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Intellectual disability (ID) is characterized by deficits in cognition and adaptive
behavior, with few treatment options. Tumor Suppressor Candidate 3 (TUSC3)

has been genetically linked to autosomal recessive ID, but its molecular
mechanism and therapeutic potential remain unclear. Here we show that
TUSC3 is essential for endoplasmic reticulum (ER) Mg2?* homeostasis and
neuronal function. Using a TUSC3 knockout (KO) mouse model, we find ID-like
phenotypes including impairments in learning, memory, stress adaptation,
and social behavior. Mechanistically, TUSC3 forms an ER-localized Mg?*
transport complex with ERMA and its loss leads to ER Mg?* depletion,
PERK-elF2a pathway activation, synaptic dysfunction, and neuronal vulner-
ability. Fibroblasts from TUSC3 mutant patients similarly exhibit ER Mg?*
deficiency and heightened ER stress. Magnesium supplementation restores ER
Mg?2* levels, reduces ER stress, and rescues cognitive deficits. Our findings
establish ER Mg?* dysregulation as a key driver of neurodevelopmental dys-
function and a promising therapeutic target.

Intellectual disability (ID) affects approximately 1-2% of the global
population, posing substantial challenges to affected individuals,
families, and healthcare systems'. Characterized by deficits in
intellectual functioning and adaptive behaviors, including social
skills and stress adaptation, ID results from a broad range of genetic
mutations, many of which have been identified through advances in
genomic technologies’. Notably, autosomal recessive ID (ARID),
predominantly reported in Middle Eastern populations®, accounts
for about 10% of ID cases in outbred populations®. Despite this, it
remains less studied than autosomal dominant or X-linked forms
due to its relative rarity in diverse outbred populations and genetic
heterogeneity, which complicates sample collection and gene
identification.

Tumor Suppressor Candidate 3 (TUSC3) is one of the genes
implicated in ARID, with pathogenic variants identified in affected
individuals’®. TUSC3 is an endoplasmic reticulum (ER)-localized
transmembrane protein, traditionally associated with N-glycosylation®.

Furthermore, Zhou and Clapham identified that TUSC3 is required for
cellular magnesium (Mg2*) uptake in mammalian cells and vertebrate
embryonic development'®. While this study identifies TUSC3 as
essential for maintaining cellular Mg2* levels', its specific role in ER
Mg?* uptake and its contribution to neuronal dysfunction and ARID via
ER stress remain poorly defined.

Mg?* is essential for numerous enzymatic reactions, and its
intracellular homeostasis is critical for neuronal function. ER Mg2* is
crucial for ATP stabilization, chaperone activity, and protein folding.
While direct evidence linking ER Mg?* levels to neuronal dysfunction is
lacking, studies have shown that culturing cells in low Mg2* conditions
triggers ER stress and activates the unfolded protein response®. Since
chronic ER stress is implicated in various neurodevelopmental and
neurodegenerative disorders*, a potential link between ER Mg2*
homeostasis and cognitive dysfunction remains to be elucidated.
However, how TUSC3 regulates ER Mg?* and its role in ARID remain
unexplored.
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To address this gap, we generated a TUSC3 knockout (KO) mouse
model to investigate its role in ARID. We demonstrate that TUSC3
regulates ER Mg2* homeostasis via ERMA, an ER magnesium trans-
porter. TUSC3 deficiency disrupts ER Mg2* uptake, triggers ER stress,
and impairs global protein translation, leading to neuronal dysfunction
and cell death. These deficits result in ID-like behaviors, including
impairments in cognitive function, adaptive behaviors. Notably, mag-
nesium supplementation restored ER Mg?* balance, alleviated ER
stress, and rescued cognitive and behavioral deficits of already
developed ARID in TUSC3 KO mice, identifying magnesium supple-
mentation as a potential therapy for TUSC3-related ID.

Results

TUSC3 is required for ER Mg?* uptake in multiple cell types,
including ARID patient-derived fibroblasts

To elucidate the molecular mechanism by which TUSC3 loss con-
tributes to ARID, we first examined its known role as a non-catalytic
subunit of the oligosaccharyltransferase complex involved in
N-glycosylation”. We analyzed CNNM3, a Mg2* uptake transporter
known to undergo N-glycosylation'*", in SH-SY5Y TUSC3 knockdown
(KD) cells. While the N73A mutant of CNNM3 showed a clear band shift,
CNNM3 WT exhibited no such shift in TUSC3 KD cells, indicating that
its glycosylation was not affected (Supplementary Fig. 1a). We further
analyzed glycosylation status of endogenous proteins, including
NCAM], N-cadherin, and GluA2, in primary hippocampal neurons and
whole-brain lysates from our TUSC3 KO mice (characterized later in
this study). Following PNGase F treatment, all proteins analyzed
showed the expected band shift on the western blot, with no differ-
ences between WT and TUSC3 KO mice (Supplementary Fig. 1b, c).
These results suggest that a predicted role of TUSC3 in N-glycosylation
might not be linked to ARID, consistent with a previous report showing
no significant changes in N-glycosylated proteins in blood samples
from ARID patients®.

