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Introduction: Major depressive disorder (MDD), characterized by severe
neuropsychiatric symptoms and significant cognitive deficits, continues to
present both etiological and therapeutic challenges. However, the specific
underlying mechanisms and therapeutic targets remain unclear.

Methods:We analyzed human postmortemdorsolateral prefrontal cortex (dlPFC)
samples from MDD patients using datasets GSE53987 and GSE54568, identifying
three key genes: AGA, FBXO38, and RGS5. Tomodel depressive-like behavior, we
employed chronic social defeat stress (CSDS) and subsequently measured the
expression of AGA, FBXO38, and RGS5 in the dlPFC using qPCR and Western blot
analysis following CSDS exposure.

Results: CSDS significantly induced depressive-like behavior, and both the
protein and transcriptional expression levels of AGA, FBXO38, and RGS5 in the
dlPFC of mice were markedly reduced after stress, consistent with findings from
datasets GSE53987 and GSE54568.

Conclusion: Our research suggests that AGA, FBXO38, and RGS5 are potential
biomarkers for MDD and could serve as valuable targets for MDD risk prediction.
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Introduction

Major depressive disorder (MDD) is broadly acknowledged as one of the principal
urgent mental health problems, and over 264 million people of all ages are affected by this
problem currently (Liu et al., 2020; Monroe And Harkness, 2022). MDD is an emotional
disorder marked by a continuous sense of melancholy and/or a lack of ability to feel
pleasure, accompanied by impairments in daily functioning, it is also the primary suicidal
risk factor, and suicide statistics in the United States have risen by approximately 35% since
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1999 (Mccarron et al., 2021; Smith, 2014). Based on the World
Health Organization (WHO), depression is a primary contributor to
global psychological and physical handicaps and a significant
contributor to the worldwide disease burden (Mccarron et al.,
2021). Although there is extensive literature on MDD clinical
symptoms, the detailed cause and pathogenesis remain largely
unknown. Thus, it is essential to study the etiology and
development mechanisms of MDD.

The comprehensive utilization of transcriptome-wide gene
expression profiling has been instrumental in uncovering MDD-
associated genes, identifying disease-specific biomarkers, and
predicting therapeutic efficacy. Chronic unpredictable mild stress
(CUMS)-induced depressive-like behavior is associated with a
significant increase in the expression of Adrald, Creb5, Itga4, and
Crhr2 genes in the Ventral dorsal tegmental area (VTA), concomitant
with a decrease in the expression of Tbxa2r, Tyrp1, Cplx3, and
Ntf3 genes (Sun et al., 2018). CSDS-induced depressive-like
behavior is characterized by a significant upregulation of Abra, Sell,
and GPR35 gene expression in the prefrontal cortex (PL) (Chen Y.
et al., 2023). CSDS induces depressive-like behavior via a reduction in
GRP55 expression within the hippocampus (Shen et al., 2022).
However, these studies are based on animal levels. Results would be
more compelling if clinical samples were analyzed first, followed by
validation in animal models. Nevertheless, the absence of objective
assessment techniques makes decisive conclusions and treatment
options for depression challenging. To augment the effectiveness of
therapeutic strategies, it is imperative to establish novel biological
markers that are intimately associated with depression.

Our study sought to elucidate the changes in gene transcription
involved in the abnormal physiology of MDD and to identify novel
diagnostic indicators. We rigorously analyzed two datasets from the
GEO and identified 55 DEGs from human postmortem dlPFC samples
inMDD.Keymodules related toMDDwere discerned, and through the
application of RF, SVM-RFE, and LASSO algorithms, three hub genes-
AGA, FBXO38, and RGS5 were identified. Subsequently, leveraging
hub genes, we formulated and substantiated a prognostic nomogram for
the clinical diagnosis of MDD. The diagnosticative efficacy of the three
hub genes was confirmed with robust accuracy through receiver
operating characteristic (ROC) curve analysis. At the same time, we
utilized the CSDS model to conduct molecular biological validation of
three hub genes in the dlPFC, and the results were consistent with the
dataset analysis. Together, the identified triplet of crucial genes is
capable of ameliorating the assessment of MDD in high-risk
individuals, thereby aiding in the comprehension of the
neuropsychiatric mechanisms underlying depression.

