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Major depressive disorder (MDD) is a prevalent and devastating mental illness. To
date, the diagnosis of MDD is largely dependent on clinical interviews and question-
naires and still lacks a reliable biomarker. DNA methylation has a stable and reversible
nature and is likely associated with the course and therapeutic efficacy of complex dis-
eases, which may play an important role in the etiology of a disease. Here, we identified
and validated a DNA methylation biomarker for MDD from four independent cohorts
of the Chinese Han population. First, we integrated the analysis of the DNA methyla-
tion microarray (n = 80) and RNA expression microarray data (n = 40) and identified
BICD2 as the top-ranked gene. In the replication phase, we employed the Sequenom
MassARRAY method to confirm the DNA hypermethylation change in a large sample
size (n = 1,346) and used the methylation-sensitive restriction enzymes and a quantita-
tive PCR approach (MSE-qPCR) and qPCR method to confirm the correlation
between DNA hypermethylation and mRNA down-regulation of BICD2 (n = 60).
The results were replicated in the peripheral blood of mice with depressive-like behav-
iors, while in the hippocampus of mice, Bicd2 showed DNA hypomethylation and
mRNA/protein up-regulation. Hippocampal Bicd2 knockdown demonstrates antide-
pressant action in the chronic unpredictable mild stress (CUMS) mouse model of
depression, which may be mediated by increased BDNF expression. Our study identi-
fied a potential DNA methylation biomarker and investigated its functional implica-
tions, which could be exploited to improve the diagnosis and treatment of MDD.
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Major depressive disorder (MDD) is a mental health condition characterized by persis-
tent feelings of sadness and loss of interest or pleasure and also a leading cause of dis-
ability around the world (1), with an estimated 12-mo prevalence of 6% (2). To date,
the diagnosis of MDD is largely dependent on clinical interviews and questionnaires.
The lack of a reliable biomarker for MDD limits the confirmation of diagnosis, as well
as the assessment of treatment and prognosis. A potential biomarker may also serve as a
probe for elucidating the pathogenesis of disease or a target for developing new thera-
peutic interventions (3).
Although substantial progress has been made in understanding the neurobiology of

depression, much work remains to be done, especially identification of validated bio-
markers, detailed etiology, and effective treatments. MDD is a complex malady that is
determined by the interactions between genetic, environmental, and epigenetic factors
(4). The heritability of MDD estimated from twin studies is ∼30 to 40% (5). Recently,
genome-wide association studies with large cohorts have identified several genetic risk
variants associated with MDD (6, 7). While the identified variants only contribute to a
very small proportion of the disease etiology (8), the biological functions of these var-
iants and their interactions with epigenetic or environmental risk factors remain to be
investigated. It is also worth noting that differences in ethnicity may contribute to poor
replication of initial findings from different cohorts (6, 7). Stress is one of the main
environmental factors triggering the onset of depression. The biological impact of stress
is embedded in changes in epigenetic modifications and gene expression (9).
DNA methylation, as a major form of epigenetic modification, has long been known

to regulate gene expression, further modulating diverse aspects of life functions (10). It
is stable but reversible, thus providing a possibility to serve as a biomarker for the diag-
nosis and response to disease treatment. Indeed, blood-based DNA methylation assays
have been used in the early detection and early relapse prediction of colorectal cancer
(11). However, there is still no validated biomarker available for MDD. Although
numerous studies using a candidate gene strategy have confirmed that changes in DNA
methylation of BDNF and SLC6A4 are associated with MDD (12), these results are
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rarely replicated in methylome-wide association studies (MWAS)
(13–22). On the other hand, the top-ranked differentially meth-
ylated genes uncovered by the MWAS strategy also rarely over-
lap, possibly due to differences in the sample compositions (size,
tissue, age, sex, ethnicity, etc.), detection methods, and statistical
analysis. Therefore, multiple levels of validation within the same
study are required to find a reliable biomarker. Findings from
both candidate gene and MWAS strategies implicate that DNA
methylation may be associated with antidepressant responses
(12, 23, 24). This implies that manipulating DNA methylation
may have therapeutic effects on MDD, as suggested by cancer
research (25). In fact, the activity of DNA methyltransferases
regulates emotional behavior and spine plasticity in the mouse
nucleus accumbens (26) and mediates epigenetic effects of
the antidepressant paroxetine (27). However, few studies have
investigated whether a specific gene with altered DNA methyla-
tion in MDD could be exploited as a potential target for the
development of alternative antidepressant therapy.
The principal aim of the current study was to identify and

validate a DNA methylation biomarker for MDD in four
independent cohorts of the Chinese Han population (Fig. 1A).

We integrated the analysis of the DNA methylation microar-
ray and RNA expression microarray data, and identified
BICD2 as the top-ranked gene. In the replication phase, we
used the Sequenom MassARRAY method to confirm the
DNA methylation change in a large sample and employed the
methylation-sensitive restriction enzymes and a quantitative
PCR approach (MSE-qPCR) and qPCR method to confirm
the correlation between DNA methylation and mRNA expres-
sion of BICD2. Due to the limited access to postmortem brain
tissues of MDD patients, we used a cross-species strategy to
investigate the phenotype and function of Bicd2 in a mouse
model of depression.