Next, given that TUSC3 regulates Mg?* uptake in mammalian
cells', we examined this possibility by using an ER-targeting Mg2*
sensor, Mag-FRET'®"’, to monitor ER Mg2* dynamics. Mag-FRETgg
contains an ER retention sequence (KDEL) and forms a compact
structure upon binding Mg?*, generating a detectable FRET signal
based on YFP (Fig. 1a)'*?°. We confirmed ER localization of Mag-FRETgg
in SH-SYS5Y cells (Supplementary Fig. 2a). Consistent with the previous
findings', L-lactate treatment triggered a rapid release of Mg2* from
the ER into the cytosol, followed by a reuptake phase where ER Mg?*
levels were restored (Fig. 1b). Real-time monitoring of ER Mg?*
dynamics revealed a sharp decrease at 21 s in both SH-SY5Y control and
TUSC3 KD cells upon L-lactate treatment (Fig. 1b), accompanied by a
concurrent rise in cytosolic Mg2* levels (Supplementary Fig. 2b-d).
The rate of Mg?* release from the ER to the cytosol was comparable
between SH-SY5Y control and TUSC3 KD cells (Fig. 1c). However,
during the subsequent reuptake phase, SH-SY5Y TUSC3 KD cells
exhibited significantly impaired Mg2* uptake compared with control
cells (Fig. 1d). Notably, reconstitution of SH-SY5Y TUSC3 KD cells with
TUSC3-mRFP restored ER Mg?2* uptake to control levels (Fig. 1d, e).
These findings suggest that while TUSC3 is dispensable for Mg?*
release from the ER, it is crucial for efficient Mg?* uptake.

To assess the relevance of our findings to human disease, we
analyzed fibroblasts derived from two patients with ARID harboring
biallelic mutations in TUSC3 (ID-fibroblasts)’. Using the Mag-FRET g,
we found that Mg?* release from the ER to the cytosol in response to
L-lactate was comparable between ID- and Non-ID fibroblasts
(Fig. 1f-h). Similar to SH-SY5Y cells, however, Mg?* reuptake into the
ER was significantly impaired in both patient fibroblasts compared
with non-ID fibroblasts (Fig. 1g, i). As expected, reintroducing TUSC3-
mRFP into ID-fibroblasts rescued ER Mg?* uptake deficits (Fig. 1g, i).
This analysis was extended to other cell types, including mouse
embryonic fibroblasts (MEFs) and the colon cancer cell line HCT116,

where TUSC3 KO similarly resulted in reduced ER Mg2* uptake (Sup-
plementary Fig. 2e-j). These results underscore the essential and
conserved role of TUSC3 in maintaining ER Mg?* homeostasis across
multiple cell types, including cells derived from ARID patients.

Magnesium supplementation rescues ER Mg?2* levels in TUSC3-
deficient cells

When we measured basal ER Mg?* levels, they were significantly
reduced in TUSC3-deficient cells compared with WT cells (Fig. 1j, I, n).
To evaluate the immediate capacity of ER Mg2* uptake, we applied an
acute MgCl, pulse (10 mM for ~200s) to cells transfected with Mag-
FRETgR. Intriguingly, we found that ER Mg?* levels rapidly increased in
SH-SY5Y control cells, and by 200 s, TUSC3 KD cells also showed near-
complete recovery to basal control levels, albeit with lower and slower
Mg?* uptake (Fig. 1j, k). A similar pattern was observed in TUSC3 KO
primary cortical neurons, which exhibited reduced basal ER Mg2*
levels relative to WT neurons, but showed partial recovery upon MgCl,
treatment (Fig. 11, m). Likewise, ID-fibroblasts exhibited lower ER Mg2*
levels than non-ID fibroblasts, and their ER Mg2* was restored by MgCl,
treatment, albeit with delayed uptake kinetics (Fig. 1n, o). These find-
ings suggest that, while TUSC3-deficient cells have reduced basal ER
Mg?* levels, supplementation with high concentrations of MgCl can
effectively restore ER Mg?* homeostasis.

TUSC3 interacts with ER magnesium transporter ERMA to
facilitate Mg2* uptake

TUSC3 lacks a canonical Mg2* transport domain and GxN motifs
suggesting that it may function by modulating another transporter
rather than directly mediating Mg?* transport. ERMA (ER magnesium
transporter A; formerly TMEM94) is a P-type ATPase recently identified
as a key mediator of ER Mg?* uptake, and P-type ATPases frequently
require accessory subunits for optimal activity’. We therefore hypo-
thesized that TUSC3 functions as a regulatory component of ERMA. To
test this, ER Mg?* release and uptake were examined in SH-SY5Y TUSC3
KD cells overexpressing ERMA-DsRed (Fig. 2a-d). ERMA-DsRed over-
expression enhanced Mg?* uptake in SH-SY5Y control cells, but this
effect was attenuated in TUSC3 KD cells, failing to restore ER Mg?*
uptake to control levels (Fig. 2b-d).