Materials and methods

Data processing

The datasets GSE539871 and GSE545682, obtained from the
GPL570 platform (HG-U133_Plus_2) Affymetrix Human Genome

U133 Plus 2.0 Array, were sourced from the GEO database. We
gathered information comprising dlPFC, with GSE53987 containing
19 pairs in normal and MDD samples, and GSE54568 including
15 pairs in normal and MDD samples. Subsequently, the R packages
limma (linear models for microarray data) and sva (surrogate variable
analysis) were utilized for the integration and regularization of the
profiles. Probes that did not correspond to any known gene were
excluded. When multiple probes matched a single gene, their mean
expression was calculated. Perl (a programming language) was
utilized to filter out other brain regions and disease profiles and
generate dlPFCmRNAmatrix files inMDD. Data normalization after
processing was performed using the R package ggplot2. The diagram
flow in our study is presented in Figure 1.

Differentially expressed gene identification

The gene expression matrix of the GSE53987 and
GSE54568 datasets were analyzed with the “limma” package in R
to obtain DEGs between MDD and healthy specimens. Briefly, |
log2 fold change (FC)| > 0.3 and a p-value <0.01 were established as
the criteria for identifying DEGs (Davis and Meltzer, 2007; Wang
et al., 2024). The ggplots package was used to create the heatmap and
volcano plot (Gu et al., 2016).

Enrichment analysis

To find out the biological significance and functions of the genes,
DEGs were investigated using GO and the KEGG analysis. A p-value
threshold below 0.05 was designated as the cutoff criterion.

Weighted gene co-expression
network analysis

We integrated and processed the data from datasets
GSE53987 and GSE54568 in batches. The Weighted Gene Co-
expression Network Analysis (WGCNA) package was employed
to evaluate the trait-associated modules. An expression profile was
used to form a topological adjacency matrix. Core modules were
identified with a soft thresholding parameter set as 5 and the
minimum allowed size for a module is 30. Modules were
combined using a height threshold of 0.25 as a guideline (Zhang
et al., 2022). Subsequently, the Pearson’s correlation test was applied
to evaluate the modules, with a statistical significance is p < 0.05.

RF, LASSO, and SVM-RFE model
construction

Initially, predicted genes were identified by intersecting DEGs
from the WGCNA hub module. Subsequently, hub genes were
determined by integrating gene sets identified through the RF
algorithm with the RF R package (Paul et al., 2018), the LASSO
algorithm using the glmnet package (Vasquez et al., 2016), and the
SVM-RFE model construction method with the e1071 package
(Noble, 2006).

1 https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE53987

2 https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE54568
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Gene Set Enrichment Analysis

Gene Set Enrichment Analysis (GSEA) is a computational
method used to assess the concordance of a collection
of genes that are significantly enriched. The
“c2.cp.kegg.v6.2.symbols.gmt” gene set was procured from the
Molecular Signature Database (MSigDB), with exclusion criteria
applied to enrichment sets containing the genes involved under
10 or over 200 in number. Pathways that had a normalized
enrichment score (NES) above zero were deemed to be
upregulated, whereas those with an NES below zero were
deemed to be downregulated. The identification of the five
most crucial pathways was established with a false discovery
rate (FDR) of less than 0.05.

Animals

Male C57BL6/Jmice weighing 20 g ± 2 gwere supplied by Shanghai
Slack Laboratory Animal Liability Co., Ltd. (SCXK (Shanghai) 2017-
0005) and group-housed with five mice per cage. Male CD1 mice
weighing 35 g ± 5 g were purchased fromBeijing Vital River Laboratory
Animal Technology Co., Ltd. (SYXK (Zhejiang) 2021-0012) and housed
individually for at least 7 days before use. All mice were accommodated
at the Laboratory Animal Center of Zhejiang Chinese Medical
University, an institution accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care

(AAALAC). The mice were kept in a controlled environment with a
temperature of 24°C ± 1°C and humidity between 50% and 60%. The
mice were kept under a 12-h light-dark cycle and were provided with
unlimited access to food and water. All experimental protocols were
sanctioned by the Animal Ethics Committee of Zhejiang Chinese
Medical University (approval number: IACUC-20220328-09) and
adhered to the National Institute of Health Guide for the Care and
Use of Laboratory Animals (NIH Publications No. 80-23).

