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Abstract

SUMOL is involved in the normal physiological functions of the nervous system and is also associated with the develop-
ment of neurodegenerative diseases. Whereas, the effects and underling mechanisms of SUMO1 knockout (SUMO1- KO)
on emotion- and cognition -related behaviors remain unexplored. We investigated changes in depression-like behaviors,
social interaction, and cognition in SUMO1-KO mice compared to wild-type (WT) controls using the open-field test, tail
suspension test, three-chamber test and novel object recognition test, respectively. To explore the underlying mechanisms
of these behavioral differences, we performed Gene Ontology (GO) analysis of proteomics data and subsequently validated
the findings through experimental verification. The results showed that SUMO1-KO mice exhibited increased risk-taking
behavior, reduced depressive symptoms, and diminished novelty socialization compared to WT mice. Mass spectrometry-
based proteomics analysis revealed 370 upregulated proteins and downregulated 84 proteins. GO annotation analysis iden-
tified significant enrichment of amino acid transmembrane transporter activities and ion channel. We further investigated
two behavior-associated proteins, Hmox1 and Rpgripll, and validated their downregulated expression. We concluded that
decreased expression of Hmox1 and Rpgripl1l associated with the risk-taking behavior, reduced depressive symptoms, and
diminished novelty socialization observed in SUMO1-KO mice.
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Introduction

Small ubiquitin-like modifier (SUMO) proteins are a fam-
ily of ubiquitin-like small proteins that covalently attach to
target proteins, thereby modulating their function post-trans-
lationally. SUMOylation has been shown to conjugate a wide
variety of target proteins, regulating many aspects of cell
processes, including nucleocytoplasmic transport, transcrip-
tion, cell-cycle regulation, chromosome segregation, DNA
replication, and cell death (Hay 2005; Lomeli and Vazquez
2011; Jackson and Durocher 2013). Prior research has dem-
onstrated the neuroprotective effects of SUMOylation in
cerebral ischemic injury (Silveirinha et al. 2013). Further-
more, accumulating evidence suggests that SUMOylation
contributes to the pathogenesis of neurodegenerative disease
(Krumova and Weishaupt 2013; Lee et al. 2013).

Aging is not simply an accumulation of damage; rather,
it is characterized by a significant loss of adaptive genomic
information, leading to misallocation and damage across all
levels of biological organization, in turn, increases the risk
of disease and mortality (Rose 2009). Neurodegenerative
disease, such as Alzheimer's disease (AD) and Parkinson's
disease (PD), are influenced by several risk factors, with
aging been the most prominent (Hou et al. 2019). The regu-
latory aging processes associated with these diseases include
aberrant autophagy, mitochondrial dysfunction, cellular
senescence, epigenetic changes, cerebrovascular dysfunc-
tion, inflammation, and lipid dysregulation (Gonzales et al.
2022). Major consequence of neurodegenerative disease are
cognitive decline and disturbed emotional state (Arioli et al.
2022; Gonzales et al. 2022). Previous studies have demon-
strated that compounds such as 1,6-O,0-diacetylbritanni-
lactone and mannan oligosaccharide can attenuate cognitive
decline in AD (Liu et al. 2021; Tang et al. 2022).

Mass spectrometry (MS)-based high-throughput proteom-
ics is a pivotal technique for large-scale protein characteriza-
tion, which is extensively utilized to explore mechanisms
underlying neurodevelopment and the pathogenesis of neu-
rodegenerative diseases (Zhang et al. 2014). Using an in vivo
chemico-genetic method that employs cell-surface fragment
complementation, researchers identified a proteome enriched
at astrocyte—neuron junctions through high-resolution liquid
chromatography—tandem MS, indicating that neuronal cell
adhesion molecule is required to restrict neuropil infiltra-
tion by astrocytic processes and providing insights into how
astrocytes influence GABAergic synapse formation and
functionality (Takano et al. 2020).
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Proteomic research by Wenting Xie et al. demonstrated
that CEND1 deficiency is linked to mitochondrial dysfunc-
tion and cognitive impairment in Alzheimer's disease (Xie
et al. 2022). In the human brain samples, AD stage-associ-
ated molecular networks were characterized via MS, and
comparative analyses of brain tissue and cerebrospinal fluid
proteomes highlighted potential biomarker. Coupled with
5xFAD mouse model analyses, Ap-correlated proteins and
AD-related molecules pathways were identified (Bai et al.
2020). Additionally, Ozge Karayel et al. conducted prot-
eomic profiling of cerebrospinal fluid to detect potential bio-
markers for PD, identifying proteins such as OMD, CD44,
VGF, PRL, and MAN2B1 (Karayel et al. 2022). In ischemic
conditions, proteomics identified 112 potential SUMO3 sub-
strates, 91 candidates of which were more abundant in the
ischemia group compared to the sham group. Analysis of
these proteins highlighted neuroprotective processes, includ-
ing glucocorticoid receptor signaling, RNA processing, and
SUMOylation-dependent ubiquitin conjugation (Yang et al.
2014).

