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A B S T R A C T

Background: circular RNAs (circRNAs) are expressed abundantly in the brain and are implicated in the patho-
physiology of neuropsychiatric disease. However, the potential clinical value of circRNAs in major depressive
disorder (MDD) remains unclear.
Methods: RNA sequencing was conducted in whole-blood samples in a discovery set (7 highly homogeneous
MDD patients and 7 matched healthy controls [HCs]). The differential expression of circRNAs was verified in
an independent validation set. The interventional study was conducted to assess the potential effect of the
antidepressive treatment on the circRNA expression.
Findings: in the validation set, compared with 52 HCs, significantly decreased circFKBP8 levels (Diff: -0.24;
[95% CI -0.39 ~ -0.09]) and significantly elevated circMBNL1 levels (Diff: 0.37; [95% CI 0.09 ~ 0.64]) were
observed in 53 MDD patients. The expression of circMBNL1 was negatively correlated with 24-item Hamilton
Depression Scale (HAMD-24) scores in 53 MDD patients. A mediation model indicated that circMBNL1
affected HAMD-24 scores through a mediator, serum brain-derived neurotrophic factor. In 53 MDD patients,
the amplitude of low-frequency fluctuations in the right orbital part middle frontal gyrus was positively cor-
related with circFKBP8 and circMBNL1 expression. Furthermore, the interventional study of 53 MDD patients
demonstrated that antidepressive treatment partly increased circFKBP8 expression and the change in
expression of circFKBP8 was predictive of further reduced HAMD-24 scores.
Interpretation:whole-blood circFKBP8 and circMBNL1 may be potential biomarkers for the diagnosis of MDD,
respectively, and circFKBP8 may show great potential for the antidepressive treatment.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Major depressive disorder (MDD) is the most prevalent psychiat-
ric disease with high rates of recurrence [1]. Currently, since a diag-
nosis of MDD is primarily dependent on clinical manifestations, it is
difficult to diagnose MDD accurately [2]. In pharmacological treat-
ments for MDD, only about 30% of patients achieve remission with
selective serotonin reuptake inhibitors (SSRIs) [3], however, the
inhibitor of both norepinephrine and serotonin transporters (SNRIs),
such as duloxetine, can improve efficacy in acute, adult MDD at doses
of 80�120 mg/day [4]. Meanwhile, Agomelatine acting as MT1/MT2
agonist and 5-HT2C antagonist, can enhance neuroplasticity mecha-
nisms and adult neurogenesis in brain regions (e.g. hippocampus and
prefrontal cortex) and may be also a valuable option for the antide-
pressant treatment [5]. In addition to pharmacotherapy, psychother-
apy and physical therapy [e.g. transcranial magnetic stimulation
(TMS)] are considered promising treatment strategies for MDD [6]. In
order to improve the accuracy of diagnosis and the efficacy of antide-
pressive treatment, it is important to ascertain appropriate bio-
markers for determining the etiology of MDD, and development of
individualized clinical treatments for MDD patients.
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Research in context

Evidence before this study

We searched PubMed with the terms “circRNA”, “circular RNA”,
“depressive disorder”, “depression”, “blood”, “plasma”, and
“serum” in English before May 31, 2020. Although previous
studies revealed that circRNAs are expressed abundantly in the
brain and are highly active at neuronal synapses, less study
investigated the potential value of circRNAs in depressed
patients, and there is no consistent findings from different labo-
ratories. Therefore, it is unclear whether blood circRNAs can be
used as the peripheral biomarker for the clinical diagnosis of
depression and predicting the antidepressive treatment out-
come. Considering the interplay between genetic and environ-
mental factors may be the main cause of depression, a group of
highly homogeneous depressed patients who have a history of
negative life evens and suicide attempt, was used for RNA
sequencing to identify potential circRNA indicators. Subse-
quently, the strict two-stage validation was performed to con-
firm the expression of circRNAs and assess the value of
circRNAs as the clinical biomarkers of depression.

Added value of this study

We identified two blood circRNAs for the diagnosis of depres-
sion through the strict process of discovery and two-step vali-
dation, and these circRNAs were associated with multifaceted
characteristics of depression including the severity of depres-
sive symptom, serum brain-derived neurotrophic factor levels,
and the imaging evidence of brain activity. Meanwhile, we also
demonstrated that a blood circRNA had the great clinical value
for the antidepressive treatment.

Implications of all the available evidence

These two blood circRNAs involved in the neuroinflammation
and neuroplasticity and emotion-related brain activity altera-
tions, may be used as promising pre-screening markers for
identifying individuals with potential risk of depression. In par-
ticularly, one of themmay be used as a valuable efficacy marker
for guiding the individualized treatment. The present evidence
further supported the potential clinical value of circRNAs in
depression.
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Circular RNAs (circRNAs), generated by a back-splicing event of
specific exons of protein-coding genes, are evolutionarily conserved
endogenous non-coding RNA (ncRNA) molecules [7�9]. By acting as
a sponge for microRNAs (miRNAs), regulation of protein function or
assisting in protein translation, circRNAs exert multiple important
biological functions [10,11]. In particular, several circRNAs are
expressed abundantly in the brain and are highly active at neuronal
synapses involving nervous system development and differentiation,
indicating that circRNAs may be crucial for understanding neuropsy-
chiatric disorders [12,13]. Previous studies have showed that in some
psychiatric disorders with the complex pathophysiology (e.g. MDD
[14�18], schizophrenia [19�22], bipolar disorder [21,23]), effective
circRNA indicators may play significant roles in the diagnosis of dis-
ease and even be used for promising therapeutic targets. By review-
ing the previous studies, we only found five published studies of
circRNAs in depressed patients thus far, including one RNA sequenc-
ing study [14], two microarrays studies [15,16] and two real-time
quantitative polymerase chain reaction (RT-qPCR) studies [17,18].
However, there is no consistency in circRNA results from different
laboratories, with poor homogeneity of participants that lack
multilevel assessment being the primary limitations that prevent
circRNAs being considered reliable biomarkers for MDD. In addition,
although we demonstrated in previous studies of circRNAs that circ-
DYM-regulated microglial activation and the gut microbiota-circH-
IPK2-astrocyte axis may be involved in the etiology of depression
[17,24], the precise mechanism of circRNA molecules in MDD
remains unknown.