Chronic social defeat stress (CSDS)

We employed a CSDS paradigm simulating human depressive-
like behavior to establish a mouse model exhibiting depressive-like
behaviors. The CSDS model was developed based on our previously
published research (Chen Y. et al., 2023; Wang et al., 2023; Zan et al.,
2021). Briefly, in a consecutive 3-day period, aggressive CD1 mice
were assessed for aggressive behavior with a 3-min assessment each
day. Subsequently, the selected aggressive CD1 mice were utilized
for a 10-min daily stress regimen applied to the experimental
C57BL/6J mice, spanning a consecutive 10-day period. Following
each aggressive encounter, the C57BL/6J mice were housed adjacent
to the C57BL/6J mice, separated by a partition with perforations,
which allows sensory contact without physical contact. At the end of
CSDS, depressive-like behavior tests such as social interaction test
(SIT), tail suspension test (TST), forced swim test (FST), and sucrose
preference test (SPT) were assessed.

FIGURE 1
The workflow of the research.
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Social interaction test (SIT)

SITwas employed to assess the sociability ofmice. The protocol was
conducted within an open-field apparatus (40 cm × 40 cm × 40 cm),
with a rectangular wire cage (14 cm× 8 cm×24 cm) installed at one end
of the testing area. Twice 3-min social interaction zone (14 cm × 26 cm)
in the open-field arena will be recorded by video tracking software
(Shanghai Jiliang Software Technology). The first session will feature an
empty rectangularmesh enclosure, while the second session will include
a CD1 mouse within the mesh enclosure. The social interaction ratio
(SIR) was calculated as the time spent in the interaction zone in the
second session divided by the time spent in the interaction zone in the
first session (Chen Y. et al., 2023).

Tail suspension test (TST) and forced swim
test (FST)

TST and FST were used to measure behavioral despair in mice. In
TST, mice were suspended by adhering the last 2 cm of their tail tips to
an object for 6 min. In FST, mice were placed in a water-filled plastic
cylinder (16 cm diameter; 26 cm height) maintained at 25°C ± 1°C and
were forced to swim for 6min. The immobility time in the TST and FST
was recorded for the last 4 min, with the initial 2 min allocated for the
mice to acclimate to the environment (Chen Y. et al., 2023).

Sucrose preference test (SPT)

The SPT was conducted to assess anhedonia in mice. Mice were
acclimated for 3 days with two bottles of water to correct for any
position bias. Subsequently, the mice were subjected to a 24-h water
deprivation period, followed by unrestricted access to two bottles for
2 hours, one bottle containing water and the other containing 2%
sucrose solution. The weights of the water and sucrose solution
bottles were recorded before and after a 2-h interval. The SPT score
was calculated as follows: [sucrose intake/(sucrose intake + water
intake) × 100%] (Chen Y. et al., 2023).

Locomotor activity test (LAT)

The LAT was utilized to assess the spontaneous activity of mice
unaffected by CSDS. Mice were positioned in an open-field
apparatus (40 cm × 40 cm × 40 cm) equipped with an infrared
video camera for 10 min. The total distance travelled by mice was
recorded by the Animal Behavior Analysis System (Shanghai Jiliang
Software Technology Co., Ltd.).

qPCR validation

After behavioral assessments, the dorsolateral prefrontal cortex
(dlPFC) was collected for total mRNA extraction with TRIzol
reagent (Invitrogen, 15596026CN, United States). 500 ng of mRNA
was reverse transcribed employing the PrimeScript™ RT reagent Kit
with gDNA Eraser (Takara, RR047A, Japan), and the quantity of
mRNA was assessed via real-time PCR using LightCycler®
480 SYBR® Green Ⅰ Master (Roche, 04887352001, Germany) on the
LightCycler® 480 Real-Time PCR System (Roche, Germany). Three hub
gene primers were bought from Sangon Biotech (China) and primer
information is shown in Table 1. Relative gene expression was
determined through the methodology of 2−ΔΔCt, with the results
normalized to the levels of GAPDH.

