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Cathepsin B deficiency disrupts cortical
development via PEG3, leading to
depression-like behavior

Check for updates

ZhenXie1,2,7,QinghuYang3,7, Fei Lan2,WeiKong2, ShuxuanZhao2, Jinyi Sun4, YanYan5, ZhenzhenQuan 2,
Zhantao Bai 3,8 , Hong Qing 6,8 , Jian Mao 1,8 & Junjun Ni 2,8

Cathepsin B (CatB), a protease in endosomal and lysosomal compartments, plays a key role in
neuronal protein processinganddegradation, but its function in brain development remains unclear. In
this study, we found that CatB is highly expressed in the cortex of E12.5–E16.5 mice. Morphological
analysis revealed significant defects in cortical development in CatB knockout (KO) mice, particularly
in layer 6. In vitro experiments showed that CatB deficiency notably impaired neuronal migration and
development. Behaviorally, CatB KO mice displayed prominent depressive-like behaviors, and
electrophysiological recordings demonstrated significantly reduced neuronal activity in layer 6 of the
medial prefrontal cortex. Mechanistically, proteomics analysis revealed that CatB KO affected
neuronal migration and axonal growth, and decreased the expression of key transcription factors
involved in neuronal development, particularly PEG3. Deficiency of PEG3 also significantly impaired
neuronalmigration anddevelopment. Our findings uncover a role for CatB in cortical development and
suggest amechanism linkingCatBdeficiencywith depression and developmental defects through the
destabilization of PEG3.

The development of the cerebral cortex is a dynamic and precisely orche-
strated process involving neurogenesis, neuronal migration, and circuit
formation. During embryonic development, newborn neurons formwithin
the neuroepithelium, a proliferative layer of the neural tube, and subse-
quently migrate throughout the central nervous system (CNS), finally
integrating into an appropriate layer and forming part of a neuronal circuit1.
In mice, newborn neurons originate from the ventricular zone (VZ) from
embryonic day 10 (E10) through E17 and then migrate in an inside-out
pattern from the VZ toward the pial surface, first forming deep cortical
layers VI and V, and then progressively seeding the upper layers after
postnatal day 8 (P8)2. Given that the cerebral cortex is responsible for higher
cognitive functions and emotional processing, abnormal neuronal migra-
tion is an important cause of many neurodevelopmental conditions,
including autism spectrum disorders, schizophrenia, epilepsy, and intel-
lectual disability3–5.

Cathepsin B (CatB, EC 3.4.22.1) was the first member of the C1 family
of papain-like, lysosomal cysteine peptidases to be identified, and is known

to be expressed in most cell and tissue types. CatB is synthesized as an
inactive pre-proenzyme and is subsequentlymodified in itsN-glycosidically
linked oligosaccharide chains with mannose-6 phosphate residues in the
Golgi apparatus before being transferred to endo/lysosomes. Within the
acidic environment of the endo/lysosome, inactive CatB is processed via
autocatalysis or by other proteases into a mature, active, two-chain form6,7.
Over the last two decades, dysregulated CatB synthesis and activity have
been implicated in the pathology of several diseases, such as cancer8–11,
pancreatitis12, liver fibrosis13, rheumatoid arthritis14,15, inflammatory pain16,
traumatic brain injury17, hypoxic-ischemic brain injury18, Alzheimer’s
disease19–22 and SARS-CoV-2 infection23,24.While the pathological functions
of CatB are gradually being elucidated, its physiological functions, other
than that associated with lysosomal cargo remain to be clarified.

CatB knockout mice were reported to be phenotypically indis-
tinguishable from their wild-type (WT) siblings and did not display any
organ development or immune system abnormalities6. Owing to over-
lapping substrate specificities, the cysteine cathepsin network can
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compensate for the loss of function of individual enzymes. However,
CatB−/−/CatL−/− double-knockout mice die from brain atrophy shortly
after birth, which is not observed in corresponding single-knockout
animals25. This suggests that CatB has irreplaceable physiological func-
tions during development. Recently, using CRISPR technology, we
deleted the CatB-encoding gene (Ctsb) in differentiated N2a cells and
found that these cells failed to produce neurite outgrowths, unlike their
WT counterparts26. These findings provided valuable insight into the
physiological functions of CatB in neural development. The role of CatB
in brain development has yet to be characterized.

In this study, we found that CatB-deficientmice have normal cognitive
function, but exhibit depressive behaviors. However, the knockdown of
CatB in adult WT mice did not result in similar depression-like behaviors.
Additionally, mice lacking CatB showed decreased neuronal activity in
depression-related brain regions, including the paraventricular thalamic
nucleus (PVT). Fluorescence retrograde tracing indicated that layer 6 of the
prefrontal and insular corticesmediated the effects ofCatBdeficiency on the
anterior PVT (aPVT). Coincidentally, CatB was found to be highly
expressed in the embryonic cerebral cortex, especially from E12.5 to E16.5,
which is the critical stage in the development of cortical layer 6. Mechan-
istically, we found that CatB is involved in neuronal migration and differ-
entiation through the stabilization of paternally expressed gene 3 (PEG3), a
key transcription factor in neuron development. Together, our results
revealed that CatB plays a vital regulatory role in cortical development
through the stabilization of a related transcriptional network.

Materials and methods
Animals
Wild-type and CatB knock-out (CatB+/−) mice of C57BL/6 background
were kept and bred in the Animal room of Beijing Institute of Technology.
The selection of CatB−/− mice of homozygous mice from their littermates
was performed by examining the template genomic DNA isolated from tail
biopsies, using a CatB-exon 4-specific PCR with MCB11 primers (5’-
GGTTGCGTTCGGTGAGG-3’) and MCBGT (5’-AACAAGAGC CGC
AGGAGC-3’)18,27. The primers for genotypingwere listed in supplementary
table 1. All behavioral tests were performed using 2-month-old mice. Both
male and female mice were included in equal numbers. All animal studies
were carried out following the guidelines contained in the Regulation of
Laboratory Animals (Beijing Institute of Technology) and under the pro-
tocols approved by the Institutional Animal Care and Use Committee
review panels at Beijing Institute of Technology.

Cell culture
Themouse neuroblastoma cell lineN2a (CCL-131, ATCC)wasmaintained
in DMEM (Gibco, Cat# 11965092) containing 10% fetal bovine serum
(Gibco, Cat#16010142) supplemented with 1% penicillin-streptomycin
(Gibco, Cat#15140122) at 37 °C in a humidified atmosphere with 5%CO2.
The maximum number of passages for cell lines was 20.

Single-cell suspensions were prepared from themouse neonatal cortex
following the previously described methods28. In brief, there were 3 inde-
pendent dissections in total, resulting in 9 wells per treatment. Neonatal
C57BL/6J mice of P0 were used in the present study. Neocortices from
30 pups were pooled together. The pups were euthanized by decapitation
after cold-induced anesthesia, and their brains were rapidly removed.
Neocortical tissues were dissected in ice-coldHank’s buffer and subjected to
enzymatic digestion using the papain (Solarbio, Cat#G8430). The single-cell
suspensions were obtained after application to a 30-mm cell strainer.

Cells were counted and seeded on glass coverslips pre-coated with
500 μg/mL poly-L-lysine (Sigma-Aldrich, Cat#P1399) and were cultured
with MEM (Gibco, Cat#11090-081) containing 10% horse serum
(ThermoFisher, Cat#16050122) supplemented with 1 mg/mL glucose
(Sigma, Cat#07-0680-5), 1% penicillin-streptomycin (Gibco,
Cat#15140122) and 100mM sodium pyruvate (Gibco, Cat#11360-070)
overnight. On the next day after seeding, the medium was replaced with
Neurobasal (Gibco, Cat#21103-049) supplemented with 2% B27 (Gibco,

Cat#17504-044), 1 mg/mL glucose (Sigma, Cat#07-0680-5), 1%
penicillin-streptomycin (Gibco, Cat#15140122) and 200mML-glutamine
(Gibco, Cat#25030-081). The cells will be continued to culture for
indicated time points.

