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Abstract

Background Genome-wide association studies have identified 14g21.1 as a robust risk locus for major depressive
disorder (MDD). However, the underlying mechanism remains elusive. Here, we aim to explore the regulatory function
of rs1950834 on leucine-rich repeat and fibronectin type Ill domain containing 5 (LRFN5) expression in MDD.

Methods Clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9)-
mediated genome knockout and single-base editing were used to determine the effects of rs1950834 on the bind-
ing of transcriptional factors and the expression of the target gene LRFN5. Meta-analysis of multiple transcriptomic
datasets was performed to clarify the brain region responsible for LRFN5 downregulation in MDD patients. Adeno-
associated virus (AAV)-mediated Lrfn5 overexpression or knockdown in the nucleus accumbens (NAc) was used

to test their effects on depression-like behaviors and sensitivity to chronic unpredictable mild stress (CUMS) in male
mice. Synaptic structure and functions were monitored by synaptic protein expression assay, Golgi staining, and elec-
trophysiological analysis.

Results The risk allele (A) of rs1950834 reduced the binding affinity to RNA polymerase Il subunit A (POLR2A)

and the transcription factor RAD21 cohesin complex component (RAD21), leading to decreased expression of LRFNS5.
LRFN5 expression was downregulated specifically in the NAc of MDD patients as compared to healthy controls. Knock-
down of Lrfn5 in NAc neurons induced depression-like behaviors and further exacerbated CUMS-induced phenotypes
via synaptic damage, but overexpression of Lrfn5 in mouse NAc induced resilience to CUMS.

Conclusions These findings reveal that the functional risk single nucleotide polymorphism rs1950834 at 14g21.1
regulates LRNNS5 expression and function in NAc, providing a novel perspective for molecular diagnosis and targeted
interventions of MDD.
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The risk allele (A) of rs1950834 reduced the binding affinity to transcription factors POLR2A and the RAD21, lead-
ing to decreased expression of LRFN5. LRFN5 expression was downregulated specifically in the NAc of MDD patients
and depression-like mice. Knockdown of Lrfn5 in NAc neurons induced depression-like behaviors and further exac-
erbated CUMS-induced phenotypes via synaptic damage, but overexpression of Lrfn5 in mouse NAc induces resil-
ience to CUMS. These findings reveal that the functional risk single nucleotide polymorphism rs1950834 at 14g21.1
regulates LRFN5 expression and function in NAc, providing a novel perspective for molecular diagnosis and targeted

interventions of MDD.
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Background
Major depressive disorder (MDD) represents a debilitat-
ing mental illness with a heritability of 37% [1]. Numer-
ous genome-wide association studies (GWASs) have
identified multiple variants associated with MDD [2-6].
Unfortunately, the MDD causative genes are still elusive,
leading to the lack of diagnostic markers and therapeu-
tic targets in clinical practice. Genetic variants in linkage
disequilibrium (LD) of MDD risk loci often show similar
P values, impeding the identification of risk variants, and
approximately 90% of the risk loci are located in non-
coding regions. Furthermore, the function of risk vari-
ants may be brain region and cell-type specific, rendering
it difficult to infer the underlying mechanisms [7]. Identi-
fication of risk variants from MDD risk loci followed by
functional validation is an imperative requirement.

The rs1950834 variant of 14q21.1, located in the pro-
moter region of leucine-rich repeat and fibronectin
type III domain containing 5 (LRFNS), is significantly
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associated with depression risk [8, 9]. In addition, this
variant also showed suggestive associations with cog-
nitive function or brain structures (Additional file 1:
Table S1-S3). Our previous functional genomics study
preliminarily suggested that rs1950834 might be a prom-
ising functional risk variant among the 34 MDD risk
SNPs disrupting the binding of 15 transcription factors
(TFs) [10]. There are two alleles of rs1950834, and our
previous study showed that the G allele conferred higher
luciferase activities than the A allele in cell lines [10].
Further, it was predicted that the rs1950834-A was a risk
allele exacerbating depression, while the rs1950834-G
allele played a protective role [11]. In addition, based on
the data from the 1000 Genomes Project Phase 3 [12], the
frequency of the A allele varies from 48 to 80% in world
populations (Additional file 1: Fig. S1). Numerous stud-
ies have consistently demonstrated that LRFN5 may be
involved in MDD pathogenesis [9, 13-15]. LRFNS, also
known as synaptic adhesion-like molecule 5 (SALMYS), is
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a type I transmembrane protein mainly expressed in the
nervous system and affects synaptic development and
function [16—20]. However, it is still elusive for the regu-
lation and function of LRFNS in depression. Determin-
ing whether LRFNS5 selectively modulates the function
of specific neuronal subtypes in emotion-related brain
regions represents a strategic approach for targeted neu-
romodulation in MDD.

Methods

Functional genomics analysis

To determine whether rs1950834 was located in the
transcriptionally active region of the chromatin, the
H3k4me3, H3k4mel, and H3k27ac chromatin immuno-
precipitation-sequencing (ChIP-seq) data at the position
of rs1950834 in the human brain were downloaded from
Epigenome Roadmap [21], DNase I hypersensitive sites
sequencing (DNase-seq) and ChIP-seq for transcrip-
tion factors at the position of rs1950834 in the human
brain, human neurogenic cells, and human neurogenic
cell lines were queried via the Encyclopedia of DNA Ele-
ments (ENCODE) [22, 23]. The position weight matrix
(PWM) data obtained from ENCODE (ENCFF606TCO
and ENCFF246HIM) was analyzed using the R software
package “ggseqlogo” [24].

Analysis of the correlation between transcription factors
RAD21 and POLR2 A, and LRFN5 expression in the GEO
datasets

Two datasets, GSE172425 [25] and GSE125413 [26], were
downloaded. GSE172425 (11 controls, 12 siRad21 cases)
was used to analyze the effect of Rad2l knockdown
on Lrfu5 expression in mouse cortical neurons, while
GSE125413 (3 controls, 3 Polr2a[R749H] mutant cases)
was employed to investigate the impact of Polr2a mutant
in mouse mature neurons on Lrfn5 expression.