Western blot validation

After behavioral assessments, the dlPFC was collected and lysed in
RIPA (P0013B, Beyotime, China) containing phosphatase and protease
inhibitor cocktail. Equal amounts of protein were subjected to 10%
SDS-PAGE, followed by transferring onto PVDF transfer membranes
(IPVH00010, Merk, United States). The membranes were incubated
overnight at 4°C with primary antibodies of RGS5 (1:500, A7015,
ABclonal, China), FBXO38 (1:1,000, 83509-6-RR, proteintech,
China), AGA (1:2000, 83442-6-RR, proteintech, China) and β-actin
(1:80,000, AC026, ABclonal, China) diluted by Western Rapid Kit
(L00884, GenScript, China). After incubated with HRP-conjugated
Goat anti-Rabbit IgG (H + L) (1:5,000, AS003, ABclonal) for 2 h at
room temperature, the signals were detected by Fluor Chem R(protein
simple, biotech, United States) with ECL chemiluminescence kit
(BL523A, Biosharp, China) and analyzed by ImageJ.

Statistical analysis

The R software (version 4.1.3) was utilized to inspect the data,
and the Wilcoxon test was applied to determine group variations,
with p < 0.05 considered as the criterion for statistical significance.

Results

Identification of DEGs in MDD and healthy
control samples

The workflow of the research is shown in Figure 1. Our study
utilized two rounds of microarray profiling, GSE53987 and

TABLE 1 Primers of AGA, FBXO38, and RGS5 genes.

Primers information (mouse)

Gene name Forward primers Reverse primers

AGA GCGTGGTGGACATTGCTATCTGG CCATCACACTGCTCCTTCTCACAC

FBXO38 TCGTCCAGACCTACAAGCAGGAG TTCCACTCTCGGCTACCAGTTCTC

RGS5 TGTGTAAGGGACTGGCAGCTCTG GCAGGCTTCTCTGGCTTCTCATTG
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GSE54568, to investigate DEGs. The combined expression matrix
revealed 55 DEGs, consisting of 52 genes that were downregulated
and 3 genes that were upregulated. The volcano plot and heatmap of
the DEGs are depicted in Figures 2A, B, respectively.

Functional enrichment analysis

Following the identification of DEGs, functional enrichment
analysis was conducted using the GO database. Figure 3A presents
the top 10 GO terms with the lowest p-values and themost pronounced
enrichment for each respective GO category histogram. DEGs were
predominantly enriched in biological processes (BP) such as endosome
organization and positive regulation of neuron projection development.
In terms of cellular components (CC), the DEGs were mainly richer in

structures including transporter complexes, late endosomes, membrane
rafts, and membrane microdomains. Regarding molecular functions
(MF), the DEGs showed enrichment in activities such as monatomic
ion channel activity, passive transmembrane transporter activity, and
channel activity. Based on the KEGG pathway enrichment analysis, the
enrichment factor and p-values were also utilized. The analysis
discovered that DEGs were dominantly concentrated in lysosome
and efferocytosis pathways, depicted in Figure 3B.

Overlap between MDD-associated genes
with DEGs

As illustrated in Figure 4A, an architecture of a network that
exhibits scale-free properties and utilizes a gentle threshold of 5 was

FIGURE 2
Differential expressed genes (DEGs) analysis in MDD and healthy control samples. (A) The volcano plot showed differential expressed genes (DEGs)
in MDD and normal samples (Blue, gene downregulated; Red, gene upregulated; Gray, gene not variated). (B) The heatmap displayed the DEGs of control
and MDD samples.