Results

Genome-Wide Profiling of the DNA Methylome and Transcriptome
in the Peripheral Blood of MDD Patients. The genome-wide pat-
terns of DNA methylation in whole blood were assessed on
Illumina Human Methylation 450 (HM450) bead chip micro-
arrays from 40 MDD patients and 40 healthy controls (HCs)
(the first cohort). HM450 can assay over 480 K CpG sites with
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Fig. 1. Genome-wide profiling of the DNA methylome and transcriptome in the peripheral blood of MDD patients. (A) Diagram of the study design: The
three research phases are presented. (B) Volcano plot for differential DNA methylation analysis of all CpG sites in MDD patients and healthy controls (CTL).
Vertical and horizontal dashed lines represent the thresholds for discovering DMPs (absolute delta beta value >0.2, P value <3.6 × 10�8). Red dots indicate
hypermethylated sites in MDD patients compared with CTL, and blue dots indicate hypomethylated sites. (C) Volcano plot for differential expression analysis
between MDD patients and CTL. Vertical and horizontal dashed lines represent the thresholds for discovering differentially expressed genes (absolute Log2
fold change >1 and P value <0.01). Red dots indicate up-regulated genes compared with CTL, and blue dots indicate down-regulated genes.
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bisulfite-converted genomic DNA (Illumina, 2011) and has
been widely used in MWAS (13–18). As shown in the volcano
plot (Fig. 1B and Dataset S1), we identified 12 hypermethylated
and 62 hypomethylated CpG sites covering 55 genes using a
stringent threshold with absolute delta beta (Δβ) value >0.2
and P value <3.6 × 10�8. The Δβ value for each probe indi-
cates the difference in mean DNA methylation between MDD
patients and HCs. The P value has been estimated to be a sig-
nificance threshold for epigenome-wide association studies (28).
Microarray analysis of gene expression in whole blood was
employed to reveal the potential functional consequences of dif-
ferentially methylated genes from another cohort of 20 MDD
patients and 20 healthy controls (the second cohort). As shown
in the volcano plot (Fig. 1C) and Dataset S2, a total of 5,575
genes with absolute Log2 fold change >1 and P value <0.01
were identified, 1,357 of which were up-regulated and 4,218
down-regulated. Integrated analysis of DNA methylome and tran-
scriptome data uncovered that only three genes, BICD2 (bicaudal
D cargo adaptor 2), RABGGTB (Rab geranylgeranyltransferase
subunit beta), and CDKN1C (cyclin-dependent kinase inhibitor
1C) showed DNA hypermethylation and mRNA down-
regulation according to the above-mentioned filter criteria (Fig.
1B and C and Datasets S1 and S2). HM450 contains 24 CpG
sites in the BICD2 gene. There were four probes affiliated with
the transcription start site, 13 in the gene body, and seven in the
30 UTR. Only cg14341177 in the 30 UTR demonstrated an
absolute Δβ value greater than 0.2 in the 24 CpG probes of
BICD2 and showed the largest change in DNA methylation
among all HM450 probes (Δβ = 0.509722; P = 2.93E-14).

When the DNA methylation microarray data were adjusted for
age, cg14341177 was still the most differentially methylated site
using the same threshold (Δβ = 0.509722, P = 6.41E-11; SI
Appendix, Fig. S1 and Dataset S3) BICD2 is a dynein-
activating adaptor protein involved in cargo transport (29) and
organelle positioning (30–32). It plays critical roles in regulat-
ing neuronal migration (33–36). Multiple mutations have
been found in BICD2 associated with spinal muscular atrophy
(37). Bicd2 knockout mice show severe hydrocephalus and
abnormal laminar organization, indicating a vital function in
neural development (33). Therefore, we focused on BICD2 in
this work.

Replication of the BICD2-Associated Differentially Methylated
Region and Its Correlation with mRNA Expression. Next, we
employed the Sequenom MassArray approach to validate the
HM450 results of BICD2 from 528 MDD patients and 818
healthy controls (the third cohort). That is a mass spectrometry–
based bisulfite sequencing method (38) that enables a region-
specific DNA methylation assay and is suitable for high throughput
analysis of regions of candidate genes or sites from MWAS. We
performed Sequenom MassArray DNA methylation analysis on
the 30 UTR of BICD2 with an amplicon and detected seven
CpG units (Fig. 2A). A linear regression model was used to ana-
lyze the differences in DNA methylation between MDD patients
and healthy controls adjusted for gender and age. The CpG_5
site, corresponding to cg14341177 identified by the previous
DNA methylation microarray analysis, was significantly hyper-
methylated in MDD patients compared to healthy controls
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Fig. 2. Replication of the BICD2-associated differentially methylated region and its correlation with mRNA expression. (A) The CpG sites we detected in the
specific region of BICD2. (B) Violin plot of DNA methylation of CpG sites we detected in MDD patients and healthy controls (CTL). (C) The sequence of the spe-
cific BICD2 region assessed by the methylation-sensitive qPCR approach (MSE-qPCR). The primers are underlined, and methylation-sensitive restriction
enzymes are represented by different underlines: red for TaiI, purple for Bsh1236I, green for HpaII. (D) Relative methylation assessed by MSE-qPCR; n = 30
per group. (E) qRT-PCR assay for BICD2 mRNA expression; n = 30 per group. (F) Correlation analysis of DNA methylation and mRNA expression of BICD2;
n = 60. Data are presented as the mean ± SEM. Unpaired two-tailed Student’s t test. **P < 0.01, ***P < 0.001.
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(P = 8.53E-48), confirming our MWAS result (Fig. 2B). The
amplicon also contained a CpG site (i.e., CpG_8) corresponding
to cg14184780 on the microarray chip. Although it did not reach
the significance threshold for epigenome-wide association studies
for cg14184780 in our DNA methylation microarray analysis
(Δβ = 0.02287075; P = 0.03050539), the varying tendency was
consistent with CpG_8 in the Sequenom MassArray analysis
(P = 1.19E-268). For the other five CpG units, CpG_2, 3 and
CpG_6 also showed significant hypermethylation in MDD
patients compared to healthy controls, while CpG_1 and CpG_7
demonstrated significant hypomethylation but CpG_4 did not
(Fig. 2B). We calculated the mean methylation levels in the anal-
ysis region by quantifying the average amount of DNA methyla-
tion of the seven CpG units (CpG_1-8) and observed significant
hypermethylation in MDD patients compared to healthy controls
(Fig. 2B and Dataset S4). There was no significant gender differ-
ence in DNA methylation in the MDD group. In the control
group, however, significant gender differences were observed in
the CpG_2, 3, CpG_4, CpG_5, CpG_8, and CpG_1-8 sites,
indicating that these sites exhibit gender differences only under
normal conditions (SI Appendix, Table S1). We also performed
correlation analysis between DNA methylation of CpG_5
(cg14341177) or CpG1-8 and age and found that there was no
significant correlation between DNA methylation and age either
in the total population or in each group of the third cohort (SI
Appendix, Fig. S2). Therefore, although age has considerable
effects on DNA methylation, it is not significantly correlated
with DNA methylation of BICD2 in sites analyzed in the current
work. These results suggest that methylation analysis of the
region chosen may have the potential to discriminate between
MDD patients and healthy controls.
Furthermore, we employed the MSE-qPCR approach to