Brain-derived neurotrophic factor (BDNF) plays important roles in
the modulation of neurogenesis and neuroplasticity in the brain [25].
Multiple meta-analyses have revealed that serum BDNF levels
reduced in MDD patients and increased after antidepressant treat-
ment [26,27], demonstrating a negative correlation between serum
BDNF levels and severity of depressive symptoms [28]. In addition,
previous study showed that circRNAs can enhance the neuronal plas-
ticity and promote functional recovery in ischemic stroke [29]. Hence,
the exploration of the relationship of BDNF (a kind of neuroplasticity-
related indicator and a promising diagnostic biomarker of MDD) with
circRNA indicators may contribute to revealing the possible function
of circRNAs on the modulation of neuroplasticity in MDD and provide
the valuable evidence to support the application of circRNA indica-
tors in MDD.

In addition, compelling evidence has confirmed that MDD is asso-
ciated with disconnection of brain function and has been character-
ized by abnormal brain activity [30]. Previous neuroimaging studies
of MDD showed that brain regions with abnormal function activity
were located mainly in emotion-related regions, such as insula, orbi-
tofrontal cortex (OFC), and anterior cingulated cortex (ACC) [31,32],
and the interaction of these brain regions can form the emotion-
related brain circuit, such as the fronto-limbic system, whose func-
tional alterations are the important characteristic of MDD [32,33].
Meanwhile, the potential mechanisms of action of antidepressant
treatment response may be to change the functional connectivity
between frontal and limbic brain regions [34], and the function activ-
ity in some emotion-related regions, such as ACC, may be related
with treatment response to antidepressants [35]. Amplitude of low-
frequency fluctuation (ALFF) is an efficient functional magnetic reso-
nance imaging (fMRI) index of local spontaneous neuronal activity
[36] and can be used to conveniently assess the abnormal activity of
brain regions located in neural circuits that process emotions [37].
Furthermore, our previous study have indicated that microRNA-9
may play a crucial role in the process of brain function changes tar-
geted prefrontal-limbic regions and induce subsequently depression
[38]. Therefore, the assessment of the relationship between circRNA
indicators and ALFF indicators can investigate whether circRNAs
have an effect on the abnormal brain activity for leading to MDD,
which contributes to understanding the underlying pathophysiology
of MDD and providing neuroimaging evidence for the clinical appli-
cation of circRNA indicator.

The present study aimed to identify and validate differentially
expressed circRNAs in MDD patients and to evaluate their potential
as disease diagnostic biomarkers and novel therapeutic targets of
MDD. Meanwhile, potential clinical value and possible mechanism of
circRNAs in MDD were also explored based on the neuroplasticity-
related serum indicator and the brain activity-related neuroimaging
indicator. Due to the interplay between genetic and environmental
factors may be the main cause of MDD [39,40], we hypothesized that
indicators of the epigenetics, i.e. circRNAs, can reflect the severe of
depressive symptom and guide the antidepressive treatment for
MDD patients.

2. Materials and methods

2.1. Study design

The present study consisted of 4 primary components. (1) Compo-
nent 1 was a case-control study (MDD patient was case group and
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healthy subject was control group). We identified differentially
expressed candidate circRNAs in a discovery set (7 MDD patients and
7 healthy controls [HCs]) using RNA high-throughput sequencing,
and the expression of which was further verified using RT-qPCR in
the same cases and controls from the discovery set. (2) Component 2
was also a case-control study (MDD patient was case group and
healthy subject was control group). We confirmed the differential
expression of candidate circRNAs in an independent validation set
(53 MDD patients and 52 HCs) and primarily evaluated the potential
clinical value of circRNAs in MDD through correlation and mediation
analyses between these circRNA indicators and assessments of
depressive symptomatology, serum BDNF indicator, and neuroimag-
ing indicator (ALFF). (3) Component 3 was an interventional study
(just for MDD patients). To explore whether the treatment can affect
the expression of candidate circRNA in 53 MDD patients, we investi-
gated the difference of circRNAs expression between actual (37
patients) and sham treatment groups (16 patients) and between
before and after treatment in each treatment group to explore
whether the treatment can affect the expression of candidate
circRNA. Notably, the assessment of modified rTMS efficacy was not
the major goal of this study, and the interventional study was not
designed as a rigorous randomized control trial, although both actual
and sham rTMS treatments were included. (4) Component 4 was an
extension of the interventional study (Component 3), we further cre-
ated a linear mixed model in 53 MDD patients to evaluate whether
the expression of circRNAs can predict the severity of depressive
symptomatology.

2.2. Study exposure and outcome

For study components 1 and 2, the exposure variable was the
expression of candidate circRNAs, and the study outcome variable
was set as binary, i.e., whether a study subject was MDD case or not.

For study component 3, the exposure variable was the targeted
treatment and the study outcome variable was the expression of can-
didate circRNAs.

For study component 4, the exposure variable was the expression
of candidate circRNAs and the study outcome variable was the sever-
ity of depressive symptomatology that can be assessed by relevant
clinical scale.

2.3. Subjects

All MDD patients satisfied the following inclusion criteria: (1) age
18 to 55 years; (2) presence of a definite depressive episode in line
with the Diagnostic and Statistical Manual of Mental Disorders,
Fourth Edition (DSM-IV), determined by a professional psychiatrist
through the standardized structured clinical interview for DSM-IV
Axis I disorders; (3) drug-naive or drug-free (i.e. free of antidepres-
sant drug treatment longer than 2 weeks prior to the beginning of
the formal study). Notably, drug-free patients were not meet criteria
of treatment-resistant depression due to they had been on antide-
pressants for a shorter period of time and only taken one drug (e.g.
selective serotonin reuptake inhibitors); (4) the 24-item Hamilton
Depression Scale (HAMD-24) score of � 18 was required for enroll-
ment; (5) definite history of negative life events; (6) for women,
being non-pregnant and being non-nursing; (7) with or without fam-
ily history of a mental disorder. In addition, for MDD patients in the
discovery set, additional inclusion criteria were added based on the
above inclusion criteria: (1) more serious depressive state (i.e.
HAMD-24 score � 35) and definite record of attempted suicide; (2)
chronic influence of negative life events; (3) for women, not in lacta-
tion or climacteric. Furthermore, for MDD patients, the following
exclusion criteria were applied: (1) secondary mental disorders, such
as those caused by the use of certain drugs or severe physical illness;
(2) alcohol or drug abuse; (3) history of head trauma or neurological
illnesses; (4) history of significant physical disorder (e.g. endocrine
disease, autoimmune disease or liver or kidney dysfunction) or any
type of tumor. Additionally, in the present study, HCs with no history
of severe physical disorder, no personal or family history (first or sec-
ond degree) of psychotic, no alcohol or drug abuse, and no gross
abnormalities in brain MRI scanning, were strictly matched on the
basis of age, gender, education years, and body mass index (BMI).