FIGURE 3
Functional enrichment analysis of DEGs inMDD and healthy control samples. (A) The bar graph displays the top 10 highest-ranking genes in terms of
molecular functions (MF), biological processes (BP), and cellular components (CC) annotations for DEGs, as determined by GO functional enrichment
analysis. (B) A bar diagram represented the KEGG pathways enrichment analysis results for DEGs.
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developed, with an R2 = 0.9 indicating a strong correlation. We next
computed the module eigengenes, which depict the collective gene
expression levels within each module, and organized them based on
their connections. As depicted in Figure 4B, twenty modules were
identified. A single module showed a correlation with MDD (green;
correlation = −0.31, p-value = 0.03). The 758 genes linked to MDD
within this module were preserved for additional study, as shown in
Figure 4C. Ultimately, 13 genes were identified to intersect between
the DEGs and the chosen genes within module MEgreen, as depicted
in Figure 4D.

Hub gene identification and diagnostic
evaluation

The 8 candidate genes were examined using RF, LASSO, and
SVM-RFE methods to pinpoint gene signatures. We developed
6 gene signatures using SVM-RFE, achieving a precision of 0.744,
and an error of 0.256, as depicted in Figures 5A, B. LASSO
regression analysis revealed 3 distinct gene signatures, as shown
in Figures 5C, D. The RF method identified 8 genes with

importance scores greater than two, as displayed in Figure 5E.
To establish a robust gene signature for MDD, we pinpointed
genes that intersected across three methods, culminating in the
identification of three pivotal genes: AGA, FBXO38, and RGS5,
highlighted in Figure 5F. Compared to control, AGA, FBXO38,
and RGS5 were notably decreased in MDD samples, as illustrated
in Figures 6A–C. We conducted a further evaluation of the
diagnostic significance of the three hub genes: AGA, FBXO38,
and RGS5. The AUC values for the hub genes in MDD and
healthy samples were as follows: AGA had an AUC of 0.713,
FBXO38 had an AUC of 0.781, and RGS5 had an AUC of 0.739, as
demonstrated in Figures 6D–F. These findings suggest that the
three hub genes could have substantial diagnostic
significance for MDD.

Gene set enrichment of the hub genes

We conducted GSEA to better understand the potential
functions of AGA, FBXO38, and RGS5. The genes that exhibit
high expression levels belong to the three key hub genes were mainly

FIGURE 4
WGCNA revealed pivotal modules. (A) Scale-free fit indicators and mean connectivity for different soft threshold capabilities. (B) Aggregation of
clusters of DEGs based on topological overlap dissimilarity. (C) Module-trait showed the relationships between control and MDD samples. Each row
corresponds to a list of modules, while each column corresponds to a clinical characteristic. The associated correlation is presented in the first line of
each cell, and the P-value is provided in the second line. (D) Intersecting genes are shown in the Venn diagram.
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rich in collecting duct acid secretion, proteasome, virion-ebolavirus,
and morbillivirus, while genes that fall into the categories of low
expression with the three hub genes were mainly enriched inmineral
absorption, as shown in Figure 7.

Depressive-like behaviors induced by CSDS

It is proposed that chronic social defeat stress (CSDS) can
effectively elicit depressive-like behaviors in mice. After the CSDS
program, depressive-like behavior was performed. Research has

revealed that mice subjected to CSDS displayed notable social
withdrawal, feelings of despair, and a lack of pleasure, as indicated
by a reduction of social interaction ratio in the social interaction
test (SIT), an extension of immobility periods in the tail
suspension test (TST) and forced swim test (FST), and a
decrease in sucrose consumption in the sucrose preference test
(SPT), as shown in Figures 8A–E. No significant difference in
locomotor activity test (LAT) was detected between the control
and CSDSmice, as shown in Figure 8F. These findings suggest that
the CSDS paradigm elicits depression-like phenotypes in
mice models.

FIGURE 5
Identification of hub genes. (A) SVM-RFE analysis with an accuracy of 0.744 discovered six gene signatures. (B) SVM-RFE analysis with an Error of
0.256 identified six gene signatures. (C) LASSO regression analysis was performed to select the optimal tuning parameter log (Lambda) for cross-
validation. (D) Candidate genes were selected by LASSO coefficient profiles. (E) The predictive accuracy of the RF model. (F) Venn diagram illustrating
three key hub genes of methodologies including SVM-RFE, RF, and LASSO.
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qRT-PCR and Western blot validation of
hub gene

Following the behavioral assessments, qRT-PCR and Western
blot were conducted to confirm the alterations in the expression of
the hub genes in the dlPFC of mice subjected to CSDS compared to
the control group. As depicted in Figure 9, the expression of AGA,
FBXO38, and RGS5 were found to be downregulated in the CSDS
group compared with the control group.