quantify DNA methylation and validate the results observed
with the Sequenom MassArray method from the fourth cohort
of 30 MDD patients and 30 healthy controls (the fourth
cohort). It involves the digestion of nonsodium bisulfite-treated
genomic DNA using a mixture of methylation-sensitive enzymes
followed by qPCR analysis (39). We retrieved four sites within
the same region as examined by Sequenom MassArray, which
can be cleaved by three methylation-sensitive restriction enzymes
(Fig. 2C). qPCR analysis revealed significant hypermethylation
in MDD patients compared to healthy controls, consistent with
the Sequenom MassArray results (Fig. 2D and Dataset S5). In
addition, the mRNA expression of BICD2 was significantly
lower in the same cohort of MDD patients than healthy con-
trols, confirming the expression microarray results (Fig. 2E and
Dataset S5). A negative correlation was observed when combined
analysis of DNA methylation and mRNA expression of BICD2
in each subject was performed within the fourth cohort (P =
0.0308, R2 = 0.078), suggesting a repressive effect of DNA
methylation on gene expression (Fig. 2F and Dataset S5). There
was no significant gender difference in mRNA expression of
BICD2 in either MDD patients or healthy controls of the fourth
cohort (SI Appendix, Table S2).

Detection of DNA Methylation and mRNA Expression of Bicd2
in Peripheral Blood and Brain of Mice with Depressive-Like
Behaviors. Since we consistently observed increased DNA
methylation and decreased mRNA expression of BICD2 in the
peripheral blood of MDD patients, we further conducted a
cross-species study in a chronic unpredictable mild stress
(CUMS) mouse model of depression (Fig. 3A). In the CUMS
model, animals experience a series of unpredictable mild stres-
sors within several weeks and ultimately develop depressive-like

behaviors, which has been widely used with high validity and
translational potential (40). Both the forced swimming test
(FST) and sucrose preference test (SPT), which indicate behav-
ioral despair and anhedonia, respectively, showed depressive-
like behaviors in CUMS-treated mice (Fig. 3B and C). We
employed the MSE-qPCR approach to determine the DNA
methylation in a mouse homologous fragment of the 30 UTR
of BICD2 that we analyzed in humans. There was 81% similar-
ity between the two fragments from mice and humans.
The mouse fragment covers six sites that can be cleaved by
methylation-sensitive restriction enzymes (Fig. 3D). In the
homologous regions, there were four similar CpG sites in
human and mouse. Three common CpG sites could be recog-
nized by methylation-sensitive restriction enzymes Bsh1236I or
HpaII (Figs. 2C and 3D). For peripheral blood, qPCR analysis
revealed significant hypermethylation in CUMS-treated mice
compared to control mice, similar to the results in MDD
patients (Fig. 3E and Dataset S6). The mRNA expression of
Bicd2 was significantly lower in CUMS-treated mice than in
control mice (Fig. 3F and Dataset S6). Correlation analysis also
showed similar results as observed in human studies (P = 0.0131,
R2 = 0.2166), indicating a consistent phenotype between the two
species (Fig. 3G and Dataset S6).

To investigate the possible functions of BICD2 in MDD,
we determined the DNA methylation and mRNA expression of
Bicd2 in major brain regions involved in emotion regulation in
mice (41), including the prefrontal cortex, nucleus accumbens,
paraventricular nucleus of the hypothalamus, hippocampus,
and amygdala (Fig. 3H). Interestingly, the MSE-qPCR assay
showed significant hypomethylation in the hippocampus of
CUMS-treated mice compared to control mice, while the other
four brain regions failed to show a difference between the two
groups (Fig. 3I). At both mRNA and protein levels, CUMS-
treated mice demonstrated significantly higher expression in
the hippocampus than control mice, suggesting an unrepressed
effect of DNA methylation on the gene expression of Bicd2
(Fig. 3J and K). BICD2 expression was also significantly
increased in the postmortem hippocampus of MDD patients
compared with healthy controls, consistent with findings in the
mouse model of depression (Fig. 3L).

