cd;Ins2;Pdgfra;Ep300 0.070618462

mmu05221 Acute myeloid leukemia 3 55 Pik3cd;Runx1t1;Rps6kbl 0.076950579

Gmb5136;1fnal4;lrak4;Plcb2;
mmu04621 NOD-like receptor signaling pathway 6 168 ) 0.078236332
Naip7;Antxrl
. Cd276;Gm8909;H2-Q1;lcosl;
mmu04514 Cell adhesion molecules (CAMs) 6 169 0.079927829
Spn;Cd22

mmu00280  Valine, leucine and isoleucine degradation 3 56 Pcca;Dbt;Abat 0.080099124

mmu04068 FoxO signaling pathway 5 132 Pik3cd;Sgk3;Homer2;Ins2;Ep300 0.086039782

mmu04950 Maturity onset diabetes of the young 2 27 Ins2;Hes1 0.087690663

) o ) Pik3cd;Polr2l;Gm8909;H2-Q1;

mmu05169 Epstein-Barr virus infection 7 220 0.094860112

Ep300;Spn;Adrml

number of genes annotated in specific KEGG terms.

Note: Count, the number of genes enriched in specific KEGG terms; PopHit, Population Hit, the



Supplementary Table 20. The top 20 enriched KEGG terms of DEGs between the KE and WE groups.

. Enriched
ID KEGG term PopHit P value
genes
Neomycin, kanamycin and gentamicin
mmu00524 ] ) 5 Gek 0.003703243
biosynthesis
Phenylalanine, tyrosine and tryptophan
mmu00400 . . 8 Laol 0.005550745
biosynthesis
mmu00360 Phenylalanine metabolism 23 Laol 0.014747192
mmu04950 Maturity onset diabetes of the young 27 Gek 0.01718805
mmu00052 Galactose metabolism 32 Gek 0.020232317
mmu00500 Starch and sucrose metabolism 33 Gcek 0.020840264
Alanine, aspartate and glutamate
mmu00250 ) 37 Laol 0.023269036
metabolism
mmu00350 Tyrosine metabolism 39 Laol 0.024481613
mmu00380 Tryptophan metabolism 46 Laol 0.028716153
mmu00270 Cysteine and methionine metabolism 48 Laol 0.029923316
mmu04930 Type Il diabetes mellitus 48 Gcek 0.029923316
mmu00510 N-Glycan biosynthesis 49 Tusc3 0.030526448
Amino sugar and nucleotide sugar
mmu00520 . 49 Gek 0.030526448
metabolism
mmu01100 Metabolic pathways 1316 Gck;Laol;Tusc3 0.03337417
Valine, leucine and isoleucine
mmu00280 . 56 Laol 0.034739974
degradation
mmu05230 Central carbon metabolism in cancer 64 Gek 0.039537479
mmu00010 Glycolysis / Gluconeogenesis 66 Gek 0.04073387
mmu04917 Prolactin signaling pathway 72 Gcek 0.04431589
mmu04911 Insulin secretion 85 Gcek 0.052040231
mmu04922 Glucagon signaling pathway 102 Gek 0.062065844

Note: Count, the number of genes enriched in specific KEGG terms; PopHit, Population Hit, the

number of genes annotated in specific KEGG terms.