Discussion

MDD is a chronic, recurrent psychiatric disorder and
heterogeneous condition, characterized by recurrent periods of
remission and exacerbation. The clinical manifestations of MDD
encompass emotional dysregulation, loss of interest, sleep
disturbances, and difficulty concentrating or making decisions,
which are attributed to disturbances in the immunological,
metabolic, and endocrine systems (Kessler et al., 2005; Cipriani
et al., 2018; Søvold et al., 2021; Battle, 2013). The underlying
mechanisms of MDD remain incompletely elucidated. Traditionally,
diminished activity of monoaminergic neurotransmitters-serotonin,
norepinephrine, dopamine, or a combination thereof-has been
implicated in the pathophysiology, with effective antidepressant
treatments presumed to rectify these functional deficiencies (Park
and Zarate, 2019). Research indicates that MDD is strongly

associated with epigenetics, which refers to the processes that
impact gene expression and translation without involving changes
in the DNA sequence, including DNA methylation (DNAm),
microRNAs (miRNAs), and histone modifications (Penner-Goeke
and Binder, 2019). Hence, elucidating the pivotal pathways and
genetic signatures associated with MDD may facilitate risk
assessment, elucidation of pathogenesis, and the development of
individualized therapeutic strategies.

In this study, we performed an extensive analysis of MDD
utilizing dorsolateral prefrontal cortex (dlPFC) samples, which was
identified as a pivotal region associated with MDD pathology. At the
molecular level, depression is delineated by impaired neuroplasticity,
encompassing neuronal atrophy and synaptic dysfunction in the
medial prefrontal cortex (mPFC) (Price and Duman, 2020). The
mPFC not only maintains significant functional connectivity with
other brain regions such as the ventral tegmental area (VTA),
claustrum (CLA), amygdala (BLA), mediodorsal thalamus (MD),
nucleus accumbens (NAC), ventral hippocampus (vHPC), anterior
ventral bed nucleus of the stria terminalis (avBNST) but also plays a
crucial role at the molecular level (Wang et al., 2023; Bagot et al., 2015;
Lv et al., 2024; Chaudhury et al., 2013; Chen JY. et al., 2023; Vouimba
and Maroun, 2011; Tang et al., 2020; Li et al., 2024). However, the
etiology of this dysfunction and its precise contributions
remain obscure.

Genes like Est1, Cacna1c, and Dcc, which are linked to
sensitivity to stress and psychiatric conditions, are also
associated with MDD (Torres-Berrío et al., 2017). β-catenin,

FIGURE 6
Analysis and diagnostic evaluation of hub gene expression. (A–C) Expression of three hub genes (AGA, FBXO38, RGS5) of dlPFC in MDD and control
groups. AGA, FBXO38, and RGS5 were significantly reduced in MDD compared with control samples. (D–F) ROC curve for assessing the predictive
accuracy of three AGA, FBXO38, and RGS5.
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identified as a pivotal gene in the network, has been shown to
modulate social stress, and its NAc-selective knockout in mice
resulted in increased vulnerability to chronic stress, while its
overexpression in the NAc improved stress resilience (Penner-
Goeke and Binder, 2019). Studies have detected the expression of
four genes encoding COX-2, MPO, iNOS, and secretory
phospholipase A2 type IIA, namely PTGS2, MPO, NOS2A,
and PLA2GA, and found that they are all elevated in patients
with depression, highlighting the interrelationship between
MDD and mRNA (Gałecki et al., 2012). Genome-wide