Meta-analysis of LRFN5 expression from GEO datasets

Meta-analysis using GEO datasets was used to identify
brain regions where LRFN5 was differentially expressed
in depressed patients. A total of 23 datasets were down-
loaded, namely GSE101521 [27] (dorsolateral prefrontal
cortex: 30 MDD cases, 29 healthy controls), GSE102556
[28] (anterior insula: 26 MDD cases, 22 healthy controls;
cingulate gyrus: 25 MDD cases, 21 healthy controls; dor-
solateral prefrontal cortex: 26 MDD cases, 22 healthy
controls; nucleus accumbens: 26 MDD cases, 22 healthy
controls; orbitofrontal: 26 MDD cases, 22 healthy con-
trols; subiculum: 24 MDD cases, 19 healthy controls),
GSE125664 [29] (forebrain neurons derived-iPSCs: 6
MDD cases, 3 healthy controls), GSE126512 [30] (sero-
tonergic neurons derived-iPSCs: 6 MDD cases, 3 healthy
controls), GSE169459 [31] (whole blood: 3 MDD cases,
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3 healthy controls), GSE193417 [32] (anterior cingulate
cortex: 6 MDD cases, 6 healthy controls), GSE32280
[33] (peripheral blood leukocyte cells: 8 MDD cases,
8 healthy controls), GSE38206 [34] (peripheral blood
mononuclear cells: 9 MDD cases, 9 healthy controls),
GSE39653 [35] (peripheral blood mononuclear cells: 21
MDD cases, 24 healthy controls), GSE44593 [36] (amyg-
dala: 14 MDD cases, 14 healthy controls), GSE53987
[37] (hippocampus: 17 MDD cases, 18 healthy controls;
prefrontal cortex: 17 MDD cases, 19 healthy controls;
striatum: 16 MDD cases, 18 healthy controls), GSE54562
[38] (anterior cingulate cortex: 10 MDD cases, 10 healthy
controls), GSE54563 [39] (anterior cingulate cortex: 25
MDD cases, 25 healthy controls), GSE54564 [40] (amyg-
dala: 21 MDD cases, 21 healthy controls), GSE54565 [41]
(anterior cingulate cortex: 16 MDD cases, 16 healthy
controls), GSE54566 [42] (amygdala: 14 MDD cases, 14
healthy controls), GSE54567 [43] (dorsolateral prefrontal
cortex: 14 MDD cases, 14 healthy controls), GSE54568
[44] (dorsolateral prefrontal cortex: 15 MDD cases, 15
healthy controls), GSE54571 [45] (anterior cingulate cor-
tex: 13 MDD cases, 13 healthy controls), GSE54572 [46]
(anterior cingulate cortex: 12 MDD cases, 12 healthy
controls), GSE76826 [47] (peripheral blood leukocyte
cells: 20 MDD cases, 12 healthy controls), GSE80655
[48] (anterior cingulate gyrus: 24 MDD cases, 24 healthy
controls; dorsolateral prefrontal cortex: 23 MDD cases,
24 healthy controls; nucleus accumbens: 22 MDD cases,
22 healthy controls), and GSE98793 [49] (whole blood:
128 MDD cases, 64 healthy controls). Meta-analysis was
performed using Review Manager 5.4. The expression of
LRFNS5 was treated as continuous data, and the standard
mean difference was used to assess the combined effect
sizes. Heterogeneity was quantified using the estimated
12 with a Cochrane Q test. The random effects model was
applied when the 12 level was>50% or P<0.10. Other-
wise, the fixed effects model was considered.

Dual luciferase reporter gene assay

To test the impact of rs1950834 on promoter activity, the
DNA fragment (513 bp) containing rs1950834 was ampli-
fied with specific primers (Additional file 1: Table S4) and
inserted into the pGL4-basic vector (Promega, E6661).
Vectors containing the alternative allele were generated
by PCR-mediated point mutation using Golden Star T6
Super PCR mix (TSINGKE, TSE101) and Dpn I (NEB,
R0176S). All constructed vectors were verified by Sanger
sequencing. SH-SY5Y (4x10%*well) and U251 (2x10%
well) cells were plated into 96-well plates and cultured
for 12 h. The reporter vectors containing the cloned frag-
ments and control pRL-TK vectors (Renilla Luciferase)
(Promega, E2241) were co-transfected into cultured
cells using Lipofectamine 3000 reagent (ThermoFisher,
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L3000015). Forty-eight hours post-transfection, cells were
harvested, and the luciferase activity was determined
using Dual-Luciferase Reporter Assay System (Promega,
Cat. No. E1960) and Luminoskan Ascent instrument
(Thermo Scientific).

Electrophoretic mobility shift assay

Electrophoretic mobility shift assay (EMSA) was used to
study the interaction between DNA sequences and pro-
teins (including transcription factors). The nuclear pro-
teins of SH-SY5Y cells were extracted with the nuclear
protein extraction kit (Beyotime, P0028). The biotin-
labeled probes (Additional file 1: Table S5) and nucleus
extracts or recombinant RAD21 and Ile1231-Lys1350
POLR2A protein from the goldORF clone were then
incubated to form protein-DNA complexes. EMSA
was performed using the chemiluminescence EMSA
kit (Beyotime, GS009) according to the manufacturer’s
instructions.

ChIP-quantitative polymerase chain reaction (qPCR)

ChIP assay was performed to detect whether RAD21
and POLR2A bind to the genomic sequence contain-
ing rs1950834 in SK-N-AS cells using the ChIP kit (CST,
9002). Briefly, cells were cross-linked with 1% formalde-
hyde solution at room temperature for 10 min. The reac-
tion was quenched with 2 ml 10X glycine solution for 5
min. The cells were washed twice with cold PBS and col-
lected with 2 ml 1 XPBS (contains 200 X protease inhibi-
tor compound, PIC). Micrococcal nuclease (0.5 pl per
4%10° cells) was added and incubated at 37 °C for 20
min. Agarose gel electrophoresis was used to determine
the size of DNA fragments. The IgG, H3, RAD21, and
POLR2A were set as four IP groups. Crosslinked chro-
matin fragments (10 pg) and corresponding antibodies
were added to each IP reaction, incubating at 4 °C over-
night on a rotor. ChIP-level protein G magnetic beads
(30 pl) were added to each immunoprecipitation reaction
and incubated at 4 °C for 2 h. The enriched products were
obtained by separating and rinsing the magnetic beads.
The binding ability of RAD21 and POLR2A was deter-
mined by real-time qPCR (Additional file 1: Table S6).

CRISPR-Cas9-mediated genome editing

To knock out the genomic sequence containing
rs1950834, we designed two sgRNAs (located upstream
and downstream of rs1950834, respectively) (Additional
file 1: Table S7) and cloned the sgRNAs into the PX-459
vector. RT-qPCR and Western blotting were used to
verify the effect of the rs1950834 knockout on LRFNS5
expression. Primer sequences were listed in Additional
file 1: Table S8.
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Single-base editing was performed in SK-N-AS cells
using the principle of clustered regularly interspaced
short palindromic repeats (CRISPR)/CRISPR-associated
protein 9 (Cas9) gene editing technology. The gRNA and
ssDNA sequences are given in Additional file 1:TableS9.
The successfully constructed single-base replaced cells
were validated by Sanger DNA sequencing. Control
(rs1950834-GG) and mutated (rs1950834-AA) SK-N-
AS cells were stressed with 1 uM dexamethasone (Med-
ChemExpress, 50-02-2,) for 72 h [50]. RT-qPCR and
Western blotting were used to verify the expression of
LRFNS.

Depression-like mouse model

Four- to six-week-old male C57BL/6] mice were pur-
chased from GemPharmatech (Nanjing, China). All ani-
mals were subjected to a 12-h light—dark cycle (light on
from 7:00 to 19:00) with food and water ad libitum at
23-25 °C and 50% humidity. The control groups housed
3—4 mice per cage, while the model groups were housed
individually. Chronic unpredictable mild stress (CUMS)
was used to induce depressive-like behavior in mice. The
mice became acclimated to the environment and were
randomly grouped after excluding outliers (baseline
sucrose preference score <70% of average). According to
the randomization principle, we used a random number
table for the allocation of mice to CUMS and control
groups. Mice in the CUMS group were exposed to vari-
ous stressors, such as swimming at 4 “C/45 °C for 5 min,
horizontal cage shaking for 5 min, tilting the cage at 45°
for 10 h, restraint for 2 h, food/water deprivation for 12
h, clipping the tail for 1 min, tail suspension for 6 min,
wet pad treatment for 12 h, followed by 12 h without
padding, rat bedding for 12 h, day and night reversal, and
stroboscopic light treatment for 12 h.