Reduction of Depressive-Like Behaviors in Mice with Hippo-
campal Knockdown of Bicd2. Based on enhanced Bicd2 expres-
sion in the hippocampus of mice with depressive-like behaviors,
we employed recombinant adeno-associated virus (rAAV) as a
gene transfer vector for in vivo expression of shRNA against
Bicd2, utilizing shRNA against firefly luciferase as a control
(Ctrl) to investigate the function of BICD2 in MDD (Fig. 4A).
Four weeks after microinjection of rAAV into the bilateral hip-
pocampus (Fig. 4B), the BICD2 protein level was significantly
decreased in the hippocampus of Bicd2 shRNA-expressing mice
compared to Ctrl shRNA-expressing mice (Fig. 4C). After
rAAV microinjection, we treated mice with the CUMS proce-
dure to test whether down-regulating the enhanced expression
of Bicd2 in the hippocampus of depressive-like mice exerted
antidepressant effects, utilizing fluoxetine administered to
CUMS-treated Ctrl shRNA-expressing mice as a therapeutic
control (Fig. 4D). The immobility duration in the FST was sig-
nificantly increased in CUMS-treated Ctrl shRNA-expressing
mice compared to unstressed Ctrl shRNA-expressing mice,
indicating a depression-like consequence induced by CUMS.
After CUMS treatment, both Bicd2 shRNA-expressing mice and
fluoxetine-administered Ctrl shRNA-expressing mice showed
significantly decreased immobility duration compared to Ctrl
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Fig. 3. Detection of DNA methylation and gene expression of Bicd2 in peripheral blood and brain of mice with depressive-like behaviors, as well as protein expres-
sion of postmortem hippocampus of MDD patients. (A) Schematic of the CUMS paradigm. FST, forced swimming test; SPT, sucrose preference test. (B) Forced swim-
ming test after CUMS. CTL, n = 12; CUMS, n = 16. (C) Sucrose preference test after CUMS. CTL, n = 12; CUMS, n = 16. (D) The homologous fragment of human
BICD2 in mice assessed by MSE-qPCR. The primers are underlined, and methylation-sensitive restriction enzymes are represented by different underlines: red for
SsiI, purple for Bsh1236I, green for HpaII. (E) Relative methylation of the mouse homologous fragment in the CUMS model assessed by MSE-qPCR. CTL, n = 12;
CUMS, n = 16. (F) qRT-PCR assay for Bicd2 mRNA expression in the peripheral blood of mice. CTL, n = 12; CUMS, n = 16. (G) Correlation analysis of DNA methylation
and mRNA expression of Bicd2; n = 28. (H) Schematic diagram shows different brain regions of mice. PFC, prefrontal cortex; NAC, nucleus accumbens; PVN, para-
ventricular nucleus of the hypothalamus; HIP, hippocampus; and AMY, amygdaloid nucleus. (I) Relative methylation of Bicd2 in various brain regions of CUMS mice
assessed by MSE-qPCR; n = 9 to 12 mice per group. (J) qRT-PCR assay for Bicd2 mRNA expression in various brain regions of CUMS mice; n = 9 to 12 mice per
group. (K) Western blot assay of BICD2 protein expression in the hippocampus of mice experiencing CUMS. (L) Western blot assay of the hippocampus of postmor-
tem human brains. Data are presented as the mean ± SEM. Unpaired two-tailed Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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shRNA-expressing mice, indicating an antidepressant effect
induced by down-regulated expression of Bicd2 in the hippocam-
pus (Fig. 4E). The sucrose preference in the SPT was significantly
decreased in CUMS-treated Ctrl shRNA-expressing mice com-
pared to unstressed Ctrl shRNA-expressing mice, confirming the
CUMS model of depression. After CUMS treatment, both Bicd2
shRNA-expressing mice and fluoxetine-administered Ctrl shRNA-
expressing mice showed significantly higher sucrose preference
than Ctrl shRNA-expressing mice, confirming the antidepressant
effect induced by knockdown of Bicd2 in the hippocampus (Fig.
4F). However, there was no significant difference in depressive-
like behavior tests between mice with BICD2 overexpression in
the hippocampus and control mice, suggesting that BICD2 over-
expression in the hippocampus alone is not sufficient to induce
depressive-like behaviors (SI Appendix, Fig. S3). Whether BICD2
overexpression results in enhanced susceptibility to or impacts the
antidepressant effects of therapeutic interventions for depression
requires further investigations.