association studies (GWAS) have revealed associations for
numerous psychiatric conditions, including schizophrenia,
autism, and bipolar disorder (Schizophrenia Working Group
of the Psychiatric Genomics Consortium, 2014; Gaugler et al.,
2014; Nurnberger et al., 2014). Studies have identified
317 upregulated genes in MDD patients using GWAS and
candidate gene approaches, with these genes enriched in
synaptic transmission pathways and protein-protein
interaction networks, including the same calcium-signaling
genes (CACNA1B, CACNA1E) as those found in the
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FIGURE 7
Performing gene set enrichment analysis (GSEA) analysis of three hub genes. (A, B)High and low expression of top 5 GSEA enrichment in AGA. (C, D)
The top 5GSEA enrichments exhibited both high and low expression levels about FBXO38. (E–F) The top 5GSEA enrichments showed variable expression
levels, including both high and low expression to RGS5.
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Psychiatric Genomics Consortium (PGC) study (CACNA1C and
CACNB2) (Hori et al., 2016; Ripke et al., 2013). Transcriptomic
research has indicated that the neural cell-adhesion molecule L-
1-like protein (CHL-1) could serve as a potential biomarker for
depression, as discovered in two early genome-wide transcription
studies (Morag et al., 2011; Oved et al., 2012). In a study involving
463 patients and 459 controls, Mostafavi and colleagues
identified a significant link between MDD and the IFN-α/-β
signaling pathway, mediated by the overexpression of IFN-
stimulated gene factor 3 (ISGF3)-induced genes (Mostafavi
et al., 2014). And gene expression in major depressive
disorder has also been researched by R (Jansen et al., 2016).

Due to substantial progress in bioinformatics, microarray data
can now effectively uncover hub genes, interaction networks, and
pathways relevant to MDD. In this study, the DEGs were
predominantly associated with neurofunctional activities.
Utilizing bioinformatics approaches, this pioneering study has
identified three pivotal genes (AGA, FBXO38, and RGS5)
intricately associated with MDD. The deficiency of
aspartylglucosaminidase (AGA) results in aspartylglucosaminuria
(AGU), a lysosomal storage disorder characterized by

glycoasparagine accumulation (Goodspeed et al., 2021; Banning
et al., 2023). Additional neurological signs might encompass
seizures, impaired balance and coordination, and advancing brain
atrophy as adults (Goodspeed et al., 1993). Children with
aspartylglucosaminuria are often characterized by heightened
activity levels and may satisfy the diagnostic criteria for
attention-deficit/hyperactivity disorder. From adolescence
onward, individuals may experience restlessness or anxiety
symptoms, progressing in adulthood to potential episodes of
psychosis or the development of apathy, which can result in
social withdrawal and autism spectrum disorder (Goodspeed
et al., 2021; Arvio and Mononen, 2016). F-box protein 38
(FBXO38) belongs to the F-box family of proteins, characterized
by the presence of an F-box motif at its amino terminus (Jin et al.,
2004). FBXO38 serves as a recognized coactivator of the
transcription factor Krüppel-like factor 7 (KLF7), crucial in
governing genes essential for neuronal axon outgrowth and
regeneration (Sumner et al., 2013; Mcconnell and Yang, 2010).
FBXO38, exhibits broad expression across the developing nervous
system, encompassing motor neurons (Smaldone et al., 2004; Laub
et al., 2001). FBXO38 is associated with the group of neurological

FIGURE 8
CSDS elicited depressive-like behaviors without affecting locomotor activity. (A, B) CSDS decreased the social interaction ratio in the social
interaction test (SIT) (A. n = 10, t (18) = 4.801, p = 0.0001; B. Representative exploration tracks in the SIT). (C–D)CSDS increased the immobility time in the
tail suspension test (TST) (C. n = 10, t (18) = 3.257, p = 0.0044) and forced swim test (FST) (D. n = 10, t (18) = 3.692, p = 0.0017). (E) CSDS reduced sucrose
consumption in the sucrose preference test (SPT) (n = 10, t (18) = 2.712, p = 0.0143). (F) No significant variance was observed in the locomotor
activity test (LAT) (n = 10, t (18) = 0.8153, p = 0.4255). Student’s t-test. Data expressed as Mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