To determine whether TUSC3 interacts with ERMA, we performed
co-immunoprecipitation (co-IP) assays. Co-IP assays clearly showed
their interaction in HEK293T cells overexpressing TUSC3-mRFP and
ERMA-FLAG (Supplementary Fig. 2k, ). Consistent with this, co-IP
assays using whole brain lysates revealed the interaction between
endogenous TUSC3 and ERMA (Fig. 2e, f). To map the TUSC3 domain
critical for this interaction, deletion (A) mutants were generated based
on TUSC3 topology (Fig. 2g). Co-IP assays revealed that A197-242 (TM1
and TM2) significantly reduced TUSC3-ERMA binding, whereas
A222-297 (TM2 and TM3) had minimal effect (Fig. 2h), indicating that
the TM1 domain is essential for the interaction. To evaluate the func-
tional relevance of this interaction, SH-SY5Y TUSC3 KD cells were
reconstituted with either TUSC3 WT or deletion mutants. Unlike WT
and other deletion mutants, TUSC3 A197-242 failed to rescue ER Mg?*
levels (Fig. 2i-k). Thus, TUSC3 promotes ER Mg2* uptake by interacting
with ERMA, and this interaction critically depends on the TM1 domain.

21,22
’

TUSC3 deficiency evokes ER stress, translation impairment, and
cell death via Mg? dysregulation

To determine how ER Mg2* depletion in TUSC3-deficient cells con-
tributes to ID phenotypes, we examined ER stress responses. Since
Mg?2* is essential for protein folding and chaperone activity in the ER,
its depletion can lead to accumulation of misfolded protein and acti-
vation of the unfolded protein response®. In the hippocampus and
striatum of TUSC3 KO mice, GRP78/BiP was significantly upregulated,
and activation of the PERK-elF2a axis, including p-elF2a and CHOP,
was markedly increased (Fig. 3a-r). In contrast, the IRE1I-XBP1s and
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ATF6 branches were less affected (Fig. 3f, i, o, r), suggesting that the
PERK-elF2q axis is the primary response of TUSC3 deficiency. CREB
activity, a key regulator of learning and memory, and PI3K/AKT
signaling, its upstream modulator, were both reduced (Fig. 3g, h, p,
q), linking ER stress to cognitive deficits in TUSC3 KO mice.

ER stress inhibits protein translation via the PERK-elF2a axis, a
mechanism implicated in neurodevelopmental disorders such as
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Down syndrome®?®, Using the Surface Sensing of Translation (SUn-
SET) assay”’, we found that global protein translation was significantly
reduced in TUSC3 KO MEFs, coinciding with the increase of GRP78, p-
PERK, p-elF2a, and XBPls levels (Supplementary Fig. 3a-c). Similar
findings were observed in ID-fibroblasts (Supplementary Fig. 3d, e).
Notably, chronic magnesium supplementation with magnesium-L-
threonate (MgT, 400 pM, 48 h), which has ability to cross the blood-
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Fig. 1| TUSC3 is required for Mg2* uptake into the ER. a Schematic of the ER-
targeted KDEL-Mag-FRETgg system to assess ER Mg2* dynamics. Created with
BioRender.com. b-d SH-SY5Y shControl and shTUSC3#3-1 cells were transfected
with Mag-FRETgR for 48 h and analyzed for ER Mg2* uptake following L-lactate
treatment (10 mM). Circle 1 indicates ER Mg?* release, and Circle 2 represents ER
Mg?* refilling (b, left). Representative confocal images at 21 s (b, right). Quantifi-
cation of normalized ER Mg?* release (Circle 1) (c). Quantification of normalized ER
Mg?* uptake (left) and uptake rate (right) (Circle 2) (n=6, 7, 7 cells per group) (d).
e Representative confocal images of SH-SY5Y shTUSC3#3-1 cells co-expressing
Mag-FRETgg and TUSC3-mRFP. Scale bar: 10 um. f-i Non-ID and ID fibroblasts were
transfected with Mag-FRETgg alone (f) or co-transfected with TUSC3-mRFP (g) for
48 h and analyzed for ER Mg?* uptake following L-lactate treatment (10 mM).
Quantification of normalized ER Mg?* release (Circle 1) (h), ER Mg2* uptake (i, left),

and uptake rate (i, right) (Circle 2) (n="7 cells per group). Scale bar: 10 pm. j, k SH-
SY5Y shControl and shTUSC3#3-1 cells were transfected with Mag-FRET for 48 h,
and supplemented with acute MgCl, treatment (10 mM, 200 s) to assess ER Mg2*
uptake (j), quantification of ER Mg?* levels at Os and 200 s (n=12, 14 cells per
group) (k). I, m WT and TUSC3 KO primary cortical neurons were transfected with
Mag-FRETR for 48 h and analyzed for ER Mg2* uptake following acute MgCl,
treatment (10 mM, 200 s) (I), quantification of ER Mg?* levels at O's and 200 s
(n=10, 9 cells per group) (m). n, o Non-ID and ID fibroblasts were transfected with
Mag-FRETgR for 48 h and supplemented with acute MgCl, treatment (10 mM, 200 s)
to assess ER Mg2* uptake (n), quantification of ER Mg?2* levels at O s and 200's
(n=10, 7, 10 cells per group) (0). One-way ANOVA followed by Tukey’s post hoc
multiple comparison test. All data are presented as mean + S.E.M. Source data are
provided as a Source data file.