The sucrose preference test (SPT), tail suspension test
(TST), and forced swimming test (FST) were used to
measure depression-like behaviors, while the open-field
test (OFT) was used to assess anxiety in mice according
to the protocol published in our previous study [51, 52].
The ANY-maze animal behavior analysis system (Stoelt-
ing Co.) was used for the above detection process. For all
experiments, investigators were blinded to group allo-
cation during experimentation and data analysis. The
offline data analysis was performed blindly.

Virus stereotactic injection

Mice anesthetized with sevoflurane were injected with
recombinant adeno-associated virus (rAAV) (1.0x10%
GC/ml, 0.5 pl) in bilateral NAc (AP +1.50 mm, ML +0.75
mm, and DV —-4.50 mm) to knockdown or overexpress
neuron-derived Lrfu5. The injection rate was 0.25 ul/
min. After administering the injection into the NAc, the
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skull wound was sealed with bone wax. The neuron-spe-
cific overexpression and knockdown efficiency of rAAVs
were validated by Western blot and immunofluorescence
assay. Animals were excluded after behavior tests if they
showed misinjection at postmortem examination.

Golgi-cox staining

The Hito Golgi-Cox OptimStain™ Kit was used for
Golgi-cox staining. Mouse brain specimens were soaked
in Golgi staining solution at 26 ‘C for 14 days. Then, the
tissue treatment solution containing brain specimens was
protected from light at 4 “C for 3 days, and Golgi devel-
oper was added dropwise for 30 min after sectioning.

Electrophysiological analysis

Whole-cell recordings were performed as described pre-
viously [53, 54]. Mice were anesthetized with isoflurane
and decapitated. The brain was rapidly removed and
placed in an ice-cold choline-based solution contain-
ing the following (in mM): 110 choline chloride, 2.5 KCl,
0.5 CaCl,, 7 MgCl,, 1.3 NaH,PO4, 1.3 Na-ascorbate, 0.6
Na-pyruvate, 25 glucose, and 25 NaHCOj, saturated with
95% O, and 5% CO,. Two hundred fifty to three hundred
micrometers of coronal slices containing the NAc was
prepared using a vibratome. Slices were transferred to a
holding chamber in an incubator containing oxygenated
(95% O, and 5% CO,) artificial cerebrospinal fluid (ACSF)
composed of the following (in mM): 125 NaCl, 2.5 KCI,
2 CaCl,, 1.3 MgCl,, 1.3 NaH,PO4, 1.3 Na-ascorbate, 0.6
Na-pyruvate, 25 glucose, and 25 NaHCO; at 32 °C for at
least 1 h before recording readings. After recovery, slices
were transferred to the recording chamber, where they
were perfused continuously with ACSF at a flow rate of
2 ml/min, and all experiments were performed at 23-25
°C. Recordings were obtained using a Multiclamp 700B
amplifier and a Digidata 1550B (Molecular Devices). Data
were sampled at 10 kHz and analyzed with a pClamp10
(Molecular Devices). Patch pipettes (4—6 MQ) were filled
with a Cs-based low CI™ internal solution containing the
following (in mM): 135 CsMeSO,, 10 HEPES, 1 EGTA, 3.3

(See figure on next page.)
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QX-314, 4 Mg-ATDP, 0.3 Na-GTP, 8 Na,-phosphocreatine,
290 mOsm kg, adjusted to pH 7.3 with CsOH. The min-
iature excitatory postsynaptic currents (mEPSCs) and
miniature inhibitory postsynaptic currents (mIPSCs)
values were recorded at—70 mV and 0 mV, respectively.
The extracellular recording solution consisted of ACSF
supplemented with picrotoxin (100 uM) and tetrodotoxin
(1 uM) for the mEPSC experiment; and tetrodotoxin (1
uM), AP5 (50 uM), and CNQX (20 pM) for the mIPSC
experiment. ACSF was used without any supplements for
recording excitatory paired-pulse ratios (PPRs). The PPRs
were elicited by electrically stimulating the NAc (0.2-ms
current pulses) at—70 mV. They were calculated by divid-
ing the second electric-evoked excitatory postsynaptic
current (EPSC) by the first, with 50 ms intervals between
the two stimulations.

Statistical analysis

All values were expressed as mean+SEM. The Shap-
iro—Wilk normality test was utilized to assess data dis-
tribution. For normally distributed data in this study,
the results of the two sets of data were subjected to the
two-tailed Student’s ¢-test, while the remaining multiple
sets of data were analyzed using the one-way analysis of
variance with Tukey’s post hoc analysis. P<0.05 was con-
sidered to be statistically significant. The sample sizes are
similar to those reported in previous publications.

Results

Functional genomics identifies rs1950834, located

in 14g21.1, as a potential functional risk variant

for depression

Based on our previous findings, we first used bioin-
formatic analysis to predict if rs1950834 is a functional
risk single nucleotide polymorphism (SNP). Firstly, we
identified that rs1950834, located in the upstream pro-
moter region of LRFNS5 (Fig. 1A and B), was substantially
enriched in signals associated with active transcription in
human brain tissues, including H3k4me3, H3k4mel, and
H3k27ac (Fig. 1C). Moreover, DNase-seq of human brain

Fig. 1 Functional genomics identified rs1950834 as a potential risk variant at depression risk locus 14g21.1. A LocusZoom plot showed

that rs1950834 was located in a genomic region with multiple SNPs showing significant associations with MDD. B rs1950834 was located

in the upstream promoter region of LRFN5. C ChIP-seq data showed that H3k4me3, H3k4dme1, and H3k27ac preferentially bound to the genomic
sequence containing rs1950834 in the human brain tissue. The heights of the colored graphs reflect the ChIP-seq signal intensities, and the location
of 51950834 is highlighted with the red line. D DNase-seq of human brain tissue, neurogenic cells, and cell lines consistently revealed

that rs1950834 was located in the chromatin open region. E ChIP-seq of human neurogenic cells and cell lines showed that rs1950834 binds

to transcription factors RAD21 and POLR2A. F and G PWM plots of rs1950834 binding to RAD21 and POLR2A, respectively. ChIP-Seq, Chromatin
immunoprecipitation and sequencing; CTCF, CCCTC-binding factor; DNase, deoxyribonuclease; EZH2, enhancer of zeste 2 polycomb repressive
complex 2 subunits; LRFN5, leucine-rich repeat and fibronectin type Il domain containing 5; MDD, major depressive disorder; POLR2A, RNA
polymerase Il subunit A; PWM, position weight matrix; RAD21, RAD21 cohesin complex component; SMARCA4, SWI/SNF related BAF chromatin

remodeling complex subunit ATPase 4
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tissue and neurogenic cells consistently demonstrated
that rs1950834 resides in an open chromatin region
(Fig. 1D), supporting the fact that rs1950834 was located
within a DNA region with transcription-promoting activ-
ity. Furthermore, ChIP-seq of human neurogenic cells
showed that rs1950834 exhibited the strongest binding
affinity to transcription factors RAD21 cohesin complex
component (RAD21) and RNA polymerase II subunit
A (POLR2A) (Fig. 1E). Finally, position weight matrix
(PWM) analysis revealed that the A allele of rs1950834
exhibited reduced binding affinity to RAD21 (Fig. 1F)
and POLR2A (Fig. 1G) compared to the G allele. These
findings suggest that rs1950834 may function as a regu-
latory variant by modulating its binding to transcription
factor RAD21 and POLR2A.