The single-cell suspensions were also cultured in a 100mm cell culture
dish for neurosphere proliferation. Neurosphereswere passaged every three
days. The aggregated neurospheres were collected into a centrifuge tube and
centrifuged at 2500 rpm for 5min, and the supernatantwas sucked out. The
supernatant was resuspendedwith accutase (Gibco) and digested in a 37 °C
incubator for about 10min, gently and repeatedly blown to single cells. The
digestionwas terminatedwithFBS, and the single cellswere evenly spread in
the dish, and the medium was changed by half volume. The proliferation
medium was composed of DMEM/F12 (Gibco, Cat# 11320033), 1%
Penicillin-Streptomycin Liquid, 2% B27 supplement, 20 ng/mL EGF
(Peprotech, Cat#315-09), 20 ng/mL bFGF (Peprotech, Cat# 450-33). After
the third passage digestion, the cells were evenly spread on 14mm poly-L-
lysine (SigmaAldrich, Cat# 32160801) treated cell slides in a 24-well plate at
a volumeof 2× 105 cells /mL for differentiation. Thedifferentiationmedium
was composed of Neuobasal (Gibco, Cat#21103-049), 1% L- glutamine, 2%
B27 supplement, 1%NEAA (Gibco, Cat#11140050), 0.1%AA (Gibco,
Cat#11130051), 1%Penicillin-Streptomycin Liquid, 10 ng/mL BDNF
(Peprotech, Cat#450-02). 1/3 of the mediumwas changed every three days,
and cell slides were collected according to day (D) 1, D3, D5, D8, D11, and
D14, respectively. 10 μMCA-074Me (MedChemExpress,HY-100350)was
dissolved in DMSO and applied to the cell culture.

hiPSCs differentiation into forebrain neurons
hiPSCs line (907005-CBP35, passages 16, Precision BioMedicals, Tianjing,
China) was maintained under feeder-free conditions. Culture plates were
coated with Matrigel matrix 2 h at 37 °C (Corning, NY, 1/100, diluted in
DMEMF12medium,). hiPSCswere cultured inmTESR1plus (STEMCELL
technologies, Cat#05825) complemented with 1% penicillin/streptomycin.
Cultureswere fed daily andpassaged every 5 to 7 days.Neural inductionwas
carried out in STEMdiff™ SMADi Neural Induction Kit (STEMCELL
technologies, Cat#08581) according to the manufacturer’s instructions.
Induction efficiency was identified by immunofluorescence staining after
the third passage. Then, differentiation of NSCs was achieved using the
STEMdiff™ Forebrain Neuron Differentiation Kit (STEMCELL technolo-
gies, Cat #08600). Five days later, seed neuronal precursors onto a warm
(37 °C) coated 24-well plate at a density of 1.5 × 104 - 3 ×104 cells/cm2 in
STEMdiff™ Forebrain Neuron Maturation Medium (STEMCELL technol-
ogies, Cat#08605). 12 h later, transfect PEG3 siRNA or negative control
siRNA with Lipofectamine RNAiMAX (Invitrogen, Cat#13778075) or add
10 μM CA-074Me. The full medium was changed every 3 days.

Cell viability assay
Neural stem cells were seeded in 96-well plates for differentiation (2000
cells/well), Using the above-mentioned neural stem cell differentiation
medium. 1/3 of the medium was changed every three days, and the treat-
ment group was supplemented with CA-074Me. Cell viability assays were
performed using a cell counting kit (CCK-8, Beyotime). The optical density
was read at a wavelength of 450 nm with a microplate reader. Cell viability
was calculated using the formula: optical density of the treated group/
control group.

Generation of CatB knock-out cells
A neuronal CTSB knockout (CTSB KO) cell line was established by using
N2a cells and a commercially available clustered regularly interspaced short
palindromic repeats (CRISPR) and homology-directed repair (HDR)
(ORIGEN, Cat#KN303984) on N2a cells via CRISPR and HDR. Positive
cells were selected with 2 μg/ml puromycin (InvivoGen, Cat#ant-pr) for
15 days. A single cell clone was picked up and continued to culture. CTSB
expression was assessed by Q-PCR and immunoblotting. During the gen-
eration, we also included scramble control gRNA (SKU GE100003, ORI-
GENE, Cat#KN303984) to serve as a negative control. Positive clones were
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collected and cultured. However, some positive cell gene KO may occur in
one allele (heterozygous). To exclude heterozygous cells, 10 positive single
cloneswere subjected toRT-PCRandWesternblotting for further selection.
The homozygous cells were confirmed and used in the subsequent
experiments.

Immunofluorescent staining
The brains sections from embryos, post-born neonatal, and adults of WT
and CatB−/− mice were incubated with primary antibodies against CatB
(1:1000, AF965, R&D system), Ctip2 (1:1000, ab18465, Abcam), Tbr1
(1:500, ab183032, Abcam), Pax6 (1:500, ab5790, Abcam), MAP2 (1:500,
ab11267, Abcam), Nestin (1:1000, MA1-110, Invitrogen) and cfos (1:1000,
sc-166940, Santa Cruz) at 4 °C overnight. After washing with PBS, the
sections were incubated with second antibodies (1:1000, ab150077&a-
b150115&ab150080&ab150116&ab150165&ab15704, Abcam) at 4 °C for
2 h. The sections weremounted in AntifadeMountingMedium (Beyotime,
Cat#P0126). Fluorescence images were taken using a Nikon confocal
microscope (Nikon A1R).

The cultured N2a cells, primary neurons or differentiated neurons
were fixed with 4% paraformaldehyde (Biosharp, Cat#BL539A), permea-
bilized with 0.3% Triton X-100 (Biosharp, Cat#BS084) in 1% PBS, and
blocked with 2% bovine serum albumin (Solarbio, Cat#A8850) and 2%
donkey serum(Solarbio,Cat#SL050) inPBS.Theywere then incubatedwith
the primary antibodies overnight at 4 °C. After washing with PBS, the
sections were incubated with second antibodies, then incubated with
Hoechst 33258 (1:500, Sigma-Aldrich, Cat#94403) and mounted in Anti-
fade Mounting Medium. Fluorescence images were taken using a Nikon
confocal microscope (Nikon A1R).

Immunoblotting analysis
Cortices from mice at embryonic day (E12.5, E14.5, and E16.5), postnatal
day (P0 and P10) and adult (P60) were dissected and homogenized in RIPA
buffer containing protease inhibitors. Cultured cells were also homogenized
as the above method. The samples were quickly frozen and stored until use
at −80 °C. The immunoblotting analyses were conducted29. In brief, each
sample was lysed and electrophoresed using 15, 12, or 7.5% SDS-
polyacrylamide gels. The proteins on the SDS gels were then electro-
phoretically transferred to nitrocellulose membranes. Following the
blocking, the membranes were incubated at 4 °C overnight under gentle
agitation with primary antibodies against CatB (1:1000, AF965, R&D sys-
tem), PEG3 (1:1000, 84030-5-RR, Proteintech), Foxo1 (1:1000, ab179450,
Abcam), Foxc1 (1:500, ab227977, Abcam), Ubiquitin (1:600, 10201-2-AP,
Proteintech), β-actin (1:10000, ab6276, Abcam) and LC3B (1:2000, 2775S,
Cell signaling technology). After washing, the membranes were incubated
with horseradish peroxidase (HRP)-labeled second antibodies (1:10000,
ab6721&ab6728&ab6885, Abcam) for 2 h at room temperature. Subse-
quently, themembrane-bound,HRP-labeled antibodiesweredetectedusing
an enhanced chemiluminescence detection system (ECLkit;Millipore, Cat#
WBKLS0500) with an image analyzer (LAS-4000; Fuji Photo Film).