The effects of SUMO1-KO in emotion and cognition
-related behaviors have not been fully explored. In this
study, we examined anxiety- and depression-like behaviors,
social interaction, and cognitive function in SUMO1-KO
mice compared to WT mice, employing the open-field test,
tail suspension test, three-chamber test, and novel object
recognition (NOR) test, respectively. To further elucidate
the molecular basis of these behavioral differences, we con-
ducted gene ontology (GO) enrichment analysis on prot-
eomic data and validated key findings from the proteomic
analysis.

Materials and Methods
Animals

The SUMO1 knockout (SUMO1~") mice (Evdokimov et al.
2008) were backcrossed onto C57BL/6 wild-type (WT)
background. SUMO1~~ mice were generated by intercross-
ing heterozygous mice. The primers used for genotyping are
as follows:

SUMO1-XA-F1: TCCACCTGCCTCTACCTCAAGTGC
TG

SUMO1-XA-F2: GGCTGGCTTAACTATGCGGCATCA
GAG
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SUMO1-XA-R1: CGCCTAAGTCCTCAGTTGAAGGTT
TTGC

The WT and SUMO1~~ male mice (12—-18 months old,
n=9) were used for experiments. The mice were kept in
the SPF-grade animal room on the 19th floor of the Experi-
mental Building of Tianjin International Joint Academy of
Biotechnology and Medicine. The animal room had a 12-h
light-dark cycle, with a relative humidity of 50%, a tem-
perature of 24 °C, and free access to water and food. Mice
were housed 2-3 per cage, and were allowed to adapt to the
environment for one week before the experiment started.
The use and handling of experimental animals for research
complied with the requirements of the Animal Ethics Com-
mittee of Tianjin Fifth Central Hospital (Approval Number:
TJFCH2023043) regarding experimental animal handling
and animal welfare.

Chemicals

Retinitis pigmentosa GTPase regulator-interacting pro-
tein-1 like (Rpgripll) Antibody (No.29778-1-AP; RRID:
AB_2923607) was purchased from Proteintech Group Inc
(Rosemont, IL, USA), Heme oxygenase 1 (Hmox1) (No.
ab68477; RRID: AB_11156457) was purchased from
Abcam Inc (Cambridge, UK), f-Tubulin (No.2128S; RRID:
AB_823664) and Anti-rabbit IgG, HRP-linked Antibody
(No.7074S; RRID: AB_2099233) were purchased from Cell
Signaling Technology Inc. (Danvers, MA, USA). Western
Bright™ ECL (R-03031-D25) was purchased from advansta
Inc. (San Jose, CA, USA). BCA Protein Quantification Kit
(PC0020) was obtained from Solarbio (Beijing, China).

Open-Field Test

The open-field test was designed to assess exploratory activ-
ity and anxiety-like behavior in mice (n=9 for each group).
During the test, each mouse was allowed to explore the an
open-filed box for ten min. For the Open field test, a camera
positioned above the test arena recorded the session. The
video was connected to analysis software (Noldus EthoVi-
sion Zhenghua, Anhui Province EthoVision 1.19) that auto-
matically recorded and analyzed mouse behavior in the open
field. Each mouse was initially placed in a corner of the field,
facing the center.

Tail Suspension Test

The tail suspension test was performed to evaluate depres-
sion-like behavior in mice (n=9 for each group). Each
mouse was suspended over a four min period by adhesive
tape, attached nearly one cm from the tip of the tail, with
the mouse positioned 50 cm above the floor. To record the

session, a camera was positioned in front of test arena. Con-
sidering the behavioral characteristics of mice in the tail
suspension test, to ensure the more accurate assessment, the
video was manually evaluated. A mouse, when suspended
by the tail for a short period, exhibits alternating periods of
agitation and immobility, referred to as the searching and
waiting phases, respectively. The searching phase is charac-
terized by body jerks, running motions, and body torsions as
the mouse attempts to catch its tail. In contrast, the waiting
phase is marked by the absence of initiated movements and
includes passive swaying (immobility) (Iyer et al. 2019). The
immobility rate was calculated as the duration of the wait-
ing phase divided by the total test duration, with used as an
indicator of depressive-like behavior in the mice.