rs1950834 affects the binding of RAD21 and POLR2A
which regulate the expression of LRFN5
To investigate the potential promoter activity of differ-
ent alleles of rs1950834, we performed dual luciferase
reporter gene assays, which can be used to evaluate the
regulatory effect of specific DNA sequences. Inserted
into the promoter region of firefly luciferase in the
reporter vector, the impact of target DNA sequences on
transcription can be detected by normalizing firefly lucif-
erase activity with the control Renilla luciferase activity.
The results indicated that the MDD risk rs1950834-A
allele exhibited significantly reduced promoter activity
compared to the rs1950834-G allele in both neuroblas-
toma SH-SY5Y and glioblastoma U251 cells (Fig. 2A).
Electrophoretic mobility shift assay (EMSA) is widely
used to evaluate the interaction between DNA sequences
and transcription factors [55, 56]. When the target DNA
sequence binds a specific transcription factor, the pro-
tein-probe complexes should migrate more slowly than
the corresponding free probes during electrophoresis.
The EMSA results indicated that rs1950834 significantly
altered binding affinities to nuclear proteins extracted
from SH-SY5Y cells (Fig. 2B). The G allele of rs1950834
showed a higher affinity to transcription factors than the
A allele (Fig. 2B). ChIP-seq data showed that rs1950834
loci were bound by RAD21 and POLR2A. Consistently,
the EMSA results confirmed that rs1950834 affected
RAD21 and POLR2A binding (Fig. 2C and D), as the
band of the protein-probe complex appeared when
RAD21 or POLR2A protein was added. Additionally, the
binding capacity of the probe with the G allele was sig-
nificantly higher than that of the A allele (Fig. 2C and D).
ChIP-qPCR and ChIP-DNA Sanger sequencing were
conducted in SK-N-AS cells to test if different alleles of
rs1950834 alter RAD21 and POLR2A binding affinity.
ChIP-qPCR showed significant enrichment of RAD21
and POLR2A binding on the DNA region containing
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rs1950834 (Fig. 2E). ChIP-DNA Sanger sequencing fur-
ther revealed that RAD21 and POLR2A preferred to bind
the G allele than A allele at rs1950834 (Fig. 2F). These
results demonstrated that different alleles of rs1950834
altered the binding affinity of RAD21 and POLR2A to the
genomic sequence.

Previous studies have found a significant correlation
between RAD21 or POLR2A and LRENS in the human
brain tissue of healthy subjects [57]. Initial analysis of
the transcriptomic dataset GSE172425 [58] shows that
the knockdown of Rad2l using small interfering RNA
(siRNA) resulted in decreased expression of LrfuS in
mouse cortical neurons (Fig. 2G). Then, after short hair-
pin RNA (shRNA) lentivirus targeting both RAD21A and
RAD2I1B were constructed and delivered into SH-SY5Y
and U251 cells (Fig. 2H-]), significantly decreased LRFN5
mRNA expression (Additional file 1: Fig. S2A-D) and
protein levels (Fig. 2H, K, L) as compared with the con-
trols were observed. Similarly, another gene expression
dataset (GSE125413) [59] showed that the mutation of
Polr2a in mouse mature neurons inhibited Lrfn5 expres-
sion (Fig. 2 M). Similarly, knockdown of the POLR2A by
shRNA (Fig. 2N-P) led to significantly decreased LRFN5
mRNA (Additional file 1: Fig. S2E-H) or protein (Fig. 2N,
Q, R) levels in both SH-SY5Y and U251 cells. These
findings underscored the regulatory role of RAD21 and
POLR2A on LRFNS5 expression. Collectively, rs1950834
may influence the expression of LRFNS5 by regulating the
DNA binding affinity of RAD21 and POLR2A.

rs1950834 directly regulates LRFN5 expression

Then we further elucidated whether rs1950834 can
directly regulate the expression of the target gene
LRFNS5. The cis-expression quantitative trait loci
(cis-eQTL) analysis showed that only LRFNS5 expres-
sion was significantly associated with rs1950834
among all the genes located within 1 Mb upstream
and downstream of rs1950834 in BrainMeta v2 and
PsychENCODE (Fig. 3A and B). Therefore, the subse-
quent research focused on LRFNS as the target gene
of rs1950834. Moreover, we explored whether the
effects attributed to the unique rs1950834 genotype
on LRFNS5 expression levels, in which an analysis of
human brain eQTLs found that the levels of LRFNS
expression were affected by gene dose efficacy (Addi-
tional file 1: Fig. S3A-D). The A allele of rs1950834
reduced LRFNS expression compared to the G allele
in different human brain regions (Additional file 1:
Fig. S3A-D). Importantly, the knockout of the DNA
segment containing rs1950834 via CRISPR-Cas9 gene
editing led to a decrease in both LRFN5 mRNA expres-
sion (Fig. 3C and E) and protein level (Fig. 3D and
F) in SH-SY5Y cells. Furthermore, to provide direct
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Fig. 2 rs1950834 regulated LRFN5 expression by affecting the binding of RAD21 and POLR2A. A Reporter gene assays showed that different alleles
of rs1950834 significantly affected luciferase activity. Compared with the A allele, the G allele of rs1950834 conferred significantly higher luciferase
activity in both SH-SY5Y and U251 cells (N=16 in each group). Two-tailed unpaired t-test. ***P<0.001. Mean + SEM. B-D rs1950834 affected

the binding affinity of nuclear protein extracts. The quantification data (grey values, arbitrary units) of the probes/protein complexes were first
quantified using Image J. The obtained values were then normalized to the total quantity of probes. B For rs1950834, the G allele showed stronger
binding of 6.4 g or 12.8 ug nuclear extracts than the A allele (N=2 in each group). Two-tailed unpaired t-test. *P < 0.05. **P < 0.01. Mean + SEM. C
and D rs1950834 affected RAD21 and POLR2A binding affinity. Competitive experiments showed that the G allele had stronger RAD21 and POLR2A
binding than the A allele. E Significant enrichment of RAD21 and POLR2A on genomic sequences containing rs1950834 by ChIP-gPCR. DNA
templates from cross-linked chromatins of cells (with IgG immunoprecipitation) were used in the IgG group (N=4 in each group). One-way
ANOVA followed by Tukey’s post hoc test. **P<0.01, ***P<0.001. Mean + SEM. F ChIP-sequencing analysis on the binding ability of the Aor G

allele to RAD21 and POLR2A in the whole-genome context in SK-N-AS cells. G Analysis of the GSE172425 dataset on the expression of Lrfn5