Whole-cell patch-clamp recordings
Coronal brain slices (300 μm) containing aPVT, and layer VI of the mPFC
and insular cortex were prepared from 2-month-old CatB KO and WT
mice. Neurons were recorded at −70mV using a MultiClamp 700B
amplifier (Molecular Devices). Pipettes (3–6 MΩ) were filled with a K-
gluconate-based internal solution. Spontaneous EPSCs and action poten-
tials were recorded in voltage- and current-clamp modes, respectively.
Signals were filtered at 2 kHz, digitized at 10 kHz, and analyzed with Mini
Analysis (Synaptosoft).

Scratch wound assay
The scratch wound assay is a common in vitromethod used tomeasure cell
migration/proliferation30. The capacity of the cultured neurons to induce
repopulation of the wound was examined by scratching confluent cell
monolayers. The wound was induced by dragging a sterile pipette tip

(200 μL) across the surface of N2a and N3amonolayers. The detached cells
and debris were removed immediately by washing with PBS. The cells were
maintained for an additional 72 h in the presence or absence of inhibitors.
Bright-field images at the region of interest were taken at 0 and 72 h after
incubation under an invertedmicroscope (NikonA1R). The cells were then
fixedand stained forF-actin to further examine the effects ofCatBdeficiency
or inhibitors on the migration/proliferation of astrocytes.

Inhibitors
10 μMpepstatin (PEPTIDE,Cat#4397)was used to inhibitCTSD, 10 μMZ-
FF-FMK (Cat#sc-364671) was used to inhibit CTSL and 10 μMCA-074Me
(PEPTIDE, Cat#4323-v) was used to inhibit CTSB. It was noted that CA-
074Me was reported to be selective for CTSB at concentrations below 1 μM
and concentrations (more than 10 μM) will be needed to inhibit CTSB;
However, high concentration of CA-074Me inhibited CTSs broadly31.

Chronic restraint stress (CRS)
Micewere individually restricted in 50-ml conical tubeswithholes for air for
2 to 3 h per day in the 2p.m–5p.m for 10 consecutive days. Behavior tests
were performed before CRS, CRS day 5, and day 10. On the test day, mice
were transferred to the testing room to acclimate to the experimental
environment for at least 1 h. The apparatus was thoroughly cleaned with
70% alcohol to remove the previously tested animal’s odor and trace after
each test session.

Morris water maze test
The Morris water maze test was performed to measure the long-term
memory of mice. The water maze model was used in a circular tank (dia-
meter 1.2m)filledwithwaterwhich temperaturewas kept at 22–23 °C. The
experiments were performed on 6 consecutive days, including the cued
platform taskonday1, the training taskondays 2–5, and the test onday6. In
the cued task, the platform was located above the surface of the water and
marked by an attached flag. Throughout the training and test days, the
platformwas located1 cmunder the surfaceof thewater.On the test day, the
platform was removed from the water. Throughout the experiment, mice
were trained for 4 trials per day, with an intertrial interval of 20min. Each
mousewas allowed 90 s to find the platform. If themice found the platform,
theywere allowed to stay on the platform for 15 s before being transferred to
the home cage. The number of platform crossings, latency to reach the
original platform location, swim speed, and total distance traveled were
recorded using a video tracking system (Smart 3.0, Panlab, Spain).

Y maze test
The short-term memory was evaluated using a Y maze as previously
reported32. Briefly, the Y maze made of black Plexiglas (5 cm width, 35 cm
length, 10 cm height) consisted of identical three arms with 120°. Each
mouse was placed at the end of one fixed arm and allowed to move freely
through themaze during a5-min session and its behaviorwas recordedwith
a camcorder. Three consecutive choices were defined as an alternation. The
percentage of alternations was calculated as (Number of alterations/Num-
ber of entries) × 100. In addition, the total number of arms entered during
the session was also determined.

Open field test
Micewere placed in the centerof anopen chamber (50 cm×50 cm×50 cm)
and allowed to explore their surroundings freely for 10min. The arena was
divided into 16 squares via an automated grid system using Smart 3.0 soft-
ware (Panlab, Spanish), which was also used to record data. Time in the
center squares of the arena, distance traveled, and speed were recorded.

Elevated plus maze
TheEPMapparatus comprised twoopen arms (30× 5 cm), two closed arms
(30 × 5 × 15 cm), and a central platform (5 × 5 cm) elevated 100 cm above
ground.Mice were placed in the center facing one of the two open arms and
allowed to explore for 10min, and their behavior was monitored with a
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camera (Smart 3.0, Panlab, Spanish) placed on the top of the maze. The
amount of time spent in the open arms was used as an indicator of anxiety-
like behavior.

Tail-suspension test
Mice were suspended 30 cm above the floor by adhesive tape placed
approximately 1 cm from the tip of the tail. A 4 cm long hollow cylinder
(with an inner diameter of about 1.3 cm)was placed at the base of themouse
tail to prevent mice climb or hang on to their tail. The test lasted 6min and
the animal’s immobility time was calculated during the last 5 min.

Forced swimming test
Mice were individually placed in a Plexiglas cylinder (height of 30 cm,
diameter of 19 cm) containing 19 cmwater (23 ± 1 °C). The test lasted for
6min. The duration of immobility was recorded during the final 4minwith
a video tracking system (Smart 3.0, Panlab, Spanish). Immobility was
defined as the absence of active escape behaviors such as swimming or
climbing, with only minimal movements to keep the head above water.

Sucrose preference test
Mice were individually housed and given continuous exposure to a water
bottle containing regular water and a second with 1% sucrose (Sigma
Aldrich, Cat#100892). The positions of the sucrose water bottle and the
regular water bottle were swapped every 12 h. After 48 h of habituation,
mice were deprived of both food and water for 24 h. Immediately after
deprivation,micewere given 24 h access to one bottle of 1% (wt/vol) sucrose
solution and one bottle of regular water with switching the positions of the
sucrose and the regular water bottle every 12 h. Each bottle was weighed
before and after the test and sucrose preference was expressed as
(Δweightsucrose)/(Δweightsucrose+Δweightwater) × 100.

Real-time quantitative PCR analysis
The mRNA isolated from cells was subjected to a real-time quantitative
PCR. The total RNA was extracted with RNAiso Plus (Takara, Japan,
Cat#9108) according to the manufacturer’s instructions. 1 μg RNA was
reverse transcribed to cDNA using the QuantiTect Reverse Transcription
Kit (Qiagen, Japan, Cat#205311). After an initial denaturation step at 95 °C
for 5min, temperature cycling was initiated. Each cycle consisted of dena-
turation at 95 °C for 5 s, annealing at 60 °C for 10 s, and elongation for 30 s.
In total, 40 cycles were performed. The cDNA was amplified in duplicate
using a Rotor-Gene SYBRGreen RT-PCRKit (Qiagen, Japan, Cat#204174)
with a Corbett Rotor-Gene RG-3000A Real-Time PCR System. The data
were evaluated using the RG-3000A software program (versionRotor-Gene
6.1.93, Corbett). The sequences of primer pairs are described below. CatB:
5’-GCAGCCAACTCTTGGAACCTT-3’ and 5’-GGATTCCAGCCACA
ATTTCTG-3’, mouse PEG3: 5’- GAGGTCCAAGAGAAC

TGCCTAC-3’ and 5’-GAGAAGACTCGTCCTCACAGATC-3’,
mouse Actin: 5’-A

GAGGGAAATCGTGCGTGAC-3’ and 5’- CAATAGTGATGACC
TGGCCGT-3’. human PEG3: 5’- CGGAACAGAAGAGAGTCCTCAC-3’
and 5’- TGCTTCTTGGG

TTCCTGGTGTG-3’, human Actin: 5’- CACCATTGGCAATGAG
CGGTTC-3’and

5’-AGGTCTTTGCGGATGTCCACGT-3’. For normalization, an
endogenous control (actin) was assessed to control for the cDNA input, and
the relative units were calculated by a comparative Ct method. All the real-
time qPCR experiments were repeated three times, and the results are
presented as means of the ratios ± SEM.