According to the inclusion and exclusion criteria, all HCs were
randomly recruited through community health screening events and
media advertisements and enrolled MDD subjects were randomly
selected from an outpatient clinic or inpatient wards of the profes-
sional mental health center in the region (2017.07 � 2018.11). To
obtain the scientific reliability, the following aspects were strictly
controlled: (1) the diagnosis for the subject was performed collec-
tively by two senior psychiatric physicians. If the diagnosis was
inconsistent, a third professional physician would be consulted. The
diagnosis of all subjects were reconfirmed by telephone follow-up
prior to data analysis; (2) the evaluation of the subject was completed
by two psychiatric chief physicians. Questionable terms were
resolved by the thorough discussion. During the follow up of 4 weeks,
clinical assessments were completed for each week by the same
physicians. More details can be found in Supplementary Materials.

The discovery set, including 7 highly homogeneous MDD patients
and 7 one-to-one paired HCs, was obtained from the Affiliated
Zhongda Hospital of Southeast University [41], for which detailed
information is presented in Supplementary Table 1. In addition, an
independent validation set consisted of 53 MDD patients and 52
matched HCs recruited from the Second Affiliated Hospital at Xin-
xiang Medical University [18,41].

In addition, 53 MDD patients in the validation set provided con-
sent for rTMS treatment (actually treated: 37; sham treatment: 16) as
part of our previous study [42] (Chinese Clinical Trial Registry:
ChiCTR1800014392), providing blood samples and clinical data to
researchers. During rTMS treatment, no MDD patient received addi-
tional antidepressive therapy and all patients completed the current
treatment. However, antidepressants were not limited to the 4-week
follow-up observation period after rTMS treatment.

2.4. Ethics

The present study was carried out in accordance with the latest
version of the Declaration of Helsinki. The ethics committee of the
Affiliated Zhongda Hospital of Southeast University and the Second
Affiliated Hospital of Xinxiang Medical University both approved the
study (approval ID: 2019ZDSYLL055-P01). All subjects, their legal
guardians or their legally authorized representatives provided
informed consent.

2.5. Assessment tools

The HAMD-24 as a primary test tool, was used to assess depres-
sive symptoms, and the Self-Rating Depression Scale (SDS) and the
Beck Hopelessness Scale (BHS) were also used as second test tools to
assess the severity of depression. Meanwhile, the Childhood Trauma
Questionnaire-Short Form (CTQ-SF) and the Life Event Scale (LES)
were used to assess the influence of negative life events, and the
Beck Scale for Suicide Ideation-Chinese version-Current (BSI-CV-C)
was used to assess the suicide attempt. The higher the score of these
scales, the more severe of symptoms.

2.6. Sample collection

Venous blood was drawn from each subject after overnight fasting
into a vacutainer tube (without anticoagulant) and a PAXgene blood
RNA tube (Becton Dickinson). Detailed protocol was displayed in Sup-
plementary Materials. Blood was sampled from the 53 MDD patients
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in the validation set at baseline and at the conclusion of treatment.
Blood samples were collected once in all other subjects.

2.7. RNA extraction and RNA high-throughput sequencing

Total RNA was extracted using a PAXgene blood RNA kit (Qiagen)
under standardized conditions using a QIAcube (Qiagen) automated
processor in accordance with the manufacturer’s instructions.

Sequencing libraries were generated and RNA high-throughput
sequencing was performed by Genesky Biotechnologies Inc. (Shang-
hai, China) using standard Illumina protocols, which were described
in detail in Supplementary Materials. The expression patterns of
circRNAs, miRNAs, and mRNAs were obtained from the same samples
of the discovery set, and subsequent bioinformatics analyses were
performed.

2.8. Analysis of CircRNA sequencing data

CircRNAs were identified using CIRI software, followed by match-
ing with data from the circBase database (http://circbase.org/).
CircRNA expression was normalized using Back Spliced Reads per
million mapped reads, with differential expression analysis accom-
plished using DEGSEQ software. The differentially expressed circR-
NAs between the two groups were filtered by |log2(fold change)| > 1
and p-value < 0.05 as criteria. The analyses of miRNA and mRNA
sequencing data were described in Supplementary Materials.

2.9. Competing endogenous RNA (ceRNA) networks analysis and
functional enrichment analysis

To investigate the ceRNA mechanism based on the differentially
expressed circRNAs, miRNAs and mRNAs, a circRNA-miRNA-mRNA
interaction network was constructed. Meanwhile, functional enrich-
ment analysis was performed for Gene Ontology (GO) analysis. Sup-
plementary Materials showed the detailed process.

2.10. RT-qPCR

Specific primers for candidate circRNAs were designed and syn-
thesized by Shanghai Genesky Biotechnology Company, as displayed
in Supplemental Table 3. cDNA was synthesized using a HiScript Q RT
SuperMix for qPCR kit (Vazyme, R123-01) then analyzed by RT-qPCR
using a SYBR Green Real-time PCR Master Mix (Roche, Mannheim,
Germany). All reactions were performed in triplicate. The expression
levels of circRNAs were calculated from the threshold cycle (Ct) value,
and the relative fold change in expression (MDD vs. HC) calculated
using the 2�DDCt method. Glyceraldehyde-3-phosphate dehydroge-
nase was used as the endogenous control. Each sample was tested in
triplicate.

2.11. Enzyme-linked immunosorbent assay (ELISA) analyses

The concentration of serum BDNF was measured in triplicate,
using a commercial ELISA kit (R&D Systems, Minneapolis, MN, USA)
in accordance with the manufacturer’s protocols. The concentration
in each plate was determined based on absorbance at 450 nm using a
microplate reader (Thermo ScientificTM, Shanghai, China). Each sam-
ple was tested in triplicate. The inter- and intra-assay coefficients of
variation were < 4%.

2.12. MRI data acquisition and processing

MRI data were acquired using a Magnetom Verio (A Tim System)
3.0T superconducting magnetic resonance imaging system (Siemens,
Erlangen, Germany). MRI data preprocessing was conducted using
the Data Processing Assistant for Resting-State fMRI (DPARSFA 2.3)
toolbox [43]. REST software (http://rest.restfmri.net) was used to cal-
culate ALFF values. In the present study, only subjects in the valida-
tion set were analyzed by the MRI scanning, as outlined in
Supplementary Materials.