brain barrier'?, restored protein translation and reduced p-elF2a levels
in ID-fibroblasts (Fig. 3s, t), suggesting that Mg?* supplementation
mitigates both ER stress and translation impairment.

Since CHOP is a pro-apoptotic factor in ER stress response’, we
tested to confirm whether TUSC3 deficiency increases cell death sus-
ceptibility. Compared with control cells, SH-SY5Y TUSC3 KD cells were
more vulnerable to ER stressors (thapsigargin, tunicamycin, A23187),
but not to the DNA-damaging agent etoposide (Fig. 3u, Supplementary
Fig. 3f). Notably, magnesium supplementation effectively mitigated ER
stress-induced cell death (Fig. 3u). To further assess the role of ER
stress in TUSC3-related neuronal dysfunction, TUSC3 KO primary
cortical neurons were treated with 4-phenylbutyrate (4-PBA), a che-
mical chaperone that alleviates ER stress”. Intriguingly, 4-PBA treat-
ment markedly restored PSD-93, PSD-95, and GluAl levels in TUSC3 KO
neurons (Fig. 3v). These findings highlight that ER Mg?2*- stress reg-
ulates synaptic activity in TUSC3-deficient cells, linking ER Mg2*
homeostasis to cognitive function. Targeting ER Mg2*-stress may serve
as a therapeutic strategy for TUSC3-related ID.

TUSC3 KO mice display abnormal embryonic development

To assess the in vivo relevance of our cellular findings, we next gen-
erated a TUSC3 KO mouse model using CRISPR-Cas9-mediated tar-
geting of Exon 2 in the Tusc3 gene, leading to a frameshift mutation
(see Methods and Supplementary Fig. 4a for detailed methodology).
Genotyping and western blot analysis confirmed the successful gen-
eration of TUSC3 KO mice (Supplementary Fig. 4b). Heterozygous
Tusc3 mice were bred to generate homozygous KO offspring. How-
ever, only 48 of 568 offspring (8.6%) were homozygous KO, sig-
nificantly deviating from expected Mendelian ratios (Supplementary
Fig. 4c). Further analysis revealed embryonic lethality, with resorption
observed as early as embryonic day (E)11.5 (Supplementary Fig. 4d).
Next, we assessed growth phenotypes in surviving TUSC3 KO embryos
and mice, which exhibited significantly lower body weights compared
with WT littermates (Supplementary Fig. 4e, f). These results indicate
incomplete embryonic lethality in TUSC3 KO mice, with surviving
offspring showing persistent growth deficits compared with WT mice.

TUSC3 KO mice display intellectual disability phenotypes

To investigate whether TUSC3 KO mice represent ID phenotypes, we
conducted a series of behavioral tests that assess learning, memory,
stress-coping ability, and social interactions, which are hallmark fea-
tures of ID” At 4 weeks of age, TUSC3 KO mice showed no significant
differences compared with WT mice in the Y-maze, novel object
recognition (NOR), and social interaction tests, but exhibited a sig-
nificant reduction in immobility time in the tail suspension test (TST)
(Supplementary Fig. 5a-e), indicating early stress-coping deficits. At
3 months of age, however, cognitive, social, and stress-related
impairments emerged in TUSC3 KO mice. Three-month-old TUSC3
KO mice exhibited significantly reduced spontaneous alternation rates
in the Y-maze (Fig. 4a, b). In the NOR test, TUSC3 KO mice displayed

impaired novel object discrimination (Fig. 4c-e). In the passive
avoidance test, TUSC3 KO mice demonstrated significantly shorter
latency to re-enter the dark chamber (Supplementary Fig. 6a). Col-
lectively, these results indicate that TUSC3 deficiency leads to sig-
nificant impairments in spatial working memory, recognition memory,
and associative memory, underscoring a broad disruption in cognitive
function.