Label-free quantitative LC-MS/MS analysis
Cortical tissues from WT (n = 3) and CatB KO (n = 4) mice at embryonic
day 12.5 (E12.5) were collected and lysed in PASP buffer containing
100mM ammonium bicarbonate and 8M urea (pH 8.0). Protein con-
centrations were determined using the Bradford assay. Proteins were
enzymatically digested with trypsin, allowing up to two missed cleavage

sites. Peptide separation was performed using a nano Elute UHPLC system
(Bruker Daltonics) equipped with an in-house packed analytical column
(15 cm × 100 μm, 1.9 μm C18 resin), coupled to a timsTOF Pro2 mass
spectrometer (Bruker Daltonics) via a Captive Spray ion source (electro-
spray voltage: 1.5 kV). MS data were acquired in PASEF mode, with a scan
range ofm/z 100–1700, an ion mobility (1/K₀) range of 0.85–1.3 V s/cm², a
ramp time of 100ms, 10MS/MS scans per cycle, a total cycle time of 1.17 s,
an intensity threshold of 2500, and a target intensity of 20,000.

Raw data were processed using Proteome Discoverer 2.4 (Thermo
Fisher Scientific) and MaxQuant software. Peptide and protein identifica-
tion was performed using the UniProt Mus musculus FASTA database
(downloaded on January 27, 2022; 86,515 sequences). Search parameters
included a precursor mass tolerance of 20 ppm and a fragment mass tol-
erance of 0.05 Da. Carbamidomethylation of cysteine residues was specified
as a fixed modification, while oxidation of methionine and protein
N-terminal acetylation were set as variable modifications. All mass spec-
trometry experiments were performed by Novogene Co. Ltd. (Tianjin,
China). The false discovery rate (FDR)was controlled at 1%at both peptide-
spectrum match (PSM) and protein levels. Label-free quantification was
based on precursor intensities. Differential expression analysis was con-
ducted using the limma package in R, with a significance threshold of
p < 0.05 and a fold change≥ 1.5. GeneOntology enrichment was performed
using the R packages clusterProfiler (v4.8.1), simplifyEnrichment (v1.12.0),
and org.Mm.eg.db (v3.17.0).

Transmission electron microscope
N2a cells were incubated with vehicle and CA074me for 12 hours and fixed
with 2.5% glutaraldehyde in 0.01mol/l sodium phosphate buffer (pH 7.4)
for 1 h, followed by 1% osmium tetroxide for 2 h. After dehydration, thin
sectionswere cut using aLeicaEMUC7Ultramicrotome (Leica) and stained
with 2% uranyl acetate and lead citrate. The ultrastructural analysis was
performed using aHITACHIHT 7800 80 kV electronmicroscope (Hitachi
High-Tech).

Statistics and Reproducibility
All data analysis and statistics were calculated with GraphPad Prism 9.0
(GraphPad Software) and Origin 8.5 software. Two groups were compared
using anunpaired two-sidedStudent’s t-test. Inmore than twoexperimental
groups, data were analyzed by a one-way ANOVA test. When the one-way
ANOVA tests were statistically significant, Bonferroni’s and Dunn’s
multiple-comparison post hoc analyses, respectively, were used to compare
the differences between individual groups. P values less than 0.05 were
considered statistically significant and are indicated by *P < 0.05,
**P < 0.01, and ***P < 0.001 in the figures. Data are shown as means ±
standard errors (SEM).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Results
CatB was highly expressed in the developing cortex of mice
To determine whether CatB is associated with brain development, we
quantified CatB levels in the embryonic (E12.5, E14.5, and E16.5), neonatal
(P0), and postnatal (P10) cerebral cortex of WT mice by western blot
(Fig. 1A). The results showed that the expression of both pro- and mature
CatB decreased during embryonic development, with the highest abun-
dance being detected at E12.5 (Fig. 1B, C).

In themouse forebrain, the cerebral cortex is visible fromE9.5, when it
consists of a unique layer of proliferating neuroblasts, termed the germi-
native neuroepithelium or ventricular zone (VZ). Cortical plate neurons are
generated in an inside-out pattern, that is, layer 6 neurons are born first,
followed by layer 5 neurons, with neurons of layers 4, 3, and 2 being born
last. In the VZ, neurogenesis starts at E11.0 ventrolaterally and at E12.0
dorsomedially, peaks around E12.5–E13.5, and continues at lower levels
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Fig. 1 | CatB is expressed highly in the developing mouse cortex. A CatB protein
levels in mouse cortex at indicated embryonic (E), postnatal (P), or adult stages
assessed byWestern blot. Representative blots from three independent experiments
(n = 3 mice per time point). B, C Quantification of pro-form (B) and mature-form
(C) CatB expression normalized to Actin (n = 3 mice per group). D Schematic
illustration of cell migration from ventricular zone (VZ) to preplate (PP) in E12.5

embryos. E Fluorescent images of CatB (magenta) andHoechst (blue) inWTmice at
E12.5, E14.5 and P0. Scale bar, 100 μm. FQuantification of CatB staining intensity in
(E), normalized to VZ/SVZ at each time point. Images were taken from 3 mice per
stage, 3 brain sections per mouse.G Immunofluorescent staining of CatB (magenta)
with Ctip2 (green) or Trb1(green) in the cortex of WT mice at E12.5. Scale bar,
50 μm. *P < 0.05, **P < 0.01. Error bars represent mean ± SEM.
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until P17; neuronal differentiation and migration continue after birth33. At
around E12.5, a first layer (layer 6) differentiates in an area above the VZ,
called the preplate (PP) (Fig. 1D). To investigate whether high CatB
expression at E12.5 correlates with brain development, we performed
immunofluorescence staining for CatB at E12.5, E14.5, and P0 inWTmice
(Fig. 1E). The results showed that CatB is mainly expressed in the PP at
E12.5. However, there was no difference in CatB expression between layer
2–6 and layer 1 at P0 (Fig. 1F). The results of co-staining for specificmarkers
of layers 5 and 6 (Ctip2 and Tbr1, respectively) showed that CatB was
mainly distributed around these layers of the cortex (Fig. 1G). These results
suggested that CatB may also be involved in neuronal differentiation. In
addition, we found that CatB deletion decreased the area of cortical layers 5
and 6 (Fig. S1A, B) as well as the number of cells in layer 6, but not layer 5
(Fig. S1C,D), in P7mice.Together, these observations indicated thatCatB is
involved in cortical neuronal development, especially in layer 6.

CatB deficiency blocked neuronal migration and differentiation
To investigate whether CatB regulates the migration of neurons, we con-
ducted a scratchwoundhealing assay inN2a (amouse-derivedneuronal cell
line) cells. The results showed that the migration of N2a cells was sig-
nificantly inhibited by CA-074Me, a cell-permeable CatB inhibitor, but not
pepstatin, an aspartyl peptidase inhibitor, or Z-FF-FMK, a specific CatL
inhibitor (Fig. 2A, B). CatB has been reported to have enzymatic activity
both inside and outside of neurons34,35. To determine whether intracellular
or extracellular CatB is involved inN2a cellmigration, we appliedCA-074, a
non-cell permeable CatB inhibitor, toN2a cell cultures after wounding, and
found that extracellular CatB did not inhibit N2a cell migration to the same
extent as intracellular CatB (Fig. 2C, D). To verify these results, we knocked
out the Ctsb gene in N2a cells (designated as N3a cells) using CRISPR-
mediated homology-directed repair (HDR). The complete knockout of
CatB in N3a cells was confirmed by both qPCR (Fig. S2A). Consistent with
the results obtained with CA-074Me-treated N2a cells, both migration and
scratch wound closure were impaired in N3a cells (Fig. 2C, D; Fig. S2B).
These results indicated that CatB is involved in neuronal migration.