2.13. rTMS treatment

The stimulation target of rTMS, the left primary visual cortex, was
ascertained from the Montreal Neurological Institute coordinates [x:
-1.8, y: -98.14, z: -6] [42]. The rTMS treatment was using the Magstim
Rapid stimulator system with an eight-figured coil (The Magsitim
Company Ltd, Whitland, UK). The resting motor threshold (RMT) was
determined at each visit according to standard clinical practice [44].
The detailed parameters used for rTMS stimulation were as follows
[42]: 90% RMT stimulation intensity; 10Hz frequency; 4 s on and 26 s
off for 20 min; 1600 pulses per session; 2 session per days; total
treatment duration: 5 days. Patients in the sham rTMS group received
the same rTMS treatment protocol as the experimental rTMS group,
except that the coil was turned through 90°.

2.14. Statistical analyses

2.14.1. Independent analysis of MRI data
In the validation set (Component 2), for identifying the brain

region (voxels) with significantly different ALFF values between MDD
and HC groups, we performed a voxel-wise one-way ANCOVA
[45�48] to examine the primary effect of the diagnosis (MDD vs. HC),
with age [49], gender [50], and years of education [51] as covariates
(dependent variable: ALFF value of each voxel; independent variable:
diagnosis [MDD/HC], age, gender, years of education). The results
were considered significant differences at a corrected p < 0.05 and
cluster size > 4482 mm3 (166 voxels). Multiple comparison correc-
tion was performed using the AlphaSim [52,53]. Subsequently, ALFF
values of these identified brain regions were extracted as neuroimag-
ing indicators to further investigate the potential relationship of can-
didate circRNA expression with the neuronal activity in MDD
patients.

2.14.2. Independent analysis of the composite circRNA indicator
In the validation set (component 2), the binary logistic regression

[54] (dependent variable: MDD/HC; independent variable: candidate
circRNAs) was used to calculate a predicted value of each subject that
can be considered as the composite circRNA indicator based on these
candidate circRNAs.

2.14.3. Analysis on the case-control study (components 1 and 2)
The Kolmogorov-Smirnov test was used to evaluate the normal

distribution of the data and the Levene's homogeneity of variance
test was also utilized. A chi-squared test was used for categorical var-
iables (i.e. gender, smoker/nonsmoker), and continuous variables (i.e.
current age, years of education, BMI, age of onset, duration of the dis-
ease, symptom assessments’ scores, serum BDNF levels, and candi-
date circRNA levels) were analyzed using an independent-sample t-
test or a Mann-Whitney U test when appropriate between MDD and
HC groups (details were displayed in Table 1).

In the validation set (component 2), Pearson correlation coeffi-
cient was used to assess correlations of candidate circRNA levels with
assessments of symptomatology and serum and neuroimaging indi-
cators’ levels in 53 MDD patients. Additionally, receiver operating
characteristic (ROC) curves were plotted to calculate area under the
curve (AUC) values so as to determine the performance of the single
candidate circRNA and the composite circRNA indicator for distin-
guishing MDD patients from HCs. Aforementioned analyses were per-
formed using SPSS 16.0 software (SPSS, Inc., Chicago, IL) and p < 0.05
was considered statistically significant.

http://circbase.org/
http://rest.restfmri.net


Table 1
Demographic characteristics and clinical informations for participants at baseline and after treatment.

Baseline After treatment

HC (n = 52) MDD (n = 53) P-value Actual rTMS (n = 37) Sham rTMS (n = 16) P-value

Age (years) 33.60 (10.31) 30.66 (11.99) 0.182* 30.05 (12.92) 32.06 (9.72) 0.581*
Female 28 (53.85%) 28 (52.83%) 0.927y 20 (54.05%) 8 (50.00%) 0.997y

Education (years) 13.05 (4.64) 11.64 (3.52) 0.400z 11.68 (3.30) 11.56 (4.10) 0.916*
BMI 23.23 (3.13) 22.62 (3.81) 0.367* 22.91 (3.94) 21.93 (3.51) 0.396*
Smoking 13 (25.00%) 10 (18.87%) 0.601y 8 (21.62%) 2 (12.50%) 0.692y

Age of onset (years) - 26.74 (11.68) - 26.89 (13.04) 26.38 (8.06) 0.884*
Duration of the disease (month) - 49.99 (63.25) - 45.68 (7.51) 75.63 (88.63) 0.336z

HAMD-24 score (baseline) 1.92 (2.25) 36.09 (7.27) < 0.001z 35.81 (6.70) 36.75 (8.65) 0.670*
HAMD-24 score (5 day) - - - 18.24 (10.12) 25.38 (10.02) 0.022*
HAMD-24 score (1 week) - - - 13.89 (9.28) 20.13 (12.22) 0.047*
HAMD-24 score (2 week) - - - 11.51 (8.33) 17.06 (12.07) 0.058*
HAMD-24 score (3 week) - - - 8.65 (6.96) 13.88 (11.29) 0.044*
HAMD-24 score (4 week) - - - 6.81 (5.97) 13.69 (12.13) 0.008*
SDS score (baseline) 34.56 (6.53) 71.77 (10.90) < 0.001* 71.27 (11.09) 72.94 (10.68) 0.614*
SDS score (5 day) - - - 54.27 (17.68) 57.06 (14.23) 0.580*
BHS score (baseline) 5.94 (1.78) 11.17 (10.90) < 0.001* 11.08 (4.73) 11.38 (5.35) 0.843*
BHS score (5 day) - - - 7.19 (5.63) 8.25 (5.67) 0.532*
CTQ-SF score (baseline) 37.85 (3.79) 51.81 (11.82) < 0.001z 49.57 (10.79) 57.00 (12.79) 0.034*
LES score (baseline) 5.46 (10.09) 41.91 (28.60) < 0.001z 37.95 (25.53) 51.06 (33.81) 0.126*
BSI-CV-C score (baseline) - 5.92 (7.76) - 6.65 (8.13) 4.25 (6.77) 0.211z

Serum BDNF ng/ml (baseline) 28.81 (7.29) 21.34 (4.67) < 0.001* 21.53 (4.74) 20.91 (4.61) 0.662*
Serum BDNF ng/ml (5 day) - - - 25.27 (5.67) 21.10 (4.75) 0.013*

Data presented as mean (standard deviation) or number of participants in each group (% of total).
MDD, major depressive disorder; HC, healthy control; BMI, body mass index; HAMD-24, the 24-item Hamilton Depression Scale; SDS, Self-Rat-
ing Depression Scale; BHS, Beck Hopelessness Scale; CTQ-SF, Childhood Trauma Questionnaire-Short Form; LES, Life Event Scale; BSI-CV-C, Beck
Scale for Suicide Ideation-Chinese version-Current; rTMS, repetitive transcranial magnetic stimulation.
* Independent-samples t-test.
y Chi-squared test.
z Mann-Whitney U-test.
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Furthermore, in the validation set (component 2), a mediation
effect model based on the Baron and Kenny method [55] was used to
determine whether the serum BDNF or ALFF indicator could mediate
the association between the candidate circRNA expression and the
severity of depression in 53 patients with MDD, and covariates were
controlled for clinical features (i.e. age, gender and BMI) [56�60].
Bootstrapping with 1000 replications was used to estimate the 95%
confidence interval (CI) of the direct, indirect and total effect. b repre-
sents the regression coefficient of the linear regression model for the
association between variables in the mediation analysis. The present
mediation analysis was performed using SAS software version 9.4
(SAS Institute Inc., Cary, NC).