Since adaptive skills, including stress response, are frequently
impaired in ID*°, we next assessed stress-coping ability in TUSC3 KO
mice using the forced swim test (FST) and TST. FST, traditionally used
as a behavioral assay for depression®, is now widely recognized as a
measure of stress adaptability*>*. In both FST and TST, TUSC3 KO
mice exhibited markedly reduced immobility time, indicating deficits
in stress-coping ability (Fig. 4f-i). Given that social behavior is another
core domain affected in ID**, we next examined social interaction and
recognition in TUSC3 KO mice. In the three-chamber social interaction
test, TUSC3 KO mice spent significantly less time interacting with a
novel mouse (Fig. 4j-m). Similarly, in the social novelty preference
test, TUSC3 KO mice failed to show a preference for a novel mouse
over a familiar one, highlighting deficits in social recognition and
novelty response (Fig. 4n—q). Additionally, TUSC3 KO mice exhibited
hyperactivity in the open field test, with increased locomotor activity
but no significant changes in anxiety-like behavior (Supplementary
Fig. 6b—d). They also displayed excessive self-grooming, suggestive of
repetitive behaviors (Supplementary Fig. 6e, f). Together, TUSC3 KO
mice exhibit progressive behavioral impairments characteristic of ID,
with stress-coping deficits emerging by 1 month of age, followed by the
onset of cognitive and social deficits at 3 months.

Synaptic structure and plasticity are impaired in TUSC3 KO mice
Abnormal synaptic signaling, impaired plasticity, and changes in spine
morphology are key features of various psychiatric and neurological
disorders®. Synaptic dysfunction is commonly observed in individuals
with ID*. We thus sought to examine levels of scaffold proteins (PSD-
93, PSD-95) and AMPA receptor subunit GluAl, which are critical
components of synapse structure and function®”’. Western blot analysis
revealed reduced levels of PSD-93, PSD-95, and GluAl in TUSC3 KO
mice compared with WT mice (Fig. 5a). Additionally, neuronal activity,
measured by CREB phosphorylation®, was markedly reduced in
TUSC3 KO mice. These molecular deficits were accompanied by a
significant reduction in brain weight of TUSC3 KO mice compared with
WT mice (Supplementary Fig. 7a). Consistently, levels of synaptic
markers as well as phosphorylated CREB were also decreased by
TUSC3 deficiency in primary hippocampal neurons and human neu-
roblastoma SH-SY5Y cells (Supplementary Fig. 7b—e). These results
indicate that these reductions may contribute to the synaptic dys-
function observed in TUSC3 KO mice.

To determine which brain regions are most vulnerable to TUSC3
deficiency, we examined the hippocampus and striatum—regions cri-
tically involved in cognitive function and adaptive behaviors such as
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social skills and stress coping®*°. Immunohistochemistry revealed a
significant reduction in synaptophysin, a presynaptic marker*, in both
the hippocampus CAl region and the striatum of TUSC3 KO mice,
whereas no change was detected in the CA3 region (Fig. 5b, c). GluAl
expression was similarly reduced in these regions (Fig. 5d, e). Next, we
investigated abnormalities in synaptic structure in TUSC3 KO mice.
Sholl analysis of primary hippocampal neurons showed a significant

reduction in dendritic branching, as evidenced by fewer crossings in
TUSC3 KO neurons compared with WT neurons (Fig. 5f, g). Moreover,
dendritic spine density was markedly reduced in TUSC3 KO neurons
(Fig. 5h, i).

We further investigated whether the structural abnormalities of
the synapse in TUSC3 KO mice are associated with altered synaptic
transmission using whole-cell voltage clamp recording. The
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Fig. 2| TUSC3 regulates ER Mg?* uptake by interacting with ERMA. a-d SH-SY5Y
shControl and shTUSC3#3-1 cells were co-transfected with Mag-FRETgg and ERMA-
DsRed for 48 h and analyzed using confocal microscopy (a). Scale bar: 10 pm.
Representative traces showing ER Mg?* uptake following L-lactate (10 mM) treat-
ment (b). Quantification of normalized ER Mg?* release (Circle 1) (c). Quantification
of normalized ER Mg?* uptake (left) and uptake rate (right) (Circle 2) (n=9 cells per
group) (d). e, f Co-immunoprecipitation from whole brain lysates of WT mice
showing endogenous interaction between TUSC3 and ERMA. Immunoprecipitation
with anti-ERMA antibody pulled down TUSC3 (e), and reciprocal IP with anti-TUSC3
antibody confirmed the presence of ERMA (f). L.C.: light chain of immunoglobulin.

g Schematic representation of TUSC3-mRFP deletion mutants.

h Immunoprecipitation assays between ERMA-FLAG and various TUSC3-mRFP
deletion mutants. i-k SH-SY5Y shControl and shTUSC3#3-1 cells were transfected
with Mag-FRETgR and indicated TUSC3-mRFP deletion mutants for 48 h and ana-
lyzed for ER Mg?* release and uptake following L-lactate (10 mM) treatment (i).
Quantification of ER Mg?* release (Circle 1) (j) and ER Mg?* uptake (left) and uptake
rate (right) (Circle 2) (k) (n=10,9,9, 6,9, 4, 5 cells per group). One-way ANOVA
followed by Tukey’s or Dunnett’s (k) post-hoc multiple comparison test. All data are
presented as mean + S.E.M. Source data are provided as a Source data file.