We previously found that CatB expression was markedly increased in
N2a cells after 24–48 h of treatment with retinoic acid (RA), which can
induce the neuronal differentiation of N2a cells26. To verify whether CatB
can influence neurite outgrowth, we treatedN2a andN3a cells with RA and
stained their neurites with the Neuro-Chrom Pan Neuronal Marker
antibody. After 72 h of RA treatment, neurite length was noticeably
increased inN2a cells, whereas the opposite effect was observed inN3a cells
(Fig. S2C, D). Furthermore, the knockdown of CatB with siRNA or its
inhibition with CA-074Me also blocked neurite outgrowth in primary
neurons during the differentiation stage (Fig. 2E). Collectively, these find-
ings demonstrated that CatB plays an important role in neurite outgrowth,
which is reflected in the inhibition of growth cone creation in the initiation
stage of neurite outgrowth.

Here, we found that CatB-mediated neurite growth is closely related
to neuronal differentiation. We further found that CatB is highly
expressed in the outer cortex from E12.5 to E14.5, which is the critical
period for neural progenitor cell migration and differentiation. These
observations implied that CatB may be closely related to the process of
neural progenitor cell differentiation. To test this possibility, we har-
vested neural stem cells from the cortex of neonatal mice and induced
their neuronal differentiation. Immunofluorescence staining showed that
the expression of nestin (a specific marker of neural stem cells) was
highest in the first 3 days of differentiation and subsequently decreased
(Fig. 2G), which was consistent with the trend observed for CatB
expression (Fig. 2G, H). However, the expression of MAP2, a marker of
mature neurons, gradually increased and eventually stabilized during the
differentiation of the neural stem cells, indicating that they had differ-
entiated into mature neurons (Fig. 2G, H). The inhibition of CatB activity
with CA-074Me on day 1 of differentiation decreased the number of
MAP2-positive cells as well as the number of branches inmature neurons
(Fig. 2G, H). To exclude possible deleterious effects of CA-074Me on the

differentiation of neural stem cells, we examined their viability following
48 h of treatment with CA-074Me. Meanwhile, cortical primary neural
stem cells extracted from neonatal CatB−/− mice also exhibited impaired
differentiation (Fig. 2I–K). These data indicated that CatB is highly
expressed in the early stages of neural stem cell differentiation and
participates in the regulation of this process.

CatB knockout mice exhibited depressive-like behaviors
To investigate the physiological function of CatB in vitro, we conducted a
series of behavioral experiments to explore the behavioral characteristics of
CatB knockout (CatB−/−) mice (Fig. 3A). First, we performed the tail sus-
pension test (TST), the forced swim test (FST), and the sucrose preference
test (SPT) to assess depression-related behaviors in CatB−/−, CatB knock-
down mice (CatB+/−), and their WT littermates (controls). We found that
the immobility time of CatB−/− mice was significantly increased compared
with that of WT animals in both the TST (Fig. 3B) and the FST (Fig. 3C).
Moreover, CatB−/− mice displayed reduced sucrose preference relative to
their WT littermates (Fig.3D). Subsequently, mice in the three groups were
exposed to 2 weeks of chronic restraint stress (CRS) to investigate whether
CatB deficiency represented more vulnerable to major risk factor for
depression36. No difference in immobility time in the TST was observed
among the three groups after 5 days of exposure toCRS (Fig. S3A); however,
on day 10 of CRS, a significant increase in immobility time was observed
amongWT but not CatB−/− mice (Fig. 3E). These data suggested that CatB
deficiency can induce depressive-like behaviors in mice. The elevated plus
maze andopenfield tests showednodifferences in anxiety-relatedbehaviors
among the groups of mice (Fig. S3B–D). Additionally, the Morris water
maze andYmaze tests revealedno impact ofCatBknockouton learning and
memory (Fig. S3E–K). Together, these findings suggest that CatB knockout
is associated with depressive-like behaviors in mice, with differential effects
observed across various behavioral tests, but did not promote anxiety or
affect learning and memory.

Because CatB knockout mice exhibited notable depressive-like beha-
viors in the absence of any stimulus, we speculated that the deletion of CatB
may contribute to developmental deficits that subsequently result in
depressive-like behaviors. To verify whether CatB deletion in adulthood
causes depression, we knocked out CatB in the whole brain of CatB-floxed
adult mice and then tested for depressive-like behavior in the animals. To
knock out CatB, we injected Cre-dependent (AAVcap-B10-CMV-Cre-
EGFP) or Cre-independent (AAVcap-B10-CMV-EGFP) AAVs capable of
crossing the blood-brain barrier37 into the animals via the tail vein
(Fig. S4A). The efficiency of CatB knockout was validated by immuno-
fluorescence staining. The results showed that the AAVs were abundantly
expressed in the brain, achieving a CatB knockout efficiency of approxi-
mately 90% (Fig. S4B–D). Onemonth after AAV delivery, we subjected the
mice to the FST, SPT, and TST. Unlikemice lacking CatB from conception,
adultCatB-deficientmice showednodepression-likebehavior (Fig. S4E–G).
These data suggested that the loss of CatB in adulthood does not induce
depression-related behaviors in mice.

CatB deletion impaired the development and activity of neurons
in layer 6 of the medial prefrontal cortex and insular cortex
To explore howCatBdeficiency contributes to depressive-like behaviors, we
performed c-Fos-staining and quantified the number of c-Fos-positive cells
in depression-related brain regions including PVT, hippocampus, nucleus
accumbens (NAc), basolateral amygdala (BLA) and (Fig. 3F, Fig. S5A–E).
Among the regions assessed, themost significant decrease in the number of
c-Fos-positive cells inCatB−/−mice relative toWTmicewas observed in the
PVT (Fig. 3G), but not in the hippocampus, NAc and BLA (Fig. S5F–H).
Additionally, there are no differences in c-Fos-positive cells in PVT of WT
and CatB−/− mice in the home cage (Fig. S5I, J). The PVT is an elongated
nucleus that spans the anterior–posterior extent of the dorsal midline tha-
lamus and forms extensive connections throughout the brain38. It was
initially found to be associated with neural circuits relating to arousal and
motivation-related behaviors and hasmore recently also been implicated in
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depression39–41. Consistentwithourfindings, recent researchhas shown that
inhibition of the anterior PVT elicits antidepressant-like effects, further
implicating PVT hypoactivity in depression-related behaviors42. Next, we
prepared acute brain slices from CatB−/− and WT mice for whole-cell
electrophysiology and thenmonitored spontaneous excitatory postsynaptic
currents (sEPSCs). No differences in sEPSC amplitude, frequency, rise time,

and decay time were observed between CatB−/− mice and their WT litter-
mates (Fig. S5K–N). These results suggested that CatB deletion may not
directly affect the activity of c-Fos-expressing cells in the PVT.