after knockdown of Rad21 by siRNA in the primary cultured mouse cortical neurons (N=11 in the Control group, and N=12 in the siRad21 group).
Two-tailed unpaired t-test. **P < 0.01. Mean + SEM. H-L LRFN5 expression was significantly decreased by shRNA lentivirus targeting both RAD21A
and RAD21Bin SH-SY5Y and U251 cells. The reduced expression of RAD21 mRNA (shown in Additional file 1: Fig. S2) or protein was found

both in SH-SY5Y and U251 cells, confirming the successful knockdown of RAD21 (N =3 in each group). One-way ANOVA followed by Tukey’s

post hoc test. **P<0.01, ***P<0.001. Mean + SEM. M The GSE125413 dataset showed that Polr2a mutations decreased Lrfn5 expression in mature
neurons of mice (N=3in each group). Two-tailed unpaired t-test. **P < 0.01. Mean + SEM. N-R POLR2A knockdown in SH-SY5Y and U251 cells
affected LRFN5 expression significantly (N=3 in each group). One-way ANOVA followed by Tukey’s post hoc test. *P < 0.05, ***P <0.001. Mean + SEM
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evidence that rs1950834 affected LRFN5 expression
levels, we successfully utilized single-base editing tech-
nology to generate rs1950834-AA and rs1950834-GG
genotypes in SK-N-AS cells (Fig. 3G). This approach
directly revealed the decreased expression of LRFNS
mRNA (Fig. 3H and I) and protein (Fig. 3]-L) in the
MDD risk-associated rs1950834-AA genotype com-
pared to the rs1950834-GG genotype in both naive and
dexamethasone (DEX)-stressed conditions.

Then, utilizing the SK-N-AS cells of rs1950834-AA
and rs1950834-GG genotypes, we performed RNA-
seq for transcriptomic analysis to further elucidate the
pathways regulated by rs1950834. In the naive state,
the rs1950834-AA genotype exhibited 2087 upregu-
lated genes and 2480 downregulated genes, result-
ing in a total of 4567 differentially expressed genes
(DEGs) compared with the rs1950834-GG geno-
type (Fig. 3M) (Log,|FC|>2, FDR<0.05). Under DEX
stress conditions, the rs1950834-AA genotype exhib-
ited 2800 upregulated genes and 3191 downregulated
genes, resulting in a total of 5991 DEGs compared with
the rs1950834-GG genotype (Fig. 3M) (Log,|FC|>2,
FDR<0.05). Finally, to understand shared biological
processes between rs1950834 genotypes in the pres-
ence and absence of DEX stress, we selected the inter-
section of DEGs among AA vs GG and AA+DEX vs
GG+ DEX, resulting in a total of 3764 DEGs for sub-
sequent GO and KEGG analyses (Fig. 3M). In GO-
biological processes enrichment, DEGs were mainly
associated with neuron projection morphogenesis,
cell-cell adhesion, and axonogenesis. In GO-cellular
components, it was associated with synaptic structures,
while in GO-molecular functions, it was related to cell
adhesion (Fig. 3N). KEGG analysis revealed enrichment
in differentially expressed genes in synapses and adhe-
sion pathways, including focal adhesion, axon guidance,
and cell adhesion molecules (Fig. 30). This provides
valuable insights into elucidating the rs1950834-regu-
lated interactions among synaptic-associated proteins
of the target gene LRFNS5.

(See figure on next page.)
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Role of NAc neuron-derived LRFN5 in depression

As the A allele of rs1950834 reduced promoter activ-
ity of LRFNS via regulating the DNA binding affinity of
transcription factor RAD21 and RNA polymerase sub-
unit POLR2A4, it was necessary to investigate cell type
and brain region specificity of LRFN5 downregulation
in MDD. We first performed tissue-specificity expres-
sion analysis of LRFNS5 using expression data from the
GTEx (https://www.gtexportal.org/) (GTEx Consor-
tium, 2013). LRFNS5 is expressed in many human tissues.
However, LRFN5 expression in brain tissues is relatively
high compared with other tissues (Additional file 1: Fig.
S4). Cell-type-specific expression analysis using the data
from the Allen Brain Map (https://celltypes.brain-map.
org/rnaseq/human_m1_10x) showed that LRFN5 exhib-
its predominant expression in neurons and low expres-
sion in glial cells (Additional file 1: Fig. S5).

We also examined the associations between LRFNS
and other psychiatric disorders (including attention defi-
cit and hyperactivity disorder, anorexia nervosa, anxiety
disorder, autism spectrum disorder, bipolar disorder, and
schizophrenia) using published GWAS summary statistics
[60—65]. Genetic variants near LRFNS5 (within a+250 kb
window upstream and downstream of the gene) did not
show genome-wide significant associations (P<5x107%)
with attention deficit and hyperactivity disorder (Addi-
tional file 1: Fig. S6A), anorexia nervosa (Additional file 1:
Fig. S6B), anxiety disorder (Additional file 1: Fig. S6C),
autism spectrum disorder (Additional file 1: Fig. S6D),
bipolar disorder (Additional file 1: Fig. S6E), and schizo-
phrenia (Additional file 1: Fig. S6F), implying that the
association of LRFNS5 is specific to MDD.

Then, we performed a meta-analysis of transcription
data of MDD patients from the GEO database to identify
LRFNS differentially expressed brain regions in depressed
patients (Additional file 1: Fig. S7A—H). The results dem-
onstrated no significant differential expression of LRFN5
in the peripheral blood, frontal cortex, amygdala, and
cingulate cortex between the MDD patients and the con-
trols. Interestingly, LREN5 was selectively decreased in

Fig. 3 rs1950834 regulated the expression of LRFN5 as validated in gene editing cells. A and B The eQTL analysis of rs1950834 and its surrounding
genes within a 1 M bp window, e.g., 500 kb upstream and 500 kb downstream of rs1950834, respectively, in BrainMeta v2 and PsychENCODE eQTL
dataset. Expression of LRFN5 showed the most significant associations with rs1950834. C Schematic diagram and validation of rs1950834 knockout.
D-F rs1950834 knockout downregulated expression of LRFN5 mRNA and protein level in SH-SY5Y cells (N=3 in each group). Two-tailed unpaired
t-test. **P<0.01, ***P<0.001. Mean + SEM. G The successful construction of rs1950834-AA and rs1950834-GG genotypes in SK-N-AS cells. Hand |
LRFN5 mRNA expression levels were lower in the rs1950834-AA genotype compared to the rs1950834-GG genotype in both naive and DEX-stressed
states (N=3 in each group). *P<0.05, ***P <0.001. Mean + SEM. J Western blot analysis showed that LRFN5 protein levels were lower