spontaneous EPSC (sEPSC) amplitude in hippocampal CAl neurons
was significantly increased in TUSC3 KO mice, whereas sEPSC fre-
quency remained unchanged (Fig. 5j-1). Evoked EPSC (eEPSC) ampli-
tude was reduced, while the pair-pulse ratio (PPR) was unaltered
(Fig. 5m, n). Although the unchanged PPR suggests intact presynaptic
release probability under brief stimulation, FM1-43 dye unloading
assays revealed delayed synaptic vesicle release in TUSC3 KO hippo-
campal neurons following sustained depolarization (Supplementary
Fig. 8a-d), indicating that TUSC3 deficiency impairs synaptic vesicle
release during prolonged stimulation and represents a form of pre-
synaptic dysfunction not detected by standard PPR measurements.

We also performed similar recordings in CA3 pyramidal neurons.
Unlike in CAl, sEPSC amplitude was unchanged in CA3; however,
SEPSC frequency was significantly reduced in TUSC3 KO neurons
compared with WT neurons (Supplementary Fig. 8e-g). This contrast
shows region-dependent vulnerability of hippocampal circuits to
TUSC3 loss, reflecting postsynaptic changes such as altered receptor
expression or synapse strength in CAl and presynaptic deficits of
spontaneous neurotransmitter release in CA3. When we further ana-
lyzed miniature end-plate potentials (mEPPs) at the neuromuscular
junction, no significant differences in amplitude or frequency were
observed between WT and TUSC3 KO mice (Supplementary Fig. 8h-j),
suggesting that synaptic transmission is largely preserved in periph-
eral synapses. Together, these results indicate that TUSC3 deficiency
leads to structural synaptic abnormalities and region-specific disrup-
tions in synaptic transmission, with both pre- and postsynaptic com-
ponents being affected in a context-dependent manner. The lack of
functional impairment at the neuromuscular junction further supports
a selective vulnerability of central circuits to TUSC3 loss.

Magnesium supplementation ameliorates intellectual disability
symptoms caused by TUSC3 deficiency

Given the role of ER Mg2*-stress and neuronal dysfunction in TUSC3-
deficient cells, we investigated whether magnesium supplementation
could rescue or prevent ID-like phenotypes in TUSC3 KO neurons and
mice. In TUSC3 KO primary cortical neurons, we observed that chronic
treatment of MgT (200 pM, 48 h) restored synaptic protein levels
(PSD-93, PSD-95, GluAl) and CREB activity to WT levels (Supplemen-
tary Fig. 9a, b). To clarify whether MgT is able to restore ER Mg?* levels,
as previously demonstrated by MgCl, in vitro, we measured ER Mg2*
accumulation kinetics in SH-SY5Y TUSC3 KD cells using the Mag-
FRETgr assay. Whereas MgCl, treatment rapidly elevated ER Mg?*
levels within ~200 s, MgT exhibited a slower uptake profile during the
600 s imaging window. Intriguingly, ER Mg?* levels reached compar-
able levels to MgCl, treatment approximately 8 h after MgT treatment
(Supplementary Fig. 9¢, d). These results indicate that both MgCl, and
MgT can replenish ER Mg?* levels, albeit with distinct kinetics.

We then assessed whether chronic magnesium supplementation
via drinking water (910 mg/kg/day for 4 weeks) could reverse existing
ID-like phenotypes in TUSC3 KO mice. Following treatment, a battery
of behavioral tests was performed (Supplementary Fig. 10a). Hyper-
activity in 5-month-old TUSC3 KO mice was significantly reduced to

WT levels (Supplementary Fig. 10b). Cognitive performance in the
Y-maze and NOR tests was markedly improved, reaching levels com-
parable to WT controls (Supplementary Fig. 10c, d). In the FST, TUSC3
KO mice showed impaired stress adaptation, as indicated by early
removal and reduced immobility time. MgT treatment partially
improved both survival and passive coping. Stress resilience in the TST
was also significantly enhanced (Supplementary Fig. 10e, f). Social
interaction and social preference behaviors were significantly
improved following MgT supplementation (Supplementary Fig. 10g,
h). At the molecular level, western blot analysis of the brain tissues
further supported these findings. Synaptic protein levels in the stria-
tum and hippocampus of TUSC3 KO mice were significantly restored
by MgT treatment, whereas minimal effects were observed in the
prefrontal cortex (Supplementary Fig. 10i-k). Altogether, these results
suggest that MgT supplementation effectively alleviates ID pheno-
types in TUSC3 KO mice after symptom onset.