Three-Chamber Test

The three-chamber test was designed to assess social interac-
tion and preference for social novelty in mice (n =9 for each
group). Mice were initially placed in the center chamber of
a three-chamber apparatus, with two empty cages located
in the left and right chambers. During the ten min adapta-
tion period, mice were allowed to explore only the center
chamber, with the doors to the side chambers closed. In the
first test phase assessing social interaction, the doors were
opened, and the first stranger of the same age and sex was
placed in one of the side cages. The test mouse was then
free to explore all three chambers for ten minutes. For the
final phase assessing social novelty, the second stranger of
the same age and sex was placed in the opposite side cage,
and the test mouse was again allowed to explore all three
chambers for an additional ten minutes. One camera placed
above the test arena captured the session, with the footage
processed using Noldus EthoVision Zhenghua, Anhui Prov-
ince EthoVision 1.19 software, which automatically tracked
and analyzed mouse behavior during the three-chamber test.

Novel Object Recognition (NOR) Test

The NOR test was conducted to assess short-term mem-
ory retention in mice (n =09 for each group). During the
adaptation phase, each mouse was allowed to explore two
identical objects in the open-filed box for five min. After
a 20-min rest period, the testing phase began, in which
one of the identical objects was replaced by a novel object
of a different size and shape. Mice were then given five
minutes to explore the objects, allowing for the assess-
ment of their recognition and memory by measuring their
preference for the novel object. To record the session, a
camera was positioned above the test arena. Considering
the behavioral characteristics of mice in the NOR test,
to ensure the more accurate assessment, the video was
manually evaluated. Exploration was characterized by the
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«Fig.1 SUMOI1-KO mice exhibit an increased tendency for explo-
ration and risk-taking behavior compared to WT controls. a Repre-
sentative movement chart (red trails) in the different groups. Central
zone time (b) and central zone time/outside zone time (c) in the two
groups. Central zone distance (d), central zone distance/total distance
(e), outside zone distance (f), central zone distance/outside zone dis-
tance (g) in the two groups. Total distance (h), activity time (i), aver-
age speed (j), and number of activities (k) in the two groups. Data for
b and ¢ were represented as median and interquartile range, and the
other data were represented as mean+SD. "p<0.05 versus the WT
group. n=9 for each group

mouse being in close proximity to an object, orienting
its nose toward the object, and displaying active explora-
tory behaviors such as sniffing. The time spent exploring
each object during the NOR test was subsequently used to
calculate the discrimination ratio, which is an indicator of
its preference for the novel object. The general formula of
discrimination ratio is (time spent at novel object — time
spent at familiar object)/(time spent at novel object + time
spent at familiar object) (Sawangjit et al. 2018).

Proteomics

After the above behavioral experiment, the one side of cer-
ebral hemisphere for each mouse (n=5 for each group) was
suspended in lysis buffer containing protease inhibitor. The
mixtures were vortexed thoroughly and homogenized three
times using a high-throughput tissue grinder. Subsequently,
the mixtures were incubated at 4 °C for 30 min, with vortex-
ing every 10 min. After centrifugation, the protein sample
were then prepared through a series of steps including dena-
turation, reduction, alkylation, tryptic digestion, and peptide
cleanup. The resulting peptide mixtures were re-dissolved
in the buffer A (H,O, adjusted to pH 10.0 with ammonium
hydroxide) subjected to high pH fractionation using a nano-
ACQUITY UPLC system connected to a reverse-phase col-
umn. For nano-HPLC-MS/MS Analysis, peptides were sepa-
rated with the UltiMate 3000 liquid chromatography system
coupled to the timsTOF Pro2 Mass spectrometer. Finally, the
DIA raw data were processed and analyzed using Spectro-
naut 18 (Biognosys AG, Switzerland) with default settings.

To identify proteins with significant expression differ-
ences between groups, the threshold for differential expres-
sion was set as an absolute fold change (FC)> 1.2 and
p-value < 0.05. The FC for each protein was calculated as
the mean expression level in the SUMO1-KO group divided
by the mean expression level in the WT group. The p-value
was determined using Student’s t-test, comparing protein
abundance between individual samples within the SUMO1-
KO and WT groups. Based on the identified differentially
expressed proteins, Gene Ontology (GO) annotation enrich-
ment analysis was performed.