in the rs1950834-AA genotype compared to the rs1950834-GG genotype in both K naive and L DEX-stressed states, N=6 in each group. **P <0.01,
***P<0.001. Mean £ SEM. M Differentially expressed genes (DEGs) (Log2|FC> 2|, FDR < 0.05) of bulk RNA-seq in the rs1950834-AA and rs1950834-GG
genotypes in naive and DEX-stressed conditions. N GO analysis of the differentially expressed genes. O KEGG analysis of the differentially expressed
genes. Data were analyzed using the two-tailed unpaired t-test and are expressed as the mean + SEM. * P<0.05, ** P<0.01, *** P<0.001
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the NAc of MDD patients (Additional file 1: Fig. S7H). As Thereby, to validate the above results, we examined
one of the emotion-related brain regions, NAc could be  whether the differential expression of Lrfu5S was neu-
important for LRFNS function in MDD [66]. ronal cell subtype-specific in the NAc of CUMS-induced
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depressive-like mice. As shown in Fig. 4A and B, mice
with CUMS-induced depression-like phenotypes exhib-
ited decreased sucrose preference and increased immo-
bile time in the TST and FST compared to wildtype mice.
Importantly, a significant reduction in LRFN5 protein
expression in NeuN™ neurons was found in the NAc of
depressed mice (Fig. 4C), but not those of GFAP* astro-
cytes (Fig. 4D) and Ibal™ microglia (Fig. 4E). The expres-
sion of LRFNS in neurons was negatively correlated with
depression-like phenotypes in SPT and FST (Fig. 4F),
suggesting that NAc neuron-derived LRFN5 played criti-
cal roles in depression pathogenesis.

The NAc consists of three subregions, namely the
nucleus, the medial shell, and the lateral shell, and
95% of the NAc is composed of medium spiny neu-
rons (MSNs) with dopamine receptor D1 (DRD1) and
dopamine receptor D2 (DRD2) markers, respectively.
Subsequently, we explored whether LRFN5 dysregula-
tion specifically occurred in functional subregions and
neuronal subtypes. The results showed that LRFN5 was
broadly downregulated in DRD1" and DRD2" MSNs
in the NAc core, and the medial and lateral shell of
CUMS-stressed mice compared to controls (as shown in
Fig. 4G-J). Taking together, in CUMS-induced depres-
sive-like mice, neuron-derived LRFN5 protein were
ubiquitously reduced in NAc, with no subregion or neu-
ronal cell type specificity.

NAc neuron-derived LRFN5 plays an important role

in depression by affecting synapse-related functions

To further validate whether the NAc neuron-derived
LRFN5 was involved in the occurrence of depression,
we constructed Lrfu5 overexpression or knockdown
mouse models via rAAV-injection into NAc (Fig. 5A and
Additional file 1: Fig. S8). Western blot analysis showed
significantly reduced LREN5 protein levels in the knock-
down mice, while significantly increased LREN5 protein
levels were in the overexpression mice as compared to

(See figure on next page.)
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rAAV controls (Fig. 5B), confirming the successful con-
struction of Lrfu5 gain-of-function and loss-of-func-
tion models. Compared with the rAAV control group,
the rAAV knockdown mice exhibited depression-like
behavior indicated by decreased sucrose preference and
increased immobility time for forced swimming (Fig. 5C).
Furthermore, Lrfn5 knockdown exacerbated the CUMS-
induced depressive phenotypes of the mice (Fig. 5D-F),
while the Lrfu5 overexpressing mice exhibited increased
resistance to CUMS (Fig. 5D-F), suggesting that NAc
neuron-derived LRENS plays a critical protective role
in depression and may serve as a potential therapeutic
target.

As LRFNS5 affects synaptic development and func-
tion [17, 18] through adhesion molecules [19], we first
examined the role of LRFNS on synaptic functions in
the NAs. Compared with the rAAV control group,
the CUMS rAAV group showed markedly decreased
expression of synapse-associated proteins, including
protein tyrosine phosphatase receptor type D (PTPRD),
postsynaptic density protein 95 (PSD95), and synapto-
some-associated protein 25 (SNAP25) (Fig. 6A), along
with a reduced total dendritic spine density (Fig. 6C),
the density (Fig. 6E) and the proportion of stubby spines
(Fig. 6F) in the NAc. As the changes in spine structure
indicate synaptic activity, the dysregulation of spine
morphology, especially for the mature thin, stubby, and
mushroom subtypes, underlies CUMS-induced depres-
sion-like behaviors and serves as a target for combined
magnetic stimulation system treatment [51, 52]. Inter-
estingly, stubby spines lack a clear distinction between
head and neck, which allows the diffusion of elevated
calcium transients at the synapse into the dendritic
shaft [67]. These observations were further aggravated
in the CUMS +shLrfn5 group (Fig. 6C-F). In contrast,
the Lrfu5 overexpression in NAc neurons significantly
reversed the CUMS-induced synaptic abnormities
(Fig. 6C—F).

Fig. 4 NAc neuron-derived Lrfn5 was involved in depression. A Flow chart of the animal experiment for CUMS-induced depressive-like behavior.
B Compared with the controls, the CUMS group showed decreased sucrose preference (P<0.01), increased immobility time of the tail suspension
test (P<0.01), and forced swimming test (P <0.05), N=7 in the Control and CUMS group. C-E Immunofluorescence of LRFN5 with NeuN, GFAP,
and IbaT in mouse NAc. Compared with the control group, the number of NeuN*LRFN5* cells in the CUMS group were decreased (P<0.01),
while GFAPTLRFN5 (P>0.5) and Iba1"LRFN5* (P>0.5) had no significant difference in NAc of mice (N=3 in each group). F The number

of NeuN*LRFN5* cells was correlated to the scores of SPT and FST (N=6 in each group). G-J Immunofluorescence of LRFN5 in the DRD1

or DRD2 MSNs in three subregions of NAc, including core, medial, and lateral shell, respectively (G and H). The results showed that DRD1*LRFN5*
and DRD2*LRFN5* MSNs were generally downregulated in the NAc core, media, and lateral shell of CUMS-stressed mice compared to controls
without the differences in subregion and neuronal subtype specificity (I and J), N=6 in each group. DAPI, 4',6-diamidino-2-phenylindole; DRD1,
dopamine receptor D1; DRD2, dopamine receptor D2; MSN, medium spiny neuron; FST, forced swimming test; GFAP, glial fibrillary acidic protein;
Iba1, ionized calcium-binding adaptor molecule 1; IF, immunofluorescence; L, lateral; LRFN5, leucine-rich repeat and fibronectin type Il domain
containing 5; M, medial; NAc, nucleus accumbens; NeuN, neuronal nuclei antigen; WB, Western blot. Data were analyzed using the two-tailed
unpaired t-test and are expressed as the mean+SEM. *P<0.05, **P<0.01, ***P<0.001
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Fig. 5 NAc neuron-derived Lrfn5 participates in the occurrence of depression. A Flow chart of the animal experiment for knockdown

or overexpression of neuron-derived Lrfn5 in NAc on CUMS-induced depressive-like behaviors. B Western blotting measures LRFN5 protein levels
among control, control rAVV, shLrfn5, and OE-Lrfn5 group mice to verify successful construction (N=6 in each group). One-way ANOVA