2.14.4. Analysis on the interventional study (components 3 and 4)
Component 3: The normal distribution test and homogeneity of

variance test were also performed. An independent-sample t-test
was used to evaluate the difference of candidate circRNA expression
between actual treatment group and sham treatment group, and the
paired t-test was used for the comparison of candidate circRNA
expression before and after intervention in actual and sham treat-
ment groups, respectively. For 37 MDD patients of actual treatment
group, Pearson correlation analysis was performed to assess correla-
tions of the expression of candidate circRNAs with the assessments of
symptomatology and serum and neuroimaging indicators’ levels at
the end of treatment and the change rate of these indexes (change
rate = [baseline � the end of treatment] / baseline).

Component 4: In 53 MDD patients, we used a linear mixed model
to evaluate the relationship between HAMD-24 scores and the
changes of circRNA expression levels. The HAMD-24 scores at differ-
ent time point was used as the outcome in the model, while the
change of circRNA expression, treatment group and duration were
included as the predictors. In the model, other variables including
age [59], gender [16,21], and BMI [60] were regard as covariates, and
some baseline data (i.e. baseline HAMD-24 score, baseline BDNF [27])
were also adjusted as covariates according to results of correlation
analyses at baseline. We used the subject as the random effect in the
model.
2.15. Sample-size estimation

The sample size calculation was performed using an online sam-
ple size calculators (https://sample-size.net/). The sample size used
in the present study was appropriate based on the result of sample
size calculation (a = 0.05, b = 0.2). Details can be found in Supple-
mentary Materials.
2.16. Randomization

The selection of all subjects were randomized from the local pop-
ulation according to the inclusion and exclusion criteria. In the inter-
vention study, MDD patients were randomly assigned to two
treatment groups.
2.17. Blinding

Researchers involved in the clinical assessment, blood collection,
and MRI scanning did not participate in the blood sample measure-
ment and MRI data analysis. Additionally, researchers involved in the
clinical assessment were blind to the rTMS distribution, while the
rTMS physician did not participate the subsequent data analysis.
2.18. Role of the funding source

The funders had no role in the study design, data collection, data
analysis, interpretation or writing of report. The corresponding
author had full access to all the data and the final responsibility for
the decision to submit for publication.

https://sample-size.net/
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3. Results

3.1. Discovery and validation of differentially expressed circRNAs

The baseline characteristics of the discovery set are listed in Supple-
mentary Table 1. High-throughput sequencing involving 16259 circR-
NAs was performed in the discovery set, of which 88 were identified as
being significantly different in 7 MDD patients compared with 7 HCs
(SRA accession number: PRJNA606351; Fig. 1a). Subsequently, 12 upre-
gulated circRNAs and 3 that were downregulated were detected and
validated using RT-qPCR in the discovery set (Fig. 1b and Supplemen-
tary Table 2). Finally, 4 circRNAs were significantly different expression
between 7 MDD patients and 7 HCs and consistent with the results of
circRNA sequencing (Fig. 1c�f and Supplementary Table 4).

3.2. Differentially expressed circRNAs in the independent validation set

In the validation set (53 MDD patients and 52 HCs), there was no
significant difference in baseline clinical features between the MDD
and HC groups except for serum BDNF levels, and HAMD-24, SDS and
BHS scores (Table 1). Four candidate circRNAs were further validated
in the validation set, and compared with 52 HCs, hsa_circ_0050119
exhibited significantly reduced levels (p= 0.001; independent-sample
t-test) and hsa_circ_0001349 had significantly increased levels
(p= 0.009; independent-sample t-test) in 53 MDD patients (Fig. 2a
and b). These results met statistical significance of multiple compari-
sons (p < 0.0125, Bonferroni correction). According to the human ref-
erence genome, hsa_circ_0050119 is assumed to be derived from the
exons 5 and 6 of the FKBP8 gene and hsa_circ_0001349 from the
exons 2 and 3 of the MBNL1 gene. Thus, hsa_circ_0050119 was
termed circFKBP8 and hsa_circ_0001349 as circMBNL1. Besides, by
searching the RNA sequencing data of the discovery set, compared
with 7 HCs, the expression of the host gene of circFKBP8 was also sig-
nificantly reduced in 7 MDD patients but the expression of the host
gene of circMBNL1 was not significantly different.

In addition, correlation analyses in 53 MDD patients demonstrated
that there was a positive correlation between circFKBP8 and BDNF levels
(Fig. 2c) and the expression of circMBNL1 was negatively correlated with
HAMD-24 and BHS scores (Fig. 2d and e). However, in 53 MDD patients,
there was no significant correlation between the circFKBP8 or circMBNL1
expression and CTQ-SF, LES, and BSI-CV-C scores. Besides, mediation
analysis in 53 MDD patients indicated that expression of circMBNL1 sig-
nificantly mediated the effect of BDNF on HAMD-24 scores [indirect
effect, b = -0.9038, 95% CI: (-2.35482, -0.04327), Fig. 2f] where covariates
were controlled for age, gender, and BMI.

Compared with 52 HCs, 53 MDD patients exhibited decreased
ALFF values in the bilateral dorsolateral superior frontal gyrus and
increased ALFF values in the left middle occipital gyrus, bilateral infe-
rior temporal gyrus, right middle temporal gyrus, right orbital part
middle frontal gyrus (ORBmid), and bilateral medial prefrontal cortex
and ventral ACC (Fig. 2g, Supplementary Fig. 1, AlphaSim corrected p
< 0.05). Further correlation analysis revealed that the ALFFs in the
right ORBmid were negatively correlated with HAMD-24 scores
(Fig. 2h) and positively correlated with circFKBP8 and circMBNL1
expression in 53 MDD patients (Fig. 2i and j).