Western Blotting

Another side of cerebral hemisphere for each mouse (n=5 for
each group) was homogenized and sonicated in cold PBS. Pro-
teins were then extracted in lysis buffer with protease inhibitor.
The protein samples were electrophoretically separated onto
10% PAGE gel and then transferred to the PVDF membrane.
Membranes were blocked with 5% skimmed milk for 1.5 h,
followed by overnight incubation at 4 °C with primary anti-
bodies: Hmox1 (1:1000), Rpgrip11 (1:1000), and p-tubulin
(1:1000). The membranes were then incubated with second-
ary antibody, Anti-rabbit IgG (1:2000), at room temperature
for 1 h. Protein detection was performed using an enhanced
chemiluminescence system (Tannon, Shanghai, China). The
density of each immunoreactive band was measured with
Image J software and then normalized to B-tubulin. The speci-
ficity of all primary antibodies used has been authenticated by
the initial manufacturer, and the information about validation
of the primary antibodies are listed in Supplementary Mate-
rial 1.

Statistical Analysis

Before conducting comparisons among groups, a Nor-
mality and Lognormality Test (Anderson—Darling test,
D'Agostino&Pearson test, Shapiro—Wilk test or Kolmogo-
rov—Smirnov test) was performed to select the appropriate
parametric or non-parametric tests. Furthermore, F test was
carried out for variance homogeneity assessment. For data
adhering to normal distribution (Parametric data), compari-
sons between two groups were analyzed with unpaired student
t-test (variance homogeneity) or unpaired student t-test with
Welch's correction (variance homogeneity was not met). For
non-normally distributed data (non-parametric data), compari-
sons between two groups were analyzed using Mann Whit-
ney test. Parametric data has been presented as mean+SD,
and nonparametric data has been displayed as median and
interquartile range. Differences between the two groups were
assessed with GraphPad prism 8.0 (GraphPad, San Diego, CA,
USA). Statistical significance was set at p <0.05. The results
of all statistical tests were represented in the Supplemen-
tary Material 2. The sample size for the experimental design
was established based on previous publications. This study
acknowledged certain limitations, including the omission of
a priori sample size calculation, and lack of experimenter
blinding.
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Results

SUMO1-KO Mice Exhibit an Increased Tendency
for Exploration and Risk-Taking Behavior Compared
to WT Controls

To assess the effects of SUMO1-KO on exploration and risk-
taking behavior, the open-field test was designed. The rep-
resentative movement chart in different groups were shown
in Fig. l1a. The central zone distance (p =0.0236, Fig. 1d),
central zone distance/total distance (p =0.017, Fig. le), and
central zone distance/outside zone distance (p =0.0393,
Fig. 1g) in SUMO1-KO group were significantly higher than
that in WT group, while the outside zone distance (p > 0.05,
Fig. If) in SUMO1-KO group were slightly higher than that
in WT group. However, no significant effects were observed
for central zone time (p > 0.05, Fig. 1b) or central zone time/
outside zone time (p > 0.05, Fig. 1c). Similarly, no sig-
nificant effects were observed for total distance (p > 0.05,
Fig. 1h), activities time (p > 0.05, Fig. 1i), average speed
(p>0.05, Fig. 1j) or number of activities (p > 0.05, Fig. 1k).

SUMO1-KO Mice Displayed Reduced Depressive-Like
Behavior Compared to WT Controls

To evaluate the effects of SUMO1-KO on depression-like
behavior, the tail suspension test was performed. Schematic
drawing of the tail suspension test was shown in Fig. 2a. The
results showed that immobility rate in SUMO1-KO group
was significantly lower than that in WT group (p =0.0427,
Fig. 2b), implying lower depressive states in SUMO1-KO
mice.

Fig.2 SUMO1-KO mice a
displayed reduced depressive-

SUMO1-KO Mice Exhibit Diminished Novelty
Socialization Compared to WT Controls

The three-chamber test was designed to assess the effects of
SUMO1-KO on social interaction and preference for social
novelty. Schematic drawing of the three-chamber test was
shown in Fig. 3a. In sociability test of the three-chamber
test, no significant effects were observed for duration with
the stranger I compared to the empty side both in WT group
(p>0.05, Fig. 3b) and SUMO1-KO (p>0.05, Fig. 3c). In
novel sociability test, WT mice exhibited significantly longer
duration with the stranger II compared to the strangers I
(p<0.0001, Fig. 3e), while SUMO1-KO mice spent slightly
shorter time with the stranger II compared to the strangers
I (p>0.05, Fig. 31).