followed by post hoc Tukey’s test, *P < 0.05, ** P<0.01, *** P<0.001, ns, no significant difference. Each bar represents the mean + SEM. CThe
downregulation of NAc neuron-derived Lrfn5 expression induced depressive-like behaviors, while the upregulation of NAc neuron-derived
Lrfn5had no effects (N=26 in Control group, N=27 in Control rAAV group, N=23 in shLrfn5 group, N=26 in OE-Lrfn5 group). One-way ANOVA
followed by post hoc Tukey’s test, *P < 0.05, **P<0.01, *** P<0.001, ns, no significant difference. Each bar represents the mean + SEM. D Flow
chart of the animal experiment for CUMS-induced depressive-like behavior in knockdown or overexpression of neuron-derived Lrfn5 in NAC
mice. E Western blotting of LRFN5 levels among each group of mice (N=6 in each group). One-way ANOVA followed by post hoc Tukey's test,
*P<0.05,**P<0.01, **P<0.001, ns, no significant difference. Each bar represents the mean + SEM. F Knockdown of NAc neuron-derived Lrfn5

of mice increased susceptibility to CUMS-induced depressive-like behaviors, while overexpression of NAc neuron-derived Lrfn5 of mice increased
resistance to the above phenotype (N=25 in Control 4+ Control rAAV group, N=20 in CUMS group, N=21 in CUMS + Control rAAV group, N=11

in CUMS +shLrfn5 group, N=20 in CUMS + OE-Lrfn5 group). One-way ANOVA followed by post hoc Tukey’s test, *P <0.05, **P<0.01, ***P<0.001, ns,
no significant difference. Each bar represents the mean + SEM. KD, knockdown; OE, overexpression
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Fig. 6 Synaptic structure and function influenced by NAc neuron-derived Lrfn5 in depression. A Western blotting with quantification of synaptic
protein levels in the NAc in Control +Control rAAV, CUMS (non-rAAV injected), CUMS + Control rAAV, CUMS +sh-Lrfn5, andCUMS + OE-Lrfn5
(N=6in each group). Two-way ANOVA followed by Tukey’s post hoc test, *P < 0.05, **P < 0.01, ***P < 0.001. B-F Golgi-Cox stained dendritic

spines and spine density quantification in the NAc in Control +Control rAAV, CUMS (non-rAAV injected), CUMS + Control rAAV, CUMS +sh-Lrfn5,
and CUMS + OE-Lrfn5 (N=22 in Control group, N=22 in CUMS group, N=20 in CUMS+ Control rAAV group, N=19 in CUMS + shLrfn5 group,
N=23in CUMS+OE-Lrfn5 group). D The schematic diagram of different types of spines. Filopodia spines are >2 pm in length; the maximum

width of stubby spines is less than their length; long thin spines are 1-2 um in length; thin spines are < 1 um in length; mushroom spines have

a head/neck diameter ratio > 1; branched spines have more than one spine head attached to same spine neck. C One-way ANOVA followed

by post hoc Tukey's test, *P < 0.05, **P < 0.01, ***P<0.001, ns, no significant difference. E and F Two-way ANOVA followed by Tukey's post hoc test. G
Representative traces of mEPSCs from the Control group (black), CUMS group (red), and OE-Lrfn5+CUMS group (blue). H Left: Average amplitudes
of mEPSCs for the Control group (N=10), CUMS group (N=8), and CUMS+ OE-Lrfn5 group (N=8). One-way ANOVA followed by post hoc Tukey's
test, ns, no significant difference. Right: Average frequencies of mEPSCs for the Control group (N=10), CUMS group (N=8), and CUMS + OE-Lrfn5
group (N=28). One-way ANOVA followed by post hoc Tukey's test, **P < 0.01. Each bar represents the mean + SEM. | Representative traces of mIPSCs
from the Control group (blank), CUMS group (red), and OE-Lrfn5+CUMS group (blue). J Left: Average amplitudes of mIPSCs for the Control group
(N=8), CUMS group (N=8), and OE-CUMS +Lrfn5 group (N=10). One-way ANOVA followed by post hoc Tukey’s test, ns, no significant difference.
Right: Average frequencies of mIPSCs for the Control group (N=8), CUMS group (N=8), and CUMS + OE-Lrfn5 group (N=10). One-way ANOVA
followed by post hoc Tukey's test, ns, no significant difference. Each bar represents the mean + SEM. K and L, Example traces (K) and quantification
(L) of the paired-pulse ratio of electrical stimulation-evoked EPSCs in NAc neurons (N=9 in Control group, N=9 in CUMS group, N=11

in CUMS 4+ OE-Lrfn5 group). One-way ANOVA followed by post hoc Tukey's test, **P < 0.01, ***P<0.001. Each bar represents the mean + SEM. mEPSC,
miniature excitatory postsynaptic current; mIPSC, miniature inhibitory postsynaptic current
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To investigate the impact of Lrfu5 overexpression on
CUMS-impaired synaptic transmission of median-spiny
neurons, whole-cell patch clamp recordings were per-
formed on acute NAc brain slices. We observed a sig-
nificant reduction in the frequency, but not amplitude, of
miniature excitatory postsynaptic currents (mEPSCs) in
CUMS rAAV mice (Fig. 6G and H), indicating a decrease
in a-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid (AMPA) receptor-mediated excitatory synaptic
transmission. This reduction in mEPSC frequency was
ameliorated by Lrfn5 overexpression (Fig. 6G and H).
We did not observe a significant difference in the fre-
quency and amplitude of miniature inhibitory postsynap-
tic currents (mIPSCs) between the control rAAV group,
CUMS rAAV group, and Lrfu5 overexpressing mice
(CUMS + OE-Lrfn5 mice) (Fig. 61 and J). Next, we exam-
ined presynaptic function by measuring the paired-pulse
ratio (PPR). The PPR was significantly increased in the
CUMS rAAV mice, indicating a reduction of presynaptic
release probability. This increase in PPR was reversed by
LrfuS overexpression (Fig. 6K and L). These results sug-
gest that impaired synaptic transmission in the NAc of
CUMS mice could be rescued by LrfuS overexpression.

These findings suggested that NAc neuron-derived
LRENS is a key molecule involved in depression through
the maintenance of synaptic function and might serve as
a potential molecular target for MDD interventions.

Discussion

Our findings have demonstrated for the first time that
the MDD risk-associated rs1950834 allele A decreased
the binding of transcription factor RAD21 and RNA pol-
ymerase subunit POLR2A, leading to reduced promoter
activity and expression of the target gene LRFNS5. This
study revealed that LRFNS5 expression was significantly
reduced in the NAc of MDD patients. Knockdown
of NAc neuron-derived Lrfn5 induced depression-
like behavior and further exacerbated the phenotype
caused by CUMS in mice, while Lrfu5 overexpression
induced resistance to CUMS. Furthermore, the study
illustrated the potential mechanism of decreased NAc
neuron-derived LREN5 protein in depression via synap-
tic dysfunction. These findings offered new insights and
evidence for the diagnosis, molecular targeted interven-
tion, and precise neuromodulation of MDD.