Given that the PVThas extensive neural circuit connectionswith other
brain regions, we hypothesized that CatB knockout might affect brain
regions upstream of the PVT, resulting in a decrease in the c-Fos response.
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We injected cholera toxin subunit B (CTB)-Alexa Fluor 555 conjugates into
the aPVT and examined retrograde labeling inWTmice (Fig. 3H).We first
confirmed that CTB expression was confined to the aPVT after 30 days of
injection (Fig. 3I). Subsequently, we counted the numbers of CTB-positive
cells through a series of coronal sections. Interestingly, we found a large
number of CTB-positive cells in layer 6 of the insular cortex and layer 6 of
the medial prefrontal cortex (mPFC) (Fig. 3J). Both the mPFC and the
insular cortex have been associated with depression. Next, wemeasured the
c-Fos expression levels in layer 6 of both cortices and found that there were
no differences in the number of c-Fos-positive cells in these two regions
betweenCatB−/− andWTmice (Fig. S6A–C). Then, we stained for the layer
6-specificmarker, Tbr143, and found that the area of layer 6 of themPFC, but
not that of layer 6 of the insular cortex, was significantly reduced in CatB
knockout mice (Fig. S6D–G). However, there were no marked changes in
the number of cells per mm2 in layer 6 of either the mPFC or the insular
cortex (Fig. S6D, F, H). These observations indicated that the loss of CatB
may affect the development of layer 6 of the mPFC. Next, we performed
whole-cell patch-clamp recordings on layer 6 pyramidal neurons in the
mPFC and insular cortex to evaluate whether CatB deletion affected the
electrophysiological properties of neurons in these two regions (Fig. 3K and
Fig. S7A). To examine intrinsic excitability, the firing responses of layer 6
pyramidal neurons in the mPFC and insular cortex to depolarizing current
injections were analyzed under a current-clamp mode. No differences in
generated actionpotentials (APs)weredetected betweenneuronsofCatB−/−

mice and those of their WT littermates in response to injection of the same
amountof current (Fig. 3LandFig. S7B).Todetermine the impactof the loss
of CatB on excitatory synaptic transmission in layer 6 pyramidal neurons of
the mPFC and insula, we recorded spontaneous excitatory postsynaptic
responses. The amplitude and average firing frequency of sEPSCs of layer 6
pyramidal neurons in the mPFC and insular cortex was significantly lower
inCatB−/−mice than in theirWTcounterparts (Fig. 3M–OandFig. S7C–E).
No difference in the rise time or the decay time of sEPSCs in either region
was noted between the two groups of mice (Fig. S7F–I). These results sug-
gested that the loss ofCatBdisrupts thedevelopment andexcitatory synaptic
transmission of neurons in cortical layer 6.

CatB knockout decreased the expression of development-
related transcription factors
Having demonstrated the effects ofCatBdeficiency on cortical development
and neuronal migration and differentiation, we next sought to define the
underlying molecular mechanisms. To this end, we performed a label-free,
quantitative liquid chromatographic–tandemmass spectrometric (LC-MS/
MS) analysis to determine the protein expression profiles in E12.5WT and
CatB−/− cortices. A total of 6,286 proteinswere identified, 119 ofwhichwere
found to be differentially expressedusingWT/CatB−/− ratio >1.5,P < 0.05 as
the selection criteria (Fig. 4A). GeneOntology (GO) term similarity analysis
for these 119proteins identified 23 thatwere associatedwithnervous system
development, neuronal differentiation, andneuronal projection (Fig. 4A,B).
GO term analysis of these 23 proteins further showed enrichment of
transcription-related terms, in addition to cell development, migration, and
projection (Fig. 4C). Cellular identity is established by the interplay between
transcriptional factors, cis-regulatory elements, and the chromatin

landscape. These molecular interactions form the basis of gene regulatory
networks, ensuring the precise temporal and spatial regulation of gene
expression44. By comparing the 23 differentially expressed proteins related
to cortical or neuronal development with the transcription factor database
(Animal TFDB3.0), we screened out four transcription factors, including
PEG3, forkhead box C1 (FOXC1), forkhead box protein O1 (FOXO1), and
homeobox protein aristaless-like 4 (ALX4) (Fig. 4D). PEG3 is involved in
neuronal development and modulates maternal and social behavior45,46;
FOXC1 regulates neural crest-derived brain structures and cell
migration47,48; FOXO1 is required for neurogenesis and neuronal survival49;
and ALX4 contributes to forebrain development and is implicated in neu-
rodevelopmental disorders such as autism50. Subsequently, we extracted
cortical proteins from WT and CatB−/− mice for immunoblotting. Quan-
titative analysis revealed significant downregulation of three detectable
transcription factors in CatB−/− mice compared to WT littermates
(Fig. 4E–H).ALX4protein levels fell below the assay’s detection threshold in
both genotypes and were therefore excluded from statistical comparison.
Peg3, an imprinted gene, displays parent-of-origin-dependent monoallelic
expression and regulates complexmammalian traits, including growth and
behavior.Peg3 is expressed in embryos and the adult brain from the paternal
allele only and plays an important role in brain development and the
migration of oxytocin neurons. Mutation of the Peg3 gene results in growth
retardation as well as a striking impairment of maternal behavior that fre-
quently results in the death of offspring51–54.

To examine whether the migration of N2a cells was regulated by PEG3.
We knocked down the expression of PEG3 by transfected N2a cells with
siRNA targeting PEG3, and validated by qPCR (Fig. S8A). The migration of
N2a cells was significantly inhibited by the knockdown of PEG3 (Fig. S8B, C),
suggesting the involvement of PEG3 in neuronal migration. Furthermore, we
induced neural stem/progenitor cells (NSC/NPC) and neurons from human
pluripotent stem cells (hiPSCs). The inducedNSCswere validated by staining
nestin and pax6, which are the markers of NSCs (Fig. S8D, E). Next, we
examined whether inhibition of PEG3 or CatB could inhibit the differ-
entiation of NSCs into neurons. PEG3 siRNA 1was validated to knock-down
the expression of PEG3 (Fig. S8F). Moreover, Nestin−/Map2+ staining
indicated the maturation of neurons (Fig. S8G). However, neither inhibition
of PEG3 expression nor inhibition of CatB enzymatic activity could induce
long neurites in Nestin−/Map2+ cells (Fig. S8G). Given that CatB knockout
markedly reduces PEG3 expression, we propose a potential regulatory link
between CatB and cortical development via PEG3, although further in vivo
functional studies are needed to substantiate this hypothesis.

CatB deficiency promoted the degradation of PEG3
To determine whether CatB deletion affects the production or degradation
of PEG3, we first measured the mRNA levels of Peg3 in cortical samples of
WT and CatB−/− mice at E12.5 using qPCR. We found that Peg3 mRNA
expression levels were similar between WT and CatB knockout mice
(Fig. 5A), indicating that CatB regulates PEG3 expression at the protein
level. Next, we treated N2a cells with CA-074Me for 12 h, and found that
PEG3 expression was significantly reduced compared with that in control
cells (Fig. 5B, C), suggesting that CatB enzymatic activity may contribute to
PEG3 protein stabilization. Accordingly, we subsequently performed a