Elevated BDNF Expression Induced by Bicd2 Knockdown in
the Hippocampus or Primary Neurons of Mice. Bicd2 is
reported to regulate subcellular distribution and mRNA local
translation of brain-derived neurotrophic factor (BDNF), a key
molecule intimately involved in the pathophysiology and treat-
ment response of depression (42, 43). Either single infusion or
virus-mediated overexpression of BDNF in the hippocampus
exerts antidepressant effects in rat models of depression (44,
45). Although loss of hippocampal BDNF does not sufficiently
induce depressive-like behavior, selective knockout of Bdnf in
the dentate gyrus attenuates antidepressant efficacy (46). There-
fore, we sought to examine whether knockdown of Bicd2
affects the expression and function of BDNF. There was no dif-
ference in the mRNA expression of Bdnf in the hippocampus
between Bicd2 knockdown and control mice; however, the
hippocampal BDNF protein level was significantly up-regulated
in Bicd2 shRNA-expressing mice compared to control mice
(Fig. 5A–C). Tropomyosin-related kinase B (TrkB), the major
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Fig. 4. Reduction of depressive-like behaviors in mice with hippocampal knockdown of Bicd2. (A) Schematic diagram of the rAAV vectors expressing control
(Ctrl) shRNA and Bicd2 shRNA. (B) Validation of Bicd2 shRNA virus infection into the hippocampus indicated by EGFP fluorescence. (Scale bar, 500 μm.)
(C) Western blot assay of BICD2 expression in the hippocampus after Bicd2 shRNA virus microinjection. (D) Schematic diagram of the experiment schedule.
FLX, fluoxetine. (E) Forced swimming test. F = 7.29; n = 10 to 15 per group. (F) Sucrose preference test. F = 4.01; n = 10 to 15 per group. Data are presented
as the mean ± SEM. One-way ANOVA with Tukey’s post hoc analysis. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 5. Elevated BDNF expression induced by Bicd2 knockdown mediated the antidepressant effects of BICD2 down-regulation in the hippocampus of mice.
(A) Schematic of hippocampal tissue protein extraction after virus microinjection. (B) qPCR assay for Bdnf mRNA expression in the hippocampus microin-
jected with Bicd2 shRNA- or Ctrl shRNA-expressing rAAVs; n = 9 per group. (C–E) Western assay for protein expressions of BICD2, BDNF, p-TRKB, p-AKT; and
p-ERK in the hippocampus of mice injected with Bicd2 shRNA- or Ctrl shRNA-expressing rAAVs. (F) Schematic of primary hippocampal neuron protein extrac-
tion after virus injection. (G) qPCR assay for Bicd2 and Bdnf mRNA expressions in primary hippocampal neurons infected with Bicd2 shRNA- or Ctrl shRNA-
expressing rAAVs. (H–K) Western assay for protein expressions of BICD2, BDNF, and p-CREB in primary hippocampal neurons infected with Bicd2 shRNA- or
Ctrl shRNA-expressing rAAVs. (L) Forced swimming test. F = 7.24; n = 9 to 11 per group. (M) Sucrose preference test. F = 5.77; n = 9 to 11 per group. Data
are presented as the mean ± SEM. One-way ANOVA with Tukey’s post hoc analysis for L and M and unpaired two-tailed Student’s t test for other statistics.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. n.s., not significant.
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high-affinity receptor for BDNF, was more phosphorylated in
the Bicd2 knockdown hippocampus than the control hippo-
campus, indicating activated BDNF signaling pathways (Fig.
5D and E). For the main downstream signaling molecules, we
detected more phosphorylated protein kinase B (pAkt) in the
Bicd2 shRNA-expressing hippocampus than the control but
failed to find a difference in phosphorylated extracellular signal-
regulated protein kinase (pERK) between the two groups,
suggesting that BDNF/TrkB/Akt may be involved in the antide-
pressant effects of hippocampal knockdown of Bicd2 (Fig. 5D
and E). Owing to the cellular heterogeneity in the hippocampus,
we further examined the influence of Bicd2 knockdown on the
expression of Bdnf in primary mouse hippocampal neurons (Fig.
5F). Both the mRNA and protein expression levels of Bdnf were
significantly elevated in Bicd2 shRNA-expressing neurons com-
pared to control neurons, suggesting that Bicd2 knockdown may
affect Bdnf transcription and/or mRNA stability (Fig. 5G–I and
SI Appendix, Fig. S4). Upstream of the BDNF signaling path-
ways, we found that Bicd2 knockdown markedly increased the
phosphorylation of cAMP-response element binding protein
(CREB) in cultured hippocampal neurons (Fig. 5J and K),
which is the classic transcription factor regulating Bdnf transcrip-
tion (47, 48). When mice were coinfected with AAV-Bicd2
shRNA and AAV-Bdnf shRNA in the hippocampus, they still
exhibited depressive-like behaviors after the CUMS treatment,
indicating that Bdnf down-regulation blocks the antidepressant
effects of Bicd2 knockdown in the hippocampus of mice (Fig.
5L and M and SI Appendix, Fig. S5). The above results suggest
that increased BDNF expression may mediate the antidepressant
effects of hippocampal Bicd2 knockdown.

Discussion

Here, we report DNA hypermethylation and mRNA down-
regulation of the BICD2 gene in the peripheral blood of MDD
patients by employing multiple detection methods in four inde-
pendent cohorts. The results were replicated in the peripheral
blood of mice with depressive-like behaviors, while Bicd2 in
the hippocampus showed DNA hypomethylation and mRNA/
protein up-regulation. BICD2 protein was also up-regulated in
the postmortem hippocampus of MDD patients. Hippocampal
Bicd2 knockdown demonstrates antidepressant action in the
CUMS mouse model of depression, which may be mediated by
increased BDNF expression. Our study identified and validated
a potential DNA methylation biomarker; its functional implica-
tions would be exploited to improve the diagnosis and treat-
ment of MDD (SI Appendix, Fig. S6).
By stringent criteria (absolute delta beta [Δβ] value >0.2

and P value <3.6 × 10�8 for MWAS; absolute Log2 fold
change >1 and P value <0.01 for RNA microarray), we identi-
fied three genes (BICD2, RABGGTB, and CDKN1C) that dem-
onstrated DNA hypermethylation and mRNA down-regulation
in the peripheral blood of individuals with MDD. RABGGTB,
encoding the Rab geranylgeranyl transferase beta (RabGGTase
beta) catalytic subunit, has not been widely investigated (49).
One recent study reported decreased RABGGTB protein expres-
sion in the postmortem dorsolateral prefrontal cortex from
patients with schizophrenia (50); however, its function needs fur-
ther investigation. CDKN1C, also known as p57KIP2 encoding
cyclin-dependent kinase inhibitor 1C, is a putative tumor sup-
pressor gene that negatively regulates cell proliferation (51) and is
involved in cerebral cortex development (52). Whether CDKN1C
can serve as a potential biomarker for and play a role in MDD
also needs further investigation. BICD2 is a motor activating