SUMO1-KO Mice Displayed Comparable Memory
and Cognitive Abilities Compared to WT Controls

The NOR test was conducted to assess the effects of
SUMOI1-KO on short-term memory retention. Schematic
drawing of NOR test was shown in Fig. 4a. There were
no significant differences in discrimination rate between
SUMO1-KO and WT group (p=0.6783, Fig. 4b).

Proteomic Analysis of the Impact of SUMO1-KO
on Protein Expression

To explore mechanisms underlying the above behavioral
effects in the SUMO1-KO mice, MS-based high-through-
put proteomics was performed for large-scale protein
characterization.
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a
Stranger I
Empty cage
sociability test
d
Stranger I %
Stranger II

novel sociability test

Fig.3 SUMOI1-KO mice exhibit diminished novelty socialization
compared to WT controls. a Schematic drawing of three-chamber test
for sociability test. Created with adobe illustrator. Quantification of
social interaction in sociability test for WT mice (b) and SUMO1-KO
mice (c). d Schematic drawing of three-chamber test for novel socia-
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Qualitative and Quantitative Analysis of Proteins

Based on the filtration standard of FDR <0.01, a total num-
bers of 136,443 precursors, 116,940 peptides, 8098 protein

groups and 8304 proteins were identified (Fig. 5a). For
nearly majority of proteins, the number of peptides was
greater than or equal to 11 (Fig. 5b). The distribution of
quantitative peptide values after normalization was shown
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Fig.5 Qualitative and quantitative analysis of proteins in proteomic
of WT group and SUMO1-KO group. a The numbers of precursors,
peptides, protein groups and proteins that were identified. b The dis-
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in Fig. Sc, and the results showed that the signal strength of
most samples achieves basically the same response strength.
The peak area of peptides with FDR less than 1.0% were
selected for protein quantification, and the quantitative heat
maps of all proteins are shown in Fig. 5d. Perform log10
calculation on all protein expression levels.

Sample Relationship Analysis

To assess the reproducibility across samples, we calcu-
lated the Pearson correlation coefficient based on protein
expression levels between each pair of samples. As shown in
Fig. 6a, we calculated the Pearson correlation coefficient for
each sample pair, and visually represented these correlation
coefficients as a heatmap. This heatmap effectively illus-
trates the degree of correlation between any two samples.

To further evaluate within-group reproducibility, we
utilized scatter plots of randomly selected samples from
each group. The Pearson correlation between two randomly
chosen samples in both the WT and SUMO1-KO groups
(Fig. 6b). The results demonstrated a high level of reproduc-
ibility within each group.

Differentially Expressed Proteins Analysis

A threshold of absolute FC > 1.2 and p value <0.05 was
applied to identify proteins with significant expression dif-
ferences between groups. Based on these criteria, 370 pro-
teins were found to be upregulated, and 84 proteins were
downregulated in SUMO1-KO group relative to WT group
(Fig. 7a). To visualize the differential expression patterns,
heatmap was generated where each row represents one pro-
tein (Fig. 7b).

Volcano plot (Fig. 7c) and multi-group differential scatter
plot (Fig. 7d) were used to provide intuitive overview of the

a b

Sample Correlation

value
.0.992 0990 0987 0976 0968 0974 0986 0988 0983 WT-1 1.00

Pearson Correlation:0.98953

differentially expressed proteins between groups. Red points
indicate upregulated proteins in SUMO1-KO group relative
to WT group, while blue points represent downregulated
proteins. To visually represent the top 20 proteins with the
most significant differences between the two sample groups
(ranked by p value), one radar chart was created. Each axis
on the radar chart corresponds to one of the top 20 differen-
tially expressed proteins, with the central point represent-
ing the legend. The outermost values on each axis indicate
the values of log2(FC) for these proteins, allowing for an
intuitive comparison of expression levels across the WT and
SUMO1-KO groups (Fig. 7e).

GO annotation enrichment analysis of differentially
expressed proteins indicated that multiple amino acid trans-
membrane transporter activities including amino transmem-
brane transporter activity, and multiple ion channel proteins
including voltage-gated ion channel activity were signifi-
cantly enriched (Fig. 7f).