Frontiers in Pharmacology frontiersin.org10

Chen et al. 10.3389/fphar.2024.1472468

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1472468


disorders, with its Online Mendelian Inheritance in Man (OMIM)
phenotype characterized as Neuronopathy, distal hereditary motor,
a type of lysosomal storage disorder (Jauss et al., 2022). FBXO38 was
also discovered in rare neurogenetic diseases and neuromuscular
diseases (Grunseich et al., 2021; Megarbane et al., 2022). Regulators
of G protein signaling (RGS) proteins are pivotal transduction
molecules that critically regulate heterotrimeric G proteins (Jules
et al., 2015). The regulator of G protein signaling 5 (RGS5) is one
member of RGS. RGS5, acting as a GTPase-activating protein (GAP)
specific to the Gαi subunit, exerts negative regulation on G protein-
coupled receptor (GPCR) signaling and was observed in primary
mouse cortical neurons (Liu et al., 2017; Bondjers et al., 2003).
RGS5 is involved in neurological disorders, including diseases of
Huntington’s (HTT), Parkinson’s disease (PD), Alzheimer’s disease
(AD), stroke, and so on. According to Robert Carlsson, RGS5 has an
important response of brain pericytes to hypoxia (Carlsson et al.,
2023). It has been reported that RGS5 increased in the striatum of
pericytes in mouse model of AD (Padel et al., 2016; Berger et al.,
2005). The absence of RGS5 impairs pericyte-associated
maintenance of the blood-brain barrier (BBB) during stroke,
highlighting RGS5 as a crucial target for neurovascular protection
(Özen et al., 2018; Roth et al., 2019; Özen et al., 2014).

Correlation analysis revealed a strong positive correlation
among the three hub genes, suggesting their pivotal role in MDD
pathology. In the current study, two MDD datasets are
combined, the three hub genes-AGA, FBXO38, and RGS5-
exhibited AUCs exceeding 0.7, indicating their robust
diagnostic potential. We also utilized the CSDS-induced
depressive-like behavior model, which can effectively simulate
depression. Following behavioral assessments, transcription and
protein levels of AGA, FBXO38, and RGS5 in the dlPFC were
measured, with the results consistent with analyses from two
datasets, GSE53987 and GSE54568. Approximately 80% of genes
are co-expressed in peripheral blood and brain tissues, and
exhibit similar regulation at the mRNA level; the analysis of
mRNA changes in brain tissues may also be changed within
peripheral blood is now an integrated approach for discovering
biomarkers of mental health (Hepgul et al., 2013). Together, the
hub genes of AGA, FBXO38, and RGS5 hold significant promise
as diagnostic markers and therapeutic targets for MDD.

An overview of our study reveals some remaining
shortcomings. Firstly, the etiology of depression is
multifaceted, and our study has only validated depressive-like
behaviors induced by CSDS and the expression of three hub genes

FIGURE 9
The expression of AGA, FBXO38, and RGS5 decreased after CSDS. (A–C) CSDS reduced the gene expression of AGA (A. n = 7, t (12) = 2.622, p =
0.0223), FBXO38 (B. n = 7, t (12) = 2.184, p = 0.0495), and RGS5 (C. n = 7, t (18) = 2.605, p = 0.023), detected by PCR. (D–F) CSDS reduced the protein
expression of AGA (D. n = 8, t (14) = 3.05, p= 0.0087), FBXO38 (E. n = 8, t (14) = 3.19, p =0.0065), and RGS5 (F. n = 8, t (14) = 2.20, p= 0.0451), detected by
Western blot. Student’s t-test. Data expressed as Mean ± SEM. *p < 0.05, **p < 0.01.
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implicated in CSDS-induced depression. Secondly, we have solely
confirmed the transcription levels of these three hub genes in the
dlPFC post-CSDS using qPCR and Western blot; due to
constraints in pharmacological resources, we did not further
investigate depression intervention through gene agonists or
inhibitors. Thirdly, there is a need for further integration with
clinical samples for in-depth analysis.

Conclusion

Utilizing bioinformatics approaches, a gene signature
comprising AGA, FBXO38, and RGS5, closely linked to MDD,
was initially identified. AGA, FBXO38, and RGS5 genes also
exhibited significant downregulation in the CSDS-induced
depressive-like behavior. They may serve as critical targets for
depression and offer valuable insights for clinical research on
the disorder.
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