adaptor protein structurally consisting of three coiled-coil (CC)
domains. The N-terminal CC1 domain interacts with the dynein–
dynactin complex, the CC2 domain interacts with KIF5A, and
the C-terminal CC3 domain binds to cargo proteins, such as
RAB6A and RANBP2 (53). It induces selective dynein-mediated
microtubule minus end-directed transport (29), regulating the
positioning of several organelles, such as the nucleus and centro-
somes (30, 32) and the endoplasmic reticulum exit sites around
the Golgi (31). Recent studies have revealed that BICD2 is
required for neuronal migration (33–36), indicating its funda-
mental role in neural development. Although multiple mutations
in BICD2 have been reported to be associated with spinal mus-
cular atrophy (37), the current work reports the association of
BICD2 DNA methylation with MDD and the functional conse-
quences of its altered expression in an animal model of depression.

In this study, the cg14341177 site identified with the
HM450 assay in individuals with MDD was not reported by
previous MWAS (13–22), which may be due to the relatively
low reproducibility of the genes identified by each MWAS,
implying that multiple factors can affect the dynamic changes
of DNA methylation. In addition, we combined transcriptome
analysis to screen potential biomarkers for MDD, which may
also exert a role in the pathophysiology of MDD. Validation
studies in two independent cohorts confirmed the hypermethy-
lated changes in BICD2 in the blood of individuals with
MDD, and cross-species studies in a mouse model of depres-
sion further supported our findings. These results make us so
confident that the DNA methylation level of BICD2 is associ-
ated with MDD. Among the 55 genes identified with the
HM450 assay, TOX2 (TOX high mobility group box family
member 2) has recently been reported to be associated with
MDD in a genome-wide regional heritability mapping study
(54). The cg15403961 site in the GALNTL6 gene was signifi-
cantly hypomethylated in MDD patients in our study, which
reveals the same direction change as cg18329797, another site
in GALNTL6 reported by other investigators (17). Similarly,
the cg06662428 site in the PAOX gene was identified in our
study (Δβ = �0.28527725; P = 5.68E-39), while another site
(cg11975206) in the same gene was reported in an MWAS of
peripheral leukocytes from medication-free patients with MDD
(14). These results indicate that different sites on the same gene
may be epigenetically modified under different conditions in
MDD. Previous studies with a candidate gene strategy have
reported changes in the DNA methylation of several genes asso-
ciated with MDD, such as BDNF, SLC6A4, OXTR, and
FKBP5 (12). However, for probes targeting those genes, the
absolute Δβ was less than 0.2 in our study, although some sites
reached a P value <3.6 × 10�8, suggesting that they may not
be suitable to serve as biomarkers (Dataset S7).

DNA methylation possesses a tissue- and cell type–specific
nature (55). An important question in biomarker identification
for psychiatric disorders is the correspondence between blood
and brain tissue. Previous studies have shown a moderate corre-
lation between blood and brain tissue by genome-wide DNA
methylation comparison (56–59). A recent study reported a sig-
nificant overlap between the top MWAS findings in blood and
Brodmann area 10, but not Brodmann area 25 of the brain
(19). In contrast to the findings in blood, CUMS treatment
intriguingly decreased DNA methylation and increased mRNA
expression of Bicd2 in the hippocampus of mice, while there
was no change in other examined regions regulating emotions,
suggesting that the hippocampus is the main area where Bicd2
contributes to the pathophysiology of depression. The mecha-
nisms underlying the differential methylation changes between
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blood and brain remain to be explored. However, such a case
appears to be common (60–63). For the mechanisms, several
points may be considered. First, we conducted bulk analysis of
DNA methylation in whole blood and the hippocampus in this
study. White blood cells (WBCs) in the whole blood consist of
a number of distinct cell types, including granulocytes, lympho-
cytes, and monocytes, each of which can be further divided
into subpopulations. In recent years, an increasing interest in
the immune mechanisms contributing to the pathogenesis of
MDD has been documented (64) and immunological thera-
peutic targets for depression have been developed (65). The
number and proportion of different blood cell types are altered
in depressed patients, which can be employed to distinguish
subgroups of depression (66). Therefore, MWAS analysis of
single cell or cell type may provide an insight into the DNA
methylation changes in blood of MDD patients. A similar
strategy should be applied to the brain that also contains vari-
ous cell types such as neurons, astrocytes, microglia, oligoden-
drocytes, endothelial cells, and pericytes, exhibiting differential
DNA methylations (67). Second, the brain is a complex organ
with numerous subregions interconnected and coordinated to
regulate behaviors. Different brain regions do not necessarily
make consistent changes in DNA methylation and gene expres-
sion in response to the same stimuli. Indeed, opposite changes
in DNA methylation were observed between the cerebellum
and putamen of patients with Parkinson’s disease (68). Low
serum BDNF concentrations were reported in antidepressant-
free depressed patients relative to healthy controls and to
antidepressant-treated depressed patients (69). However, in the
brain, the role of BDNF in depression depends on its location
in the neural circuitry. In rodent models of depression, expres-
sion of BDNF is decreased in the hippocampus and prefrontal
cortex, but increased in the nucleus accumbens and amygdala
(70). Similarly, the role of BICD2 in depression is inextricably
linked with its location in the neural circuitry. Third, the com-
plicated interactions between peripheral tissues such as blood
cells and the central nervous system pose a big challenge to
determine the cause-and-effect of DNA methylation changes in
the pathophysiology of depression. Functional studies by
manipulating the methylation levels of the identified sites could
help to clarify this issue. Overall, although we have not pin-
pointed the cause of the opposite findings in DNA methylation
and gene expression of Bicd2 in the hippocampus versus whole
blood of mice with depressive-like behaviors, this does not pre-
vent it from being a potential biomarker of depression.
We also found that reducing the increased expression of