Brain Function-Related Differentially Expressed Proteins
Identification

Based on the findings of our behavioral analysis and prot-
eomic differential expression analyses, we conducted a lit-
erature review focusing on proteins associated with brain
functions. This allowed us to compile a small-scale protein
database closely implicated in brain function. Next, an inter-
section analysis was performed between the differentially
expressed proteins identified in this study and the proteins
in our protein database to isolate differentially expressed
proteins specifically associated with brain function. As a
result, six differentially expressed proteins were identified.
The finding was presented using Venn diagram to visual-
ize the overlap (Fig. 8a). For the identified brain function-
related differentially expressed proteins, one heatmap was

Pearson Correlation:0.9885
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Fig.6 Sample relationship analysis in proteomic profiling of WT
group and SUMO1-KO group. a Pearson correlation coefficient heat-
map for each sample pair. b The Pearson correlation between two
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randomly chosen samples in both the WT (left) and SUMO1-KO
groups (right). n=5 for each group
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«Fig. 7 Differentially expressed proteins analysis in proteomic profil-
ing of WT group and SUMOI1-KO group. a The number of upreg-
ulated and downregulated proteins. b Heatmap of differentially
expressed proteins. Volcano plot (¢) and multi-group differential scat-
ter plot (d) of the differentially expressed proteins. e Radar chart rep-
resenting the top 20 proteins with the most significant differences. f
GO annotation analysis of differentially expressed proteins. n=>5 for
each group

generated to illustrate their expression levels across samples
(Fig. 8b). Additionally, the expression levels and log2FC
values of the identified brain function-related differentially
expressed proteins were shown in Fig. 8c and d, respectively.
The results showed that the top two differentially expressed
proteins sorted by log2FC value were Rpgrip1l and Hmox1.

SUMO1-KO Mice Exhibit Downregulated Expression
Compared to WT Controls of Hmox1 and Rpgrip1l

To validate the downregulated expression of the top two
differentially expressed proteins identified by proteom-
ics results, the expression level of Rpgripll (Fig. 9a) and
Hmox1 (Fig. 9¢) in brain tissues of SUMO1-KO and WT
group were verified using Western blot. The results showed
that the expression level of Hmox1 (»p=0.0011, Fig. 9b) and
Rpgripll (p=0.0189, Fig. 9d) were significantly reduced
in SUMO1-KO group compared to WT group, which were
consistent with proteomic differential expression analyses.
Full western blots showing the marker have been included
in the Supplementary Material 3.

Discussion

SUMOL are involved in the normal physiological functions
of the nervous system. As previously reported, SUMO1
is associated with the development of neurodegenerative
diseases such as Alzheimer's disease (Nistico et al. 2014;
Hendriks and Vertegaal 2016). Whereas, the effects and
underlying mechanisms of SUMO1-KO on emotion- and
cognition -related behaviors have not yet been investigated.
Our results showed that SUMO1-KO mice exhibit signifi-
cant yet relatively mild alterations in behavior, including
increased risk-taking, reduced depressive symptoms, and
diminished novelty socialization compared to WT con-
trols. Furthermore, mass spectrometry-based proteomics
analysis identified 370 upregulated and 84 downregulated
proteins. GO annotation revealed significant enrichment in
processes related to amino acid transmembrane transport
and ion channel activity. Further investigation focused on
two proteins implicated in behavioral regulation, Hmox1 and
Rpgrip1], both of which were found to be downregulated in
the SUMO1-KO mice.

The open filed test is a popular task for evaluating anxi-
ety-like behavior, with mice naturally prefer the outer edges
of open field and consider exploring the middle of the field
as risky behavior (Pentkowski et al. 2021). Frida A. Lind-
berg et al. demonstrated that mice deficient in SLC38A10
spent more time in the central zone and visited the central
zone more frequently compared to WT mice, suggesting that
mice with SLC38A10 deficiency display a greater propen-
sity for exploration and risk-taking (Lindberg et al. 2022).
Similarly, our results showed significant increase in cen-
tral zone distance, central zone distance/total distance and
central zone distance/outside zone distance in SUMO1-KO
mice (Fig. 1), indicating that SUMO1-KO mice exhibit an
increased tendency for exploration and risk-taking behavior
relative to WT controls. On the other hand, there were no
significant differences between SUMO1-KO mice and WT
controls on total distance, activity time, average speed and
the number of activities (Fig. 1), suggesting that SUMOI1-
KO had no significant effects in locomotor ability.