Fig. 2 | Neuron migration and differentiation is inhibited by CatB inhibitor.
A Fluorescent images of Filamentous actin (F-actin, magenta) in N2a cells at 72 h
after damage by scratch. The N2a cells were treated with 10 μM Pepstatin (aspartyl
proteases inhibitor), 10 μM Z-FF-FMK (CatL inhibitor), 10 μMCA-074 (cell none-
permeable CatB inhibitor) or 10 μMCA-074Me (cell-permeable CatB inhibitor) 1 h
scratch. Scale bars were 5 μm. The right images are the close-ups of the boxes in the
corresponding left images. B Quantification of the migration of N2a cells shown in
(A). The gap width was quantitatively evaluated using Image J software. C Bright-
field images of N2a and N3a cells at 72 h after damage by scratch. Scale bars were
50 μm. D Quantification of the migration of N2a and N3a cells shown in (C).
E Fluorescent images of F-actin (green), MAP2 (magenta) with Hoechst (blue) in

primary cortical neurons with CatB siRNA or CA-074Me treatment. Scale bars were
10 μm. F Immunofluorescent staining of Nestin (green) in NSCs at day 1, 3, 5, 8 and
11 after differentiation. Scale bars were 20 μm. G Immunofluorescent staining of
MAP2 (green) with CatB (red) in neuron stem cells (NSCs) at day 1, 3, 5, 8, and 11
after differentiation. Scale bars were 20 μm. H Quantitative analysis of the fluor-
escent density of MAP2, Nestin and CatB shown in (E, F). I Immunofluorescent
staining of MAP2 in WT NSCs, WT NSCs treated with CA-074Me, and NSCs of
CatB−/− mice at day 5 and 8 after differentiation. J, K Quantitative analysis of the
number and the mean branch number of MAP2-positive cells. All data were
obtained from three independent experiments. **P < 0.01, ***P < 0.001. Error bars
represent mean ± SEM.
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Fig. 3 | CatB knockoutmice exhibit depressive behaviors and impaired activity of
neurons in the layer 6 of mPFC. A Experimental timeline. B–D Immobility time in
tail suspension test (TST), forced swim test (FST), and percent of sucrose con-
sumption in 2-month-oldWT, CatB+/−, andCatB−/−mice. n = 12, 9, 9 for (B); n = 8,
7, 8 for (C); n = 10, 8, 8 for (D). E Behavioral assessment of mice subjected to 0 days
and 10 days of chronic restraint stress (CRS) on mean time spent immobile in TST.
Before CRS: n = 12 (WT), 9 (CatB+/− and CatB−/−); After CRS: n = 10 (WT), 7
(CatB+/−), 6 (CatB−/−). FRepresentative images of cfos expression in the PVT ofWT
andCatB−/−mice. Scale barswere 100 μm.GQuantification of c-Fos–positive cells in

the PVT (n = 6 WT, 5 KO). H Schematic diagram of retrograde neuronal circuit
tracing. I, JCTB-555–labeled cells in PVT (I) and in layer 6 of the insular cortex and
PFC (J). Scale bars, 1 mm. n = 5mice. Scale bars were 1 mm.K Schematic illustration
of recordings from layer 6 pyramidal neurons in the mPFC in acute brain slices.
L Frequencies of induced APs at different current steps.M Raw traces and averaged
traces of sEPSC.N,O Summary result of averaged sEPSC frequency and amplitude.
n = 5mice per group; 21 cells (WT), 20 cells (CatB−/−). *P < 0.05, ***P < 0.001. Error
bars represent mean ± SEM.
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series of cycloheximide (CHX)-chase assays todeterminewhether the loss of
CatB enzymatic activity promotes PEG3 degradation. The results showed
that PEG3 expression was slightly decreased after 6 h and diminished after
12 h of CHX treatment. However, PEG3 expression was almost undetect-
able in N2a cells after 6 h of treatment with CHX in the presence of CA-
074Me, indicating that the inhibition of CatB accelerated the degradation of

PEG3 (Fig. 5D,E).We then exploredwhy the loss ofCatB enzymatic activity
accelerated PEG3 protein degradation. The ubiquitin-proteasome (UPS)
and autophagy-lysosome pathways are two major routes for protein
degradation. To evaluate the effects of CatB inhibition on autophagy-
lysosome activity, we analyzed the LC3II/LC3I ratio. CatB inhibition led to a
significant increase in the LC3II/LC3I ratio (Fig. 5F,G). This increase can be
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interpreted in two ways: (1) an upregulation of autophagosome formation,
reflecting enhanced autophagic flux, or (2) a blockade in autophagosome
degradation due to impaired autophagosome-lysosome fusion, resulting in
defective autophagic turnover. To clarify this, we utilized the mCherry-
GFP-LC3 fluorescence system and found that CatB inhibition significantly
impaired the fusion of autophagosomes with lysosomes (Fig. 5H, I). These
results were further confirmed by transmission electronmicroscopy, which
revealed an accumulation of autophagosomes and impaired lysosome
fusion in CA-074Me-treated N2a cells (Fig. 5J–L). Inhibiting CatB reduces
autophagy–lysosomal pathway activity which may, in turn, increase UPS
activity. To determine whether this enhanced UPS activity contributes to
PEG3 degradation, we treated N2a cells with MG132, a UPS inhibitor, and
observed a significant increase inPEG3protein levels. Furthermore,MG132
treatment abolished the pro-degradation effects of CA-074Me on PEG3
(Fig. 5O, P). Collectively, these findings demonstrate that CatB plays a
crucial role in stabilizing PEG3 protein expression, primarily by regulating
the balance between autophagy-lysosome and ubiquitin-proteasome
pathways.

Discussion
In this study, we have provided evidence for the physiological roles of CatB
in cortical development. Our findings suggest that CatB regulates the dif-
ferentiation of neurons and their subsequent migration to cortical layer 6
through the stabilization of PEG3. We showed that CatB-deficient mice
have normal cognitive function but exhibit depressive behaviors. However,
the knockdown of CatB in adult WT mice did not result in similar
depression-related behaviors. CatB-deficient mice exhibited impaired
neuronal development and activity in layer 6 of the mPFC, which subse-
quently decreased neuronal activity in the aPVT, a depression-related brain
region. Coincidentally, CatB was found to be highly expressed in the
embryonic cerebral cortex, especially from E12.5 to E16.5, a critical stage in
the development of cortical layer 6. At the intracellular level, we found that
neither the deletion nor the inhibition of CatB affected Peg3 mRNA
expression, but instead promoted PEG3 protein degradation. Mutations in
PEG3 have been reported to induce defective neuronal connectivity55. Our
findings enhance the understanding of the molecular and cellular
mechanisms involved in the regulation of cortical development and high-
light the critical role of CatB in neuronal differentiation and migration.

CatB expression is elevated in many pathological conditions and the
pathological functions of CatB have been extensively reported7. However,
studies relating to its physiological functions are relatively rare, poten-
tially owing to the compensatory effect of CatL in CatB−/− mice25.
Padamsey et al.35 found that lysosomal Ca2+ signaling in the brain reg-
ulates CatB exocytosis from lysosomes, which modulates long-term
structural plasticity in dendritic spines by enhancing the activity of
matrix metalloproteinase 9, an enzyme involved in extracellular matrix
remodeling and synaptic plasticity. Extracellular CatB has also been
reported to enhance axonal outgrowth in neurons by degrading chon-
droitin sulfate proteoglycans, major axon growth-inhibitory extracellular
matrix components56. In addition to exerting direct effects on the brain,
exercise has been shown to regulate brain function through the secretion
of skeletal muscle-derived factors, called myokines. CatB has been
identified as a myokine that enhances adult hippocampal neurogenesis
and spatial memory function in response to exercise57,58. Here, we found

that CatB deletion significantly inhibits neurite outgrowth in both pri-
mary cultured neurons and N2a cells. The punctate staining signals of
CatB and LAMP2 were well co-localized at the neuritic edge of neurons,
which suggests that CatB is involved in the initiation of neurite
outgrowth26. Furthermore, we found that while learning and memory
abilities did not differ between CatB−/− and WT mice, CatB knockout
induced depressive behaviors in mice; however, the knockdown of CatB
in adult WTmice did not induce similar effects. One explanation may be
that, in mice, the loss of CatB causes structural abnormalities in the brain
in early development but not in adulthood. Similar results have been
reported for urokinase-type plasminogen activator receptor (uPAR),
which participates in the functioning and development of the speech
cortex. uPAR−/− mice exhibit enhanced susceptibility to epileptic seizures
and cortical abnormalities consistent with altered neuronal migration
and maturation59. Furthermore, we noted that CatB was relatively highly
expressed in the embryonic cerebral cortex, especially from E12.5 to
E16.5, a stage that is critical for cortical development60. Importantly, mice
heterozygous for CatD deficiency showed susceptibility to stress-induced
depression61; however, whether CatD and CatB induce depressive-like
behaviors through similar mechanisms remains to be determined.