Furthermore, Fig. 2k displays the AUC values of circFKBP8 and
circMBNL1, at 0.679 (95% CI: 0.576�0.781) and 0.647 (95% CI:
0.540�0.754), respectively. However, the combination of the 2 circR-
NAs provided greater diagnostic power with an AUC value of 0.813
(95% CI: 0.729�0.897), corresponding to a specificity of 73.1% and a
sensitivity of 83.0% for the diagnosis of MDD (Fig. 2k).

3.3. rTMS intervention affected circFKBP8 expression

As shown in Table 1, there was no significant difference in HAMD-
24 scores between rTMS treatment group and sham treatment group
at baseline. However, significant differences of HAMD-24 scores were
detected between two treatment groups following rTMS treatment
(Table 1). Furthermore, baseline serum BDNF levels increased signifi-
cantly after actual rTMS treatment, however, there was no significant
difference in serum BDNF levels between before and after sham treat-
ment (Supplementary Fig. 2a and b), and at the end of treatment,
serum BDNF levels were significantly elevated in the actual treatment
group as compared with the sham treatment group (Supplementary
Fig. 2c). Additionally, in actual treatment group, except for the bilat-
eral medial prefrontal cortex and ventral ACC, other brain regions
had significant difference in ALFF values between before and after
treatment, however, in the sham treatment group, only the left infe-
rior temporal gyrus and dorsolateral superior frontal gyrus had sig-
nificantly different ALFF values between before and after treatment
(Supplementary Table 5).

CircFKBP8 exhibited differential expression in 53 MDD patients
following complete rTMS intervention, with a significant increase in
the expression of circFKBP8 in the actual rTMS treatment group com-
pared with the sham treatment group (Fig. 3a), although there was
only a trend in the increase in the actual rTMS treatment group
before and after treatment (t = -1.990, p = 0.054, paired t-test; Supple-
mentary Fig. 3). At the conclusion of treatment in the actual rTMS
treatment, a significant negative correlation between the expression
of circFKBP8 and HAMD-24 and SDS scores was observed (Fig. 3b and
c), with circFKBP8 expression positively correlated with serum BDNF
levels and rate of change of HAMD-24 scores (Fig. 3d and e), however,
there was no significant correlation between circFKBP8 expression
and the ALFFs in these identified brain regions. In addition, in the
actual rTMS treatment group, the rate of change of HAMD-24 scores
was negatively correlated with the change in circFKBP8 levels after
treatment (Fig. 3f). But, no any correlation was detected in the sham
treatment group.

Furthermore, linear mixed effect model analysis demonstrated
that a greater change in value of circFKBP8 expression (based on ter-
tiles) was able to predict increased HAMD-24 scores after treatment
in 53 MDD patients (Fig. 3g).

3.4. Possible biological mechanisms of action of circFKBP8 and
circMBNL1

Based on the observed significantly differentially expressed circR-
NAs, miRNAs and mRNAs, circRNA-associated ceRNA networks were
constructed in the discovery set (Supplementary Fig. 4). Subse-
quently, two independent ceRNA networks were obtained based on
circFKBP8 and circMBNL1, including 14 miRNAs and 10 mRNAs
(Fig. 4a).

GO functional enrichment analysis was performed for all signifi-
cantly different mRNAs, and the potential function of two ceRNA net-
work-related mRNAs were identified (Fig. 4b). In the GO enrichment
results, negative regulation of non-canonical Wnt signaling pathway
(GO: 2000051), kinetochore assembly (GO: 0051382), and antigen
processing and presentation of exogenous (GO: 0002480) were the
mainly enriched biological process terms. In addition, GO analysis
also performed for 10 mRNAs of two ceRNA networks, respectively
(Supplementary Fig. 5), and the most enriched biological process
terms were also located in same pathways (GO: 2000051 and GO:
0002480).

4. Discussion

The principal findings of the present study are as follows: (1)
there was significantly reduced expression of circFKBP8 and signifi-
cantly increased expression of circMBNL1 in whole-blood samples of
MDD patients compared with HCs; (2) a mediation of the association
was found between the circMBNL1 expression and HAMD-24 scores
through the BDNF as mediator; (3) the expression of circFKBP8 and



Fig. 1. CircRNA expression profiles. (a) Cluster heat map showing 88 differentially expressed circRNAs with more than 2-fold change in expression and 15 candidate circRNAs in the
discovery set (7 MDD patients and 7 HCs). Red represents high relative expression, green represents low relative expression. (b) Flowchart illustrating the 3-stage approach involv-
ing 2 independent cohorts for discovery and validation. (c) � (f) RT-qPCR was performed to verify the expression of the 15 candidate circRNAs in 7 MDD patients and 7 HCs. Each
sample was tested in triplicate. Independent-samples t-test was used for data analysis and all data represents means § standard deviation. circRNA, circular RNA; MDD, major
depressive disorder; HC, healthy control; RT-qPCR, real-time quantitative polymerase chain reaction.