Previous studies have established immobility in tail sus-
pension test as a reliable measure of depressive-like behavior
in mice (Cryan et al. 2005). Research conducted by Kavita
A. Iyer et al. demonstrated that administration of A7CDQ
markedly reduced the immobility times compared to saline
treatment, indicating that A7CDQ exerts antidepressant-
like effects (Iyer et al. 2019). Additionally, diacylglycerol
kinase-n isozyme KO mice showed reduced depressive-like
states, as indicated by a decreased immobility time ratio,
and this phenotype is similar in behavioral dimensions
observed in bipolar disorder during the manic phase (Isozaki
et al. 2016). Our result showed that the immobility rate in
SUMO1-KO mice was significantly lower than that in WT
controls (Fig. 2), suggesting that the SUMO1-KO mice dis-
played reduced depressive-like behavior, which may reflect
a mania-like phenotype.

In the three-chamber test, a comparison between an
empty cage and an unfamiliar mouse assesses the social
interaction of mice, while a comparison with another unfa-
miliar mice illustrates the novelty of socialization. Hirotaka
Shoji et al. demonstrated that 2-month-old mice spent more
time interacting with stranger II than stranger I, whereas no
significant difference was observed in the time spent with the
two stranger mice in older mice. These observations reflect
impaired social recognition in the older mice (Shoji and
Miyakawa 2019). In our results, WT mice exhibited signifi-
cantly longer duration with the stranger II compared to the
stranger I, while such trend was not occurred in SUMO1-
KO mice (Fig. 3). This finding suggested that SUMO1-KO
markedly diminished the novelty socialization. Whereas,
there was no significant difference in socialization between
SUMO1-KO and WT groups (Fig. 3).

In NOR test, the preference for novel objects is regarded
as an indicator of memory and cognitive abilities, often
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Fig. 8 Brain function-related differentially expressed proteins identi-
fication in proteomic profiling of WT group and SUMO1-KO group.
a Venn diagram to visualize the overlap between the differentially
expressed proteins identified in this study and the proteins in our

quantified as a recognition index or discrimination rate
(Sawangjit et al. 2018; Xu et al. 2019; Shi et al. 2021). Our
data showed no significant differences in the discrimination
ratio between SUMO1-KO and WT controls (Fig. 4), indi-
cating that memory and cognitive abilities were comparable
between SUMO1-KO and WT groups.
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differentially expressed proteins

brain function-related protein database. b Heatmap of brain function-
related differentially expressed proteins. The expression levels (¢) and
10g2FC values (d) of the identified brain function-related differen-
tially expressed proteins. n=35 for each group

To elucidate the behavioral differences between SUMO1-
KO and WT mice, we performed proteomic analyses of
brain tissues in the two groups. Based on the qualitative and
quantitative analysis of proteins analysis (Fig. 5) and sample
relationship assessments (Fig. 6), we identified a total of
370 upregulated proteins and 84 downregulated proteins in
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Fig.9 SUMOI1-KO mice exhibit downregulated expression of
Hmox1 and Rpgripll compared to WT controls. a Representa-
tive expression of Hmox1 in the two groups. b Expression level
quantification of Hmox1. ¢ Representative expression of Rpgripll
expressions in the two groups. d Expression level quantification of
Rpgripll. Data are represented as mean=+SD. *p<0.05 versus the
WT group. n=>5 for each group

SUMOI1-KO mice compared to WT controls (Fig. 7). To
further ascertain the potential functions of these differen-
tially expressed proteins, GO pathway enrichment analysis
was performed.

GO pathway enrichment analysis identified 94 signifi-
cantly enriched terms, a considerable proportion of which
were associated with ion channels and amino acid trans-
porters (Fig. 7). Previous studies have showed that defects
in sodium channel, calcium channel and potassium channel
were implicated in neurodevelopmental disorders and neu-
rodegenerative disease (Steel et al. 2017; D'Adamo et al.
2020; Kasap and Dwyer 2021; Birey et al. 2022; Haddad
et al. 2024). Furthermore, emerging evidence has identified
SUMOylation as a relatively novel regulatory mechanism
for modulating ion channel function. Specifically, SUMO1
has been shown to silence the dimeric potassium channel
K2P1, which plays diverse physiological roles, including
apoptosis, neuromodulation, and general anesthesia (Plant
et al. 2010). Additionally, SUMOylation of voltage-gated
sodium (Nay) 1.2 channels mediates the early response to
acute hypoxia in central neurons, highlighting the SUMO
pathway and Nay 1.2 as potential targets for neuroprotec-
tive interventions (Plant et al. 2016). Moreover, SUMOyla-
tion has been reported to activate voltage-gated calcium
(Cay) 2.2 channels, providing further evidence that Cay2.2

differentially expressed proteins identified in this study,
six differentially expressed proteins were identified. The
top two differentially expressed proteins sorted by log2FC
value were Rpgrip1l and Hmox1 (Fig. 8). Consequently, we
verified the expression levels of Rpgripll and Hmox1 in
brain tissues of SUMO1 and WT mice using Western blot,
respectively.