This study comprehensively used bioinformatic tools,
knockout or knock-in cell lines, and the depression-like
mouse model. We successfully constructed SK-N-AS
cells with rs1950834 AA and GG genotypes by CRISPR-
Cas9-mediated single-base editing for the first time,
which verified the bioinformatics findings that the role
of rs1950834 is in regulating the target gene expres-
sion. Transcriptomic datasets were used to identify
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NAc as the key emotional brain region responsible for
the dysregulation of LRFN5 in depression, which were
further validated for the contribution to depression by
rAAV-mediated gene overexpression or knockdown.
Subregional and neuron subtype specificity for Lrfu5
downregulation was precisely characterized in CUMS-
induced depression-like mice. The contribution of Lrfn5
to neuron structure and function was systematically vali-
dated by measuring synaptic proteins, Golgi staining, and
electrophysiological analysis. Collectively, the utilization
of state-of-the-art methodologies improves the reliability
of experimental results.

The most important contribution of this study is that it
provides systematic and direct evidence that MDD risk-
associated allele A of rs1950834 exhibited reduced bind-
ing affinity with RAD21 and POLR2A, leading to reduced
promoter activity and expression of LRFNS. The interpre-
tation of abundant risk loci for MDD identified by GWAS
has become crucial in the post-GWAS era [7]. In the
previous study, we identified rs1950834 as one of the 34
MDD risk SNPs that disrupt the binding of 15 TFs by inte-
grating the ChIP-Seq and PWM data. Luciferase reporter
assay showed higher luciferase activities of the G allele
than the A allele of rs1950834 in HEK293T, SH-SY5Y, and
SN-K-SH cells. However, no further investigation of the
rs1950834 SNP was performed in that study [10]. Here, we
elucidated that RAD21 and POLR2A were enriched in the
DNA sequence flanking rs1950834, and targeted knock-
down of these transcription factors reduced the expres-
sion of target genes LRFNS. In particular, we successfully
established homozygous rs1950834-AA and rs1950834-
GG genotypic SK-N-AS cells via single-base editing tech-
nology for the first time. We directly elucidated that the
risk allele AA reduced LRFNS expression compared to the
protective allele GG, even in the stress state of DEX inter-
vention. Consequently, our results robustly support the
notion that rs1950834 is a functional variant for MDD via
regulating target gene expression.

Another important finding of this study is that LRFN5
was selectively decreased in the NAc of MDD patients by
meta-analysis of transcription data of MDD patients from
the GEO database. Accordingly, LREN5 expression was
reduced in NAc neurons in CUMS-induced depression-
like behavior mice, without the specificity of subregion
and neuron subtype. Targeted knockdown of neuron-
derived Lrfn5 in NAc induced depression-like behav-
iors in mice and further aggravated the CUMS-induced
phenotypes. On the contrary, LrfuS overexpression in
neurons can confer resistance to CUMS. The NAc is a
component of the basal ganglia system and acts as a criti-
cal structure for reward and motivation-related behav-
ior [68, 69]. Growing evidence supports that the NAc is
a central brain region involved in affective circuits [70],
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contributing to the pathophysiology and neuronal-circuit
impairment of MDD [71-73]. Importantly, precise neu-
romodulation of NAc, such as deep brain stimulation, has
been shown to play a significant antidepressant role [74,
75]. Taken together, the results indicated that the reduc-
tion of NAc neuron-derived Lrfn5 leads to chronic stress-
induced depression, which provides empirical evidence
for precisely targeted antidepressants. On the other side,
it should be noted that LRFN5 was also highly expressed
in several brain regions, including amygdala, anterior
cingulate cortex (BA24), caudate (basal ganglia), cerebel-
lar hemisphere, cerebellum, cortex, frontal cortex (BA9),
hippocampus, hypothalamus, putamen (basal ganglia),
spinal cord (cervical c-1) and substantia nigra (Additional
file 1: Fig. S3). Although this study is based on the find-
ings of the human meta-analysis above, it first focuses
on the NAs to reveal that the target gene is involved in
chronic stress-induced depression in mice; we could not
rule out the possibility that LRFN5 contributes to MDD
pathogenesis in other emotion-related brain regions.
It should also be noted that examining multiple regions
in meta-analysis increases the risk of false positives.
Thereby, it is necessary for further detailed exploration.
This study also elucidated that the knockdown of Lrfn5
in NAc neurons exacerbated CUMS-induced synap-
tic damage and depression-like behaviors in mice, while
overexpression of Lrfu5 in NAc neurons reversed these
phenotypes. LRFNs, also known as synaptic adhesion-
like molecules (SALMs), are members of a family of
synaptic adhesion molecules consisting of five known
members: LRFN1-5 [16, 76, 77]. LREN5 contains six
leucine-rich repeats flanked by N-terminal and C-ter-
minal cysteine-rich capping domains, an Ig domain, and
a fibronectin III domain in the extracellular region, fol-
lowed by a single transmembrane domain. LREN5 was
enriched in the synaptic fractions and could form com-
plexes with PSD95 at excitatory synapses [18]. Knock-
down of Lrfu5 in cultured mouse hippocampal neurons
inhibited the number of both excitatory and inhibitory
synapses. Consistently, the frequencies and amplitudes of
mEPSCs and mIPSCs were also reduced in LrfnS knock-
down neurons. Postsynaptic LREN5 promotes synapse
development and regulates AMPA-type glutamate recep-
tor-mediated synaptic strength by trans-synaptically
interacting with presynaptic leukocyte common antigen-
related receptor protein tyrosine phosphatases [18, 20].
Importantly, we observed CUMS significantly reduced
the frequency, but not amplitude, of mEPSCs in mice,
indicating a decrease in AMPA receptor-mediated excita-
tory synaptic transmission. This reduction in mEPSCs
frequency was ameliorated by Lrfu5 overexpression.
These findings consistently confirm that LREN5 can be
used as a molecular target to regulate synaptic function
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and MDD treatment, and provide evidence for NAc as a
target area for neuromodulation.

Several limitations remain for this study. First, the
discrepancy in the genomic location of rs1950834 in
humans (14q21.1) and that of mouse Lrfn5 (12qC1) com-
plicactes the identification of the corresponding position
of rs1950834 in mice. Consequently, the rs1950834 site-
specific single-base edited mice could not be generated.
Second, the absence of Lrfu5 knockout or conditional
knockout mice may have limited our ability to thoroughly
elucidate the mechanisms underlying the protective role
of Lrfu5 on synaptic plasticity in depression. Third, it is
necessary to note that LRFNS5 in other brain regions may
also contribute to the pathogenesis of depressive disorder,
together with NAc. For example, Levey et al. reported on
the potential involvement of LRFNS in the frontal cortex
in the pathogenesis of MDD [6, 15]. Therefore, further
empirical investigations are required to validate these
findings. In the future, we will also test whether LRFN5
is differentially expressed in neuron-derived exosomes of
peripheral blood from MDD patients with a large sample
size to establish a reliable diagnostic biomarker.

Conclusions

The study comprehensively elucidates the molecular regula-
tory mechanisms of MDD risk-associated variant rs1950834
at the single nucleotide level. The investigation has iden-
tified LRENS as the target gene of rs1950834 and has sug-
gested that NAc neuron-derived LRFN5 was involved in
depression by maintaining synapse-related functions. These
findings provide valuable molecular and biological insights
into the genetic regulatory mechanisms of MDD, offering
a framework to elucidate functional variants at reported
MDD risk loci. This study may broaden the boundaries of
our understanding of MDD and provide new avenues for
the development of novel therapeutic interventions.
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