Y. Shi et al. / EBioMedicine 66 (2021) 103337 7



Fig. 2. Validation and the clinical utility of circRNAs. (a) � (b) Expression levels of circFKBP8 and circMBNL1 were determined by RT-qPCR in the independent validation set (53
MDD patients and 52 HCs). Each sample was tested in triplicate. Independent-samples t-test was used for data analysis and all data represents means § standard deviation. (c) Cor-
relation between circFKBP8 expression level and serum BDNF levels in 53 MDD patients. (d) �(e) Correlation between circMBNL1 expression levels and the HAMD-24 and BHS
scores in 53 MDD patients. (f) Results from mediation analysis involving circMBNL1, BDNF and HAMD-24 scores in 53 MDD patients. Covariates were controlled for age, gender and
BMI. b1 represents the comparable regression coefficient for association between circMBNL1 and BDNF; b2 and b3 represent comparable regression coefficients for the association
between BDNF and HAMD-24 scores, and association between circMBNL1 and HAMD-24 scores with both circMBNL1 and BDNF in the linear regression model. b1 £ b2 = indirect
effect of circMBNL1 on HAMD-24 scores, and b3 = direct effect of circMBNL1 on HAMD-24 scores without the effect of the mediator BDNF. (g) Right ORBmid region displayed signif-
icantly increased ALFF in 53 MDD patients compared with 52 HCs (p < 0.05, Alphasim multiple comparison correction, voxel number: 166). Covariates were age, gender and years
of education. (H) Correlation analysis between HAMD-24 scores and ALFF values of the right ORBmid in 53 MDD patients. (i) - (j). Correlation between expression levels of circFKBP8
and circMBNL1 and the ALFF values of the right ORBmid region in 53 MDD patients. (k) ROC curves of circFKBP8, circMBNL1 and the combination of the 2 circRNAs. circRNA, circular
RNA; MDD, major depressive disorder; HC, healthy control; RT-qPCR, real-time quantitative polymerase chain reaction; BDNF, brain-derived neurotrophic factor; HAMD-24, 24-
item Hamilton Depression Rating Scale; BHS, Beck Hopelessness Scale; ROC, receiver operating characteristic; ORBmid, orbital part middle frontal gyrus; R, right; ALFF, amplitude of
low-frequency fluctuation.
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Fig. 3. Potential clinical value of circFKBP8 in the longitudinal study. (a) Expression levels of circFKBP8 in MDD patients between actual rTMS treatment group (n = 37) and sham
treatment group (n = 16). The relative fold change of actual and sham groups were calculated using healthy controls as the reference, respectively. Each sample was tested in tripli-
cate. Independent-samples t-test was used for data analysis and all data represents means § standard deviation. (b) � (d) Correlation between circFKBP8 expression and HAMD-24
scores, SDS scores and serum BDNF levels in MDD patients at the conclusion of actual rTMS treatment (n = 37). (e) Correlation between rates of change of HAMD-24 scores and
circFKBP8 expression in MDD patients at the conclusion of actual rTMS treatment (n = 37). (f) Correlation between rates of change of HAMD-24 scores and change in circFKBP8
expression in 37 MDD patients with rTMS treatment. (g) Model of change in value of circFKBP8 expression for prediction of HAMD-24 scores following rTMS treatment in 53 MDD
patients. * Three sub-groups of MDD patients were obtained based on tertiles of change in circFKBP8 expression; y Influence of rTMS and sham treatments were considered in the
model; yy Duration from the end of rTMS treatment to the end of the 4-week follow-up period. MDD, major depressive disorder; HC, healthy control; rTMS, repetitive transcranial
magnetic stimulation; HAMD-24, 24-item Hamilton Depression Rating Scale; SDS, Self-Rating Depression Scale; BDNF, brain-derived neurotrophic factor; BMI, body mass index.
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Fig. 4. Bioinformatics analysis of circFKBP8 and circMBNL1. (a) Possible binding of miRNAs and mRNAs to circFKBP8 and circMBNL1. Circles indicate circRNA, triangles indicate
miRNA and squares indicate mRNA. Nodes highlighted in red and blue represent upregulation and downregulation, respectively. (b) The biological process of 10 mRNAs of ceRNA
networks, identified from the Gene Ontology enrichment analysis of all significantly different mRNAs of the RNA sequencing. The above panel indicates up-regulated biological pro-
cess in MDD and the bottom panel indicates down-regulated biological process in MDD. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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circMBNL1 was positively correlated with ALFFs in the right ORBmid
in MDD patients; (4) the expression of circFKBP8 clearly changed fol-
lowing actual rTMS treatment, but not when sham treatment was
performed; (5) the change in circFKBP8 expression following rTMS
treatment predicted the severity of depressive symptoms following
treatment. Taken together, two blood circRNAs may be meaningfully
associated with MDD and/or depressive symptomatology, especially
circFKBP8, which may have a potential clinical value for the antide-
pressive treatment.

In the present study, the method of identification and verification
of potential circRNA biomarkers was well considered with multilevel
assessments using serum and neuroimaging indices, significantly
changed expression of circRNAs being novel in the research field of
circRNAs in MDD. The specific strengths included: (1) circRNA pro-
files identified and validated in a highly homogeneous cohort; (2)
serum BDNF and neuroimaging data used as relatively reliable evi-
dence to evaluate the clinical utility and potential function of circR-
NAs; (3) the linear mixed effect model of antidepressive therapy was
constructed by considering the time effect for the alteration of
circRNA expression; (4) the underlying downstream mechanism was
analyzed using bioinformatics analysis with ceRNA networks for
guiding future research studies.

In the present study, the expression of circFKBP8 was first demon-
strated to be significantly lower in MDD patients compared with HCs
and show an increased change after the effective antidepressive
treatment in MDD patients. Furthermore, the significant correlation
between circFKBP8 expression and serum BDNF levels suggested that
the circFKBP8 may regulate the neuroplasticity in MDD, which was
consistent with main findings of GO analysis of circFKBP8, i.e. the
enriched pathway was associated with cell differentiation and devel-
opment (Supplementary Fig. 5). Importantly, circFKBP8 may be a
potential biomarker for the antidepressive therapy due to the linear
mixed effect model demonstrated that the tertiles of change in
circFKBP8 expression accurately reflected the severity of depressive
symptom at any point in time after treatment. In addition, based on
the circFKBP8-associated ceRNA network, circFKBP8 may act on 5
downstream mRNAs (GPR68, PDXDC1, RNF213, NMT2 and ABCC3) in
MDD. According to previous studies, GPR68 exerted pro-inflamma-
tory function in macrophages and T cells [61], PDXDC1 involved in
monoamine neurotransmitter synthesis that affects dopaminergic
signaling [62,63], and RNF213 may regulate the activation of inflam-
matory mediators [64]. These evidence suggested that circFKBP8 may
involve in the neuroinflammation of depression, but the precise
mechanism (e.g. neuroplasticity) requires elucidation through addi-
tional studies. Nevertheless, based on the present findings, circFKBP8
may be a potential biomarker for the clinical practice of MDD.

Similarly, the present study also first demonstrated that the
expression of circMBNL1 was significantly increased in MDD patients.
However, the expression of host gene of circMNBL1 was no signifi-
cantly different between MDD and HC groups, which may be caused
by the independent regulatory mechanism between the circRNA and
its host gene. circRNAs can act as independent gene expression regu-
lators via various regulatory modes (e.g. miRNA sponge), therefore,
the functions of circRNAs may be not affected by their host genes
[65]. Meanwhile, in MDD patients, the negative correlation between
circMBNL1 expression and HAMD-24 and BHS scores suggests that
the compensatory increase in circMBNL1 expression may reflect the
severity of depression. Interestingly, a mediator model in MDD
patients showed that circMBNL1 can indirectly affect a depressive
state through a change in BDNF levels, strongly indicating that BDNF-
related neuronal growth and differentiation may play an important
role in mediating the association of the circMBNL1 with MDD, and
circMBNL1 may be implicated in the pathophysiology of MDD
through regulating the neuroplasticity. Furthermore, the circMBNL1-
associated ceRNA network indicated that 5 mRNAs (MRPL48, CENPF,
ZNF37A, LNPEP and TBL1X) may reflect the function of circMBNL1 in
MDD. Regrettably, no published study has shown any findings for
these 5 mRNAs in MDD. Based on cell and animal studies, we
detected that CENPF may involve in the development of neurons and
glia cells [66], and LNPEP can affect the neuronal plasticity [67],
which support the present findings that circMBNL1 was associated
with neuroplasticity in MDD. Together, circMBNL1 may be served as
a diagnostic biomarker of MDD, however, further mechanism study
is necessary to determine the definite function of it in MDD although
the neuroplasticity may be an important clue.