Hmox1 catalyzes heme into carbon monoxide, iron, and
biliverdin. Disturbances of Hmox1 level was associated
with neurodegeneration (Loboda et al. 2016). Overexpres-
sion of Hmox 1 in neurons has been demonstrated to reduce
oxidative damage induced by H,0, and glutamate (Chen
et al. 2000). Carbon monoxide, a major product of Hmox1,
plays a protective role in both physiological and pathologi-
cal conditions (Loboda et al. 2015; Ryter and Choi 2016).
Additionally, Hmox1 is involved in the neuroinflammatory
processes underlying depression (Wang et al. 2024), as well
as anxiety (Cheng et al. 2020). Hmox1 overexpression has
also been shown to exert beneficial roles in AD and acute
ischemic stroke due to its ability of antioxidants, which pro-
mote restoration of a suitable redox microenvironment (Si
and Wang 2020; Sun et al. 2023). Our results demonstrated
a significant reduction in Hmox1 expression in SUMO1-KO
mice compared to WT controls (Fig. 9). The decrease in
Hmox1 suggested impaired capacity to mitigate oxidative
stress, which may contribute to cellular injury, ultimately,
abnormal emotional responses in SUMO-1 KO mice.

Rpgripll is crucial for the formation of cilia, and primary
cilia are essential for central nervous system development.
Mouse deficient in Rpgrip1l exhibit neurodevelopmental
abnormality (Vierkotten et al. 2007; Andreu-Cervera et al.
2019; Postel et al. 2019; Reissig et al. 2022). Previous stud-
ies have also indicated a connection between Rpgrip1l muta-
tions and Joubert syndrome, a ciliopathy characterized by
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aberrant brain development and ocular motility disorders
(Arts et al. 2007; Delous et al. 2007; Shi et al. 2017). Our
results demonstrated a significant reduction in Rpgripll
expression in SUMO1-KO mice compared to WT controls
(Fig. 9). The reduction of Rpgrip1l likely influenced neural
development and reduced the production of specific neuronal
populations, potentially contributing to abnormal emotional
responses in SUMO-1 KO mice.

Conclusion

Based on behavior and underlie proteomic analysis, we con-
cluded that decreased expression of Hmox1 and Rpgrip1l
linked to the risk-taking behavior, reduced depressive
symptoms, and diminished novelty socialization observed
in SUMO1-KO mice. These findings suggested a role for
SUMOL1 in modulating behavior through regulation of
Hmox1 and Rpgrip11 expression, and provided insights into
the molecular basis of behavioral changes associated with
SUMO1-mediated SUMOylation deficiency.

Limitations

While this study provides novel insights into the behavioral
and molecular consequences of SUMO1-KO in aged male
mice, several limitations should be acknowledged. First, the
relatively small sample sizes in both the proteomics and
behavioral experiments may limit the statistical power of
our findings. Future studies with larger cohorts are neces-
sary to enhance robustness and ensure the reproducibility
of these results. Second, the methodology of western blot
could be further optimized to enhance quantification accu-
racy. Third, in the three-chamber social interaction test, aged
WT mice did not exhibit the expected preference for the first
social partner (Stranger I) over the empty chamber. This
deviation from typical social behavior may be attributed
to an age-related decline in social ability; however, further
research is needed to elucidate the underlying mechanisms.
Forth, this study focused exclusively on male SUMO1-KO
mice, leaving the potential sex-dependent effects of SUMOI1
deficiency unexplored; Further investigations are required
to determine whether SUMO1 knockout induces similar
behavioral abnormalities in aged female mice, and explore
the underlying molecular mechanisms if such differences
exist. Fifth, in addition to the tail suspension test used in
this study, incorporating the sucrose preference test and the
sucrose splash test would allow for a more comprehensive
and precise evaluation of depressive-like behaviors in mice.
Finally, further research is needed to explore the role of spe-
cific brain regions in the observed behavioral abnormali-
ties in SUMO1-KO mice and the underlying mechanisms.

@ Springer

Addressing these limitations in future research will be
crucial for developing a more comprehensive understand-
ing of the role of SUMO1 in neurodevelopment, aging, and
behavior.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10571-025-01548-y.
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