To determine whether MgT could also prevent the onset of
ID phenotypes, we chronically administered MgT to 4-week-old
TUSC3 KO mice for six weeks and assessed their cognitive and
behavioral performance (Fig. 6a). In the Y-maze and NOR tests,
MgT-treated TUSC3 KO mice exhibited cognitive performance
comparable to WT levels (Fig. 6b, c and Supplementary Fig. 11a).
In the passive avoidance test, MgT supplementation restored
long-term memory retention in TUSC3 KO mice to WT levels
(Supplementary Fig. 11b). Stress-coping abilities in the TST were
maintained at WT levels and social behaviors were also preserved
in MgT-treated TUSC3 KO mice (Fig. 6d-f). In contrast, total
distance traveled in the open field test was not significantly
improved by MgT treatment (Supplementary Fig. 11c).

At the molecular level, levels of PSD-93, PSD-95, GluAl, and
NMDAR], as well as CREB activity, were restored to WT-like levels in the
hippocampus of MgT-treated TUSC3 KO mice (Fig. 6g, h). Elevated
GRP78 levels observed in TUSC3 KO mice were also normalized fol-
lowing MgT supplementation. Consistent with these hippocampal
findings, MgT treatment similarly restored CREB activity, synaptic
protein levels, and GRP78 levels in the striatum (Supplementary
Fig.11d, e). In contrast, synaptic protein levels and GRP78 expression in
the prefrontal cortex were not significantly altered by MgT treatment
(Supplementary Fig. 11f, g). These molecular changes were further
corroborated by immunohistochemistry. In the hippocampus, GluAl
level was reduced in both CA1 and CA3 regions of TUSC3 KO mice but
was restored following MgT treatment (Fig. 6i, j). In the striatum,
synaptophysin and GIuAl levels, which were reduced in TUSC3 KO
mice, were largely preserved following MgT supplementation (Sup-
plementary Fig. 11h, i). Additionally, AKT activity was significantly
upregulated upon MgT treatment (Supplementary Fig. 11j).

These results demonstrate that MgT supplementation effectively
reverses and prevents ID-like phenotypes in TUSC3 KO mice by miti-
gating ER stress-related deficits and restoring synaptic function.
Remarkably, MgT selectively restores synaptic protein levels in the
striatum and hippocampus, underscoring its potential as a therapeutic
strategy for TUSC3-related ID.
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Discussion

Our study demonstrates that TUSC3 plays a pivotal role in ER Mg?*
uptake and neuronal function, establishing a mechanistic link between
ER Mg?* deficiency, ER stress, and cognitive impairment. In TUSC3 KO
mice, we observed key features of ID, including cognitive and adaptive
deficits. We identified ERMA as a binding partner of TUSC3, forming an
ER-localized Mg?* transport module essential for maintaining ER

homeostasis. Disruption of this module triggered ER Mg2* stress,
leading to synaptic protein loss and dendritic abnormalities. Magne-
sium supplementation restored ER homeostasis, synaptic protein
levels, and behavioral performance in TUSC3 KO mice, highlighting the
therapeutic relevance of targeting ER Mg2* in TUSC3-associated ID
(Fig. 7). While a previous study has implicated TUSC3 in cytoplasmic
Mg2?* regulation’, our findings directly link ER Mg?* imbalance to
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Fig. 3 | TUSC3 loss induces ER stress via PERK-elF2a pathway, leading to
impaired protein translation and cell death. a Representative western blot of ER
stress proteins in the hippocampus of 4-month-old female WT and TUSC3 KO mice.
b-i Quantification of GRP78 (b), p-PERK (T982) (c), p-elF2a (S51) (d), CHOP (e),
XBP1s (f), p-AKT (S473) (g), p-CREB (S133) (h), and ATF6 (i) normalized to B-actin
(n=3 mice per group). j Representative western blot analysis of ER stress proteins
in the striatum of 4-month-old female WT and TUSC3 KO mice (n =3 per group).
k-r Quantification of GRP78 (k), p-PERK (T982) (1), p-elF2a (S51) (m), CHOP (n),
XBP1s (0), p-AKT (S473) (p), p-CREB (S133) (q), and ATF6 (r) normalized to B-actin
(n=3 mice per group). s Non-ID and ID1/ID2 fibroblasts were chronically treated
with MgT (400 uM) for 48 h and analyzed by western blotting (left). Quantification
of p-elF2a (S51) levels normalized to elF2a (right) (n =3 independent biological
replicates). t Non-ID and ID-derived fibroblasts were pretreated with or without
MgT (400 pM) for 24 h, followed by puromycin (5 pg/ml) treatment for 2 h.
Representative western blot using an anti-puromycin antibody (left), and

puromycin incorporation was quantified and normalized to B-actin (right) (n=3
independent biological replicates). u SH-SY5Y shControl and shTUSC3#3-1 cells
were pretreated with MgT (400 pM) for 12 h, then treated with either DMSO,
thapsigargin (2 uM), tunicamycin (2 pg/ml), A23187 (2 uM), or etoposide (25 pM)
for 24 h. Cells were stained with propidium iodide and Calcein-AM, and double-
positive cells were quantified and normalized to Calcein-AM-positive cells. Data
represent three independent biological experiments (n =3). The exact number of
cells analyzed per condition is provided in the Source Data file. v Representative
western blot of primary cortical neurons (DIV7) treated with vehicle or 4-PBA

(10 mM) for 24 h (left). Quantification of indicated protein levels normalized to
TUBA (right) (n =3 independent biological replicates). Two-tailed unpaired ¢-test
(b-i, and k-r); one-way ANOVA followed by Tukey’s post hoc multiple comparison
test (s, t, v); two-way ANOVA followed by Tukey’s multiple comparison test (u).
Data are presented as mean = S.E.M. or S.D. (t, u). Source data are provided as a
Source data file.

synaptic dysfunction, filling a previously unaddressed mechan-
istic gap.