Additionally, important clinical features of the discovery set were
history of negative life events and suicide attempt, which may affect
identified circRNAs through some potential mechanism. Previous
studies revealed that the association between the negative life event
and MDD may occur via increasing inflammation or sensitivity of
inflammatory responses [68,69], and MDD patients with a history of
suicide attempts also significantly expressed some inflammatory
response-related genetic markers [70]. Meanwhile, long-lasting con-
sequence of negative experience occurring in life may contribute to
structural modifications of neuronal plasticity to adapt to relevant
environmental challenges [71,72], and there was a polygenic neuro-
developmental etiology in subjects with the suicidal behavior [73].
Likewise, the present GO analysis also indicated that mainly enriched
biological processes were located in the cell proliferation and the
immunity moderation, which further supported the underlying inter-
action between genetic and environmental factors in MDD.

There were seven associated miRNAs were identified in the
respective ceRNA network. In the circFKBP8-associated ceRNA net-
work, blood miR-139 may be a potential diagnostic biomarker for
MDD [74] and the miR-346 may be useful biomarkers for schizophre-
nia diagnosis [75,76]. Meanwhile, in the MBNL1-associated ceRNA
network, previous studies [77�79] revealed that blood miR-320b/c,
miR-17, and miR-30a were associated with depression and the miR-
125b was associated with Alzheimer’s disease. These evidence fur-
ther supported the underlying association between these circRNAs
and MDD. In addition, among other 13 circRNAs that were verified
again in the discovery set, 11 circRNAs acted on same downstream
miRNAs of circFKBP8 or circMBNL1 according to the ceRNA network
analysis and may have the similar function to circFKBP8 and
circMBNL1 (Supplementary Table 2 and Fig. 3). Reviewing previous
studies, hsa_circ_0007364 and hsa_circ_0001947 were associated
with the cell proliferation [80,81], which suggested that the
circMBNL1 may also involve in the cell development, however, no
study reveals the function of the remaining circRNAs so far. Alto-
gether, the relationship of circFKBP8 and circMBNL1 with function-
ally related miRNA and circRNAs in ceRNA network was a valuable
direction to explore the function of circFKBP8/circMBNL1, and the
constant investigation will be conducted in the subsequent study.

The present study found that ALFFs in the right ORBmid were sig-
nificant higher but negatively correlated with HAMD-24 scores in
MDD patients. Due to the OFC was an important emotion-related
region [31], abnormal brain activity in the OFC may involve in aber-
rant modulation of emotional behavior in MDD patients [82]. Previ-
ous study have shown that, in comparison with HCs, MDD patients
exhibited decreased ALFFs in the OFC [33,83,84], but increased ALFFs
in the OFC were also detected in a cohort of treatment-naïve MDD
patients [84], suggesting that a compensatory mechanism may occur
in the OFC of MDD patients. Meanwhile, in the present study, signifi-
cant changes in ALFF values of brain regions between before and after
treatment suggested that the effective antidepressive treatment can
improve significantly the function activity of most brain regions
located in neural circuits that process emotions, although the present
rTMS treatment as a new, fast treatment means, may not alter the
abnormal activity of all brain regions. In addition, in the present
study, significant correlations between the expression of circRNAs
and ALFFs in the ORBmid demonstrated that these circRNAs may play
a crucial role in the process of emotion-produced brain activity
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changes targeting the frontal region to result in MDD [85]. Conse-
quently, these circRNAs may contribute to the pathogenesis of MDD
through a neuroimaging-epigenetic interaction [38].

In the present study, two blood circRNAs for the diagnosis of
MDD were proposed through the strict process of discovery and
validation, which were associated with multifaceted characteris-
tics of MDD, such as the severity of depressive symptom, the
serum BDNF indicator, and the neuroimaging indicator of brain
activity. As a result, these two blood circRNAs involved in the
neuroinflammation and neuroplasticity and emotion-related brain
activity alterations, may be used as promising pre-screening
markers for identifying individuals with potential risk for MDD.
On the other hand, the effective antidepressive intervention may
alter the statue of neuroinflammation [86] or neuroplasticity [87]
in MDD through affecting the epigenetics, e.g. the expression of
circRNA. Therefore, the circFKBP8 showed the potential for guid-
ing the individualized antidepressive treatment, especially for the
rTMS treatment. Subsequently, studies of their functional role in
MDD pathogenesis and further testing in various patients (e.g.
schizophrenia, bipolar disorder) and various treatment
approaches would be conducted to support these circRNA indica-
tors to be used as the convenient toolkit for the clinical practice
of MDD.

There are several limitations to the study. (1) The sample size of
the discovery set and the validation set provided an acceptable power
(> 80%) for measurements of candidate circRNAs (Supplementary
Materials). However, the validation with a larger sample size may
contribute to improving the power of results and supporting the use
of these circRNAs for the clinical application of MDD. (2) Possible
mechanisms for circFKBP8 and circMBNL1 were only predicted using
bioinformatics and further research for functional verification would
be performed in the subsequent study. (3) A modified and new rTMS
method was used to observe the change in circRNAs dynamically. In
the subsequent study, we will further verify the clinical efficacy of
this method in a larger sample size and analyze the change in circR-
NAs in MDD patients using more therapeutic strategies, e.g. standard
antidepressants and rTMS treatment of the dorsolateral prefrontal
cortex. (4) Although satisfying results of two circRNAs were obtained
in the present study, the bias of winner's curse may occur in the pro-
cess of validation. In the future study, we will conduct the other ana-
lytical methods, such as the advanced bioinformatics analysis,
machine learning analysis, to evaluate the clinical value of other
circRNAs of RNA sequencing.

In conclusion, we initially illustrated the differential expression of
circFKBP8 and circMBNL1 in MDD patients compared with HCs.
Strong correlations between circRNAs levels and assessments of
depressive symptomatology and serum BDNF and neuroimaging evi-
dence demonstrated that the expression of circFKBP8 and circMBNL1
may serve as potential peripheral biomarkers for MDD. Furthermore,
with rTMS treatment, we observed that circFKBP8 demonstrated
great potential for the antidepressive treatment.
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