Bicd2 in the hippocampus exerts antidepressant effects in
CUMS-treated mice, which is accompanied by up-regulated
BDNF expression. Further analysis showed that hippocampal
knockdown of Bicd2 activates the BDNF/TrkB/Akt pathway
in vivo and promotes BDNF transcription by activating CREB
in cultured primary neurons. These results suggest that the
BDNF signaling pathway is likely to underlie the antidepres-
sant effects of Bicd2 knockdown in the hippocampus of mice
with depressive-like behaviors. Indeed, it has been reported that
BICD2 regulates the subcellular distribution and mRNA local
translation of BDNF (42). BICD1, one of the two isoforms of
BICD proteins in mammals that can partially compensate for
BICD2’s function (71), regulates the intracellular sorting of
BDNF receptors, and depleting BICD1 results in more sus-
tained AKT activation in response to BDNF stimulation (72).
BDNF expression is reduced in the hippocampus of MDD
patients (43), while elevating BDNF levels in the hippocampus
exerts antidepressant effects in animal models of depression

(44, 45). Therefore, Bicd2 knockdown-induced up-regulation
of BDNF in the hippocampus may contribute to the observed
antidepressant phenotypes.

There are several limitations to our study. First, although
HM450 is an economic and efficient high throughput assay for
MWAS, the coverage is still far from complete in light of all
28 million common CpG sites in the human genome. Thus,
using a sequencing-based approach may uncover more signifi-
cant sites. Second, it is important to note that the cross-
sectional design of the study cannot confirm whether changes
in DNA methylation of BICD2 may predict the response to
antidepressant treatment and serve as a prognostic biomarker.
Therefore, a longitudinal study is needed in future work. Third,
whether altered BICD2 DNA methylation also occurs in other
psychiatric disorders, such as anxiety, posttraumatic stress disor-
der, and schizophrenia, warrants further study. Fourth, only male
mice were employed in this study. Given the higher incidence of
depression in women, further work on the role of BICD2 in
female mice may corroborate to demonstrate its changes and
functions in depression. Finally, the molecular and cellular mech-
anisms by which BICD2 may play a role in the pathogenesis of
depression remain to be further investigated, especially in regulat-
ing the BDNF signaling pathway.

In summary, our findings suggest that the BICD2 DNA
methylation test may assist in the diagnosis of MDD and that
hippocampal BICD2 plays a role in the pathophysiology of
MDD. However, causal data are lacking to illustrate whether
manipulating the methylation levels of the identified sites could
affect the development and treatment of MDD. By cutting-
edge gene editing techniques (73), future studies may achieve
site-specific mutations in vivo to examine the roles of the tar-
geted DNA methylation sites in developing depression.

Materials and Methods

Human Subjects and Animals. Healthy controls and MDD patients all gave
written informed consent to attend this study. The study was approved by the
Ethics Committee of the Chinese Academy of Medical Sciences and the Peking
Union Medical College. Hippocampal tissues of the human brain were provided
by the National Human Brain Bank for Development and Function, Chinese
Academy of Medical Sciences, and Peking Union Medical College, Beijing, China
(SI Appendix, Table S3). The protocol number is 2019017. The donation of
human tissue was voluntary and free, approved by the donor and all the donor’s
direct family members. It was also approved that the donated human tissue will
only be used for scientific research.

All the subjects recruited for this study were of Chinese Han origin and geo-
graphically came from northern China. In 2011 to 2021, we recruited 1,526 sub-
jects, including 908 healthy controls (389 men and 519 women) aged 36.5 ±
14.3, and 618 patients with MDD (256 men and 362 women) aged 36.7 ±
13.2 through the Department of Psychiatry, First Hospital of Shanxi Medical Uni-
versity, Taiyuan, China. None of the cohorts has been reported elsewhere. The
demographic information of each cohort is detailed in SI Appendix, Table S4.
There was no significant difference in the gender distribution of each cohort by
Pearson’s chi-square test (SI Appendix, Table S5). The first cohort and second
cohort were generated as “discovery/study cohorts” for genome-wide DNA meth-
ylation and transcriptome profiling. In order to ensure the homogeneity of MDD
patients, only drug-naïve inpatients in acute episode were included. Moreover,
these patients all underwent clinical visits for more than a year and did not have
any anxiety symptoms, ruling out the interference of bipolar disorder. The
third cohort was an “expanded validation cohort” for validating targeted DNA
methylation sites, which was to determine whether the methylation level of
cg14341177 identified by the first two cohorts was significantly elevated in a
larger population of MDD patients. MDD patients in this cohort were all in acute
depressive episodes, and the patients self-reported their first depressive episode
at least 6 mo ago, with no manic manifestations during this period (so that we
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excluded the possibility of bipolar disorder), no history of psychiatric or psycho-
logical visits, and no recent use of antidepressant medications. The fourth cohort
was an “independent validation cohort” for the first two cohorts with consistent
inclusion criteria, which was to determine the changes in DNA methylation and
mRNA expression of BICD2 with alternative approaches and directly observe the
negative correlation between DNA methylation and mRNA expression of BICD2
from the same subjects. All patients were assessed by at least two consultant psy-
chiatrists according to the Diagnostic and Statistical Manual of Mental Disorders
Fourth Edition (DSM- IV) and the 17-item Hamilton rating scale for depression
(HAMD-17) criteria for MDD. None of the MDD patients or healthy controls had
taken any psychotropic medications within 4 wk prior to the recruitment of
study.