Abnormal development of the cortex can lead to impaired neural cir-
cuit connections. We found that there was a significant increase in the
number of c-Fos-positive neurons in the PVT ofCatB−/−mice in response to
depression-like behavior, whereas the spontaneous electrophysiological
properties of aPVT neurons were not affected. CTB retrograde tracing
revealed that the aPVT received a large number of projections from layers 6
of the mPFC and insular cortex. In addition, we observed that the mPFC
layer 6–aPVT circuit functions as a top-down pathway that underlies the
pathology of CatB deficiency-induced depressive-like behavior. Substantial
evidence supports that the mPFC is a major contributor to the pathophy-
siology of depression62. Changes in bothmPFC architecture and the function
of mPFC neurons have been reported in depression, including neuronal
volume reduction63, synapse loss64, altered synaptic transmission65, and
downstream structures66. Of note, mPFC thinning is closely related to the
onset of MDD67, which is consistent with our findings. The mPFC and the
PVT exhibit two-way projection68–70. The mPFC–PVT circuit is a critical
higher-order cortico–thalamo–cortical integration site that plays a vital role
in various behaviors, including reward seeking, cue saliency, and emotional
memory69,71. Owing to a loose definition of the boundaries that separate the
anterior and posterior PVT (aPVT and pPVT, respectively), as well as a
failure to recognize the existence of a transitional middle region, many
studies on PVT subregions have yielded conflicting results. Yamamuro et al.
reported that the mPFC–pPVT circuit is closely related to social memory70.
Li et al. showed that this circuit determines chronic social defeat stress-
induced anhedonia, which is a key characteristic of depression72. Addition-
ally, the sustained antidepressant-like effects of (2S,6S)-hydroxynorketamine
in stressed animal models involve neurobiological changes in the aPVT42.
Most recently, Xu and colleagues reported that Glutamatergic neurons in the
anterior paraventricular thalamus (aPVT) responded to visceral pain, while
those in the posterior PVT (pPVT) weremore responsive to anxiety73. In this
study, we found that CatB−/− mice did not display a preference for sucrose-
containing water over normal water, which is a notable indication of
anhedonia. Gao et al. defined two types of neurons in the PVT that differ
markedly in gene expression, anatomy, and function74. These neurons are

Fig. 4 | CatB knockout decreased the expression of development-related tran-
scription factors. A Similarity heatmap from 163 GO terms enriched in differen-
tially expressed proteins by CatB KO that have been clustered and annotated with
word clouds. B Representative developmental and differential related-GO terms
enriched in differentially expressed proteins by CatB KO. C The volcano plot of the
proteins identified from WT and CatB KO cortices by label-free quantitative LC-
MS/MS. The proteins are plotted according to their log2 fold changes (x axis) and
log10 P values (y axis). Proteins down-regulated and up-regulated in CatB KO are
shown as blue and red dots, respectively. Among them, proteins with known
functions in transcription and neuronal differentiation or nervous system

development are marked.DVenn diagram of the number of differentially expressed
proteins by CatB KO overlapping with transcriptional factors of mouse. The over-
lapping proteins related to cortical development and neuronal differentiation are
labeled red.EWestern blotting analysis of the expression of PEG3, Foxo1, and Foxc1
in cortex from E12.5 WT and CatB KO mice. F–HQuantification of the expression
of PEG3 (F), Foxo1 (G), and Foxc1 (H) in cortex fromE12.5WT andCatBKOmice.
PEG3 and Foxc1: n = 4 mice per group; Foxo1: n = 3 mice per group; all with 3
independent biological replicates. *P < 0.05, ***P < 0.001. Error bars represent
mean ± SEM.
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not restricted to specific antero–posterior locations, but rather are biased to
opposite ends of a gradient, and have unique response patterns to different
behaviors. In future work, we will explore whether CatB deficiency leads to
abnormal mPFC–aPVT connections, whether this is the key feature leading
to depressive-like behavior inCatB−/−mice and whether the enhancement of
the mPFC–aPVT circuit can rescue this behavior. In addition, it is worth

exploring if there is feedback regulation in the bidirectional projection
between the mPFC and the aPVT under depressive-like behavior.

The selective degradation of proteins requires fine-tuned coordination
between the proteasome and the lysosome, two independent but inter-
connected degradation systems75. In general, lysosomes are responsible for
the degradation of long-lived proteins, insoluble protein aggregates, and

https://doi.org/10.1038/s42003-025-08508-8 Article

Communications Biology |          (2025) 8:1097 12

www.nature.com/commsbio


even entire organelles via endocytosis, phagocytosis, or autophagy76.
Meanwhile, proteasomes eliminate short-lived proteins and soluble mis-
folded proteins via the UPS77. In neuronal lysosomes, CatB has been
reported to be involved in the degradation of amyloid beta (Aβ); indeed,
CatB deficiency aggravates Aβ pathology in Alzheimer’s disease19,78, sug-
gesting that CatB plays a key role in themaintenance of lysosomal function.
Genetic studies in mice have demonstrated that the inactivation of autop-
hagy by the knockout of essential autophagic genes results in the accumu-
lation and aggregation of ubiquitylated proteins79,80, implying that the
impairment of autophagy may be compensated for by the upregulation of
the UPS. We found that PEG3 protein degradation was enhanced in the
cortex of E12.5 CatB knockout mice as well as in cultured neurons pre-
treated with CatB inhibitors, and that CatB deficiency enhanced UPS-
mediated degradation of PEG3. There are two possible interpretations for
this result. Therefore, CatB deficiency-induced lysosome impairment may
impact substrate flux through the UPS.

During development, newborn neurons migrate from their germinal
zone and disperse throughout the CNS, finally integrating into an appro-
priate layer and forming part of a neuronal circuit60. Migrating neurons are
definedby thepresence of a leadingprocess, a structure similar to the growth
cones of growing axons. We previously found that the genetic deletion or
pharmacological inhibition of CatB blocked lamellipodia, filopodia, or
growth cone formation in cultured neurons26. In this study, we further
observed that the physiological function of CatB includes the regulation of
neuronal migration and cortical layer formation in mice. Mutations in
another lysosomal enzyme, acid phosphatase 2, result in cerebellar defects,
characterized by the excessive migration of Purkinje cells to the molecular
layer81. In addition, the genetic deletion of vacuole protein sorting 18, a core
protein in intracellular vesicle transport, leads to impaired neuronal
migration due to the disruption of multiple vesicle transport pathways
involved in lysosome production. These findings highlight the importance
of lysosomes in neuronal migration. However, it remains unclear why CatB
specifically affects the development of layer 6 of the mPFC. It has been
characterized that specific neuronal transcription factors facilitated brain
development44. We postulate that some key transcription factors that are
highly expressedduring cortical layer 6 developmentmay also regulateCatB
transcription. However, how CatB expression is regulated during cortical
layer 6 development remains to be elucidated.

In conclusion, our study demonstrated that CatB plays a critical role in
cortical layer 6 development and that CatB deficiency induces mPFC–PVT
circuit-dependent depressive behavior in adult mice. Moreover, we
observed that CatB is highly expressed between E12.5 and E16.5, which is
the key stage in cortical layer 6 development. The inhibition of CatB
enhanced PEG3 proteasomal degradation, resulting in reduced neuronal
migration and differentiation. The mechanistic insights provided in this
study offer a valuable background for understanding the function ofCatB in
brain development andmay explain the association betweenCatBmutation
and neurological disorders.

Data availability
All data are available in the main text or the supplementary materials.
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