The sample sizes for the first, second, and fourth cohorts were determined
according to the criterion that the global false discovery rate (FDR) was less than
5%. The sample size for the third cohort was calculated using the G*Power 3.1
software. The calculation parameters are as follows: 1) effect size = 0.2; 2) α =
0.05; 3) power = 0.9; 4) numerator df = 3 (group, sex, and age); 5) number of
groups = 2; and 6) number of covariates = 2 (sex and age). By these calculation
parameters, G*Power 3.1 suggested that the minimum of 359 participants was
needed for each group (n = 718) in a one-way ANOVA test.

Animals. All animal studies were approved by the Institute of Basic Medical Sci-
ences, Chinese Academy of Medical Sciences Institutional Review Board. Adult
male C57BL/6J mice aged 8 wk were purchased from Vital River Laboratories.
Mice were acclimatized for 1 wk before the experiment in a temperature of
23 °C ± 2 °C and humidity of 60% ± 5% as well as a controlled environment
with a 12-h dark/12-h light cycle with free access to food and water.

Genome-Wide DNA Methylation Profiling Using an Illumina Microarray.

Forty healthy controls and 40 MDD patients who had never been treated with
depression medication were enrolled for genome-wide DNA methylation detec-
tion. Genome-wide DNA methylation was performed using an Illumina Infinium
Human Methylation 450 K bead chip that obtained the methylation profile
of each sample at over 485,000 CpG sites. The genomic DNA was bisulfite con-
verted using the EZ-96 DNA Methylation-Gold Kit (D5008, Zymo Research).
Bisulfite-converted DNA hybridization and labeling were performed according
to the manufacturer’s protocol for the Illumina 450 K array. The raw intensity
was extracted using Genome Studio software. The sites with detection P values
>0.05 were not reliable and were excluded from further analysis. DNA methyla-
tion data were normalized using the R minfi package (74). Differential methyla-
tion analysis between groups was performed using the ChAMP package (75).
P values were adjusted for multiple testing using the Benjamini–Hochberg pro-
cedure (76). Differentially methylated positions (DMPs) were extracted using a
threshold of adjusted P value <3.6 × 10�8 and absolute value of delta
beta >0.2.

Human Gene Expression Microarray. The quality of total blood RNA was
confirmed with an Agilent 2100 (Agilent Technologies). In brief, double-stranded
cDNAs were synthesized from total RNA using reverse transcriptase, and the
double-stranded cDNAs were then transcribed into cRNA in vitro. The cRNA was
fluorescently labeled and hybridized using a 4 × 180 K IncRNA+mRNA Human

Gene Expression Microarray V3.0 (CapitalBio, Technology) to detect genome-
wide gene expression. Agilent Feature Extraction software was applied to extract
the data. The array data were analyzed for data summarization, normalization,
and quality control by using GeneSpring software (Agilent). A t test was applied
to analyze sample data of two groups to obtain the Benjamini–Hochberg cor-
rected P values and fold change values.

Sequenom MassARRAY Methylation Analysis. The Sequenom MassARRAY
platform (BioMiao Biological Technology) was used to quantitatively examine
methylation according to the protocol recommended by the manufacturer (38).
The genomic DNA was bisulfite-converted using the EZ-96 DNA Methylation-
Gold Kit (D5008, Zymo Research). The primers were designed by EpiDesigner
software (www.epidesigner.com). The sequences of the primers of the target
sequence were 50-aggaagagagAGTTTGGTAGTTAGGGAAGAAGGGT-30 (forward primer)
and 50-cagtaatacgactcactatagggagaaggctACTTTACAAACACCCAAACCACTAA-30 (reverse
primer). The T7 promoter sequence was added to the PCR products, and in vitro
RNA transcription was then performed and processed by base-specific cleavage.
Small RNA fragments with CpG sites were obtained. The time of flight mass spec-
trometry (MALDI-TOF MS) was used to determine the molecular weights of each
fragment. The methylation level of individual units was measured by quantitative
methylation analysis (Sequenom). A linear regression model was used on the
Sequenom MassARRAY methylation data to analyze the differences in methyla-
tion levels between groups (MDD and control) with adjustment for sex (male and
female) and age.

The following experiments and analyses are described in SI Appendix, SI
Materials and Methods, including DNA and RNA extraction, BICD2 30 UTR
methylation by MSR-qPCR, qRT-PCR, Western blot, vector construction, rAAV
packaging and microinjection, antidepressant administration, CUMS procedure,
behavioral tests, forced swimming test, sucrose preference test, primary hippo-
campus neuron culture and rAAV infection, and statistical analysis.

Data Availability. The 450 K methylation microarray data generated in this
study have been deposited in the Gene Expression Omnibus (GEO) database
under accession code GSE201287 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE201287) (77). The transcriptome profiling data have been depos-
ited in the GEO database under accession code GSE201332 (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE201332) (78). All other study data are
included in the article and/or supporting information.
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