We demonstrate that ER Mg?* imbalance leads to chronic ER
stress, primarily via the PERK-elF2a axis. Given that elF2s regulate the
translation of mRNA subsets critical for neuronal plasticity*?, alteration
in synaptic protein levels, including PSD-93, PSD-95, and GluAl, may
contribute to the abnormal behaviors in TUSC3 KO mice. Electro-
physiology revealed increased sEPSC amplitude and decreased eEPSC
amplitude, indicating postsynaptic dysfunction, while reduced
synaptophysin and delayed FM1-43 unloading support additional
presynaptic impairments in TUSC3 KO mice. Notably, the PERK-elF2a
activation occurred with minimal engagement of IRE1I-XBP1 or ATF6,
showing a chronic, subthreshold ER stress state that fails to elicit
robust chaperone or ERAD responses*™. A similar PERK-dominant
UPR profile has been reported in Down syndrome*®, implicating this
pattern as a shared feature in neurodevelopmental disorders.
Although we did not modulate the PERK-elF2a axis directly, the pre-
vious studies have shown that pharmacological inhibition (e.g., using
ISRIB) can restore protein synthesis and cognition function*’*$, sup-
porting our proposal and highlighting its therapeutic potential in
TUSC3 deficiency.

It is interesting to note that supplementation with MgT, which has
superior blood-brain barrier permeability compared with other Mg?*
formulations®”, increases ER Mg2* levels in TUSC3-deficient cells,
leading to mitigation of ER stress and rescue of synaptic proteins. We
believe that ER Mg?* levels, rather than cytosol Mg?* are crucial for
synaptic function for the following reasons. First, MgT supplementa-
tion in TUSC3-deficient cells rescues ER Mg?* levels, but not cytosolic
Mg?* levels, as high as untreated WT cells. Second, MgT treatment
mitigates ER stress and recovers synaptic proteins specifically in
TUSC3-deficient cells. Notably, ER Mg?* levels were slowly restored
upon Mg?* exposure in TUSC3 KO cells. Although MagT1 is a highly
specific magnesium channel, its minimal expression in the brain*
suggests it is unlikely to compensate for TUSC3 in neuronal Mg?*
regulation. Alternative or compensatory pathways, such as TRPM7,
CNNM3, SLC41A1, and SLC41A2, may contribute to residual Mg2*
transport within the ER and other organelles”*°*'. However, their role
in ER Mg2* uptake remains unverified since they primarily mediate
cellular Mg2* influx from distinct subcellular compartments®>.

Overall, our study provides important insights into the role of
TUSC3 in ER Mg?* regulation and its impact on neuronal function.
Identifying TUSC3 as a key component of ER Mg?* transport expands
our understanding of how Mg2* homeostasis influences cognitive
function and synaptic plasticity. Interestingly, several neurodevelop-
mental disorders, including autism spectrum disorder (ASD) and
attention-deficit hyperactivity disorder (ADHD), are associated with
altered serum Mg?2* levels™™. In these disorders, magnesium supple-
mentation has shown beneficial effects in alleviating symptoms®>***°,
Similarly, magnesium has been widely utilized to increase neuronal

activity and to alleviate pathologic symptoms in other neurodevelop-
mental disorder models'>*’. While these findings are largely peripheral
and correlative, our study provides a mechanistic basis by which ER
Mg?* dysregulation could impair synaptic protein synthesis and neu-
ronal signaling. This raises the possibility that similar ER Mg?*-
dependent stress pathways may contribute to other neurodevelop-
mental phenotypes beyond TUSC3 deficiency.

Our findings extend prior research on magnesium transporters
such as TRPM7, CNNM3, and SLC41A1/2, which have been implicated in
neuronal excitability and Mg2* homeostasis®*°, though their roles in
ER-specific uptake remain undefined. By identifying the TUSC3-ERMA
module as an ER-localized Mg?* transport system, our study intro-
duces an additional layer of compartment-specific Mg?* regulation
that connects intracellular ion balance with synaptic integrity. Given
that ER stress is a common pathological feature in neurodevelop-
mental and neurodegenerative disorders, including bipolar disorder,
fragile X syndrome, ASD, and ALS, our identification of an ER Mg?*-
linked stress response offers insight into a potential mechanism of
neuronal vulnerability. This raises the possibility that restoring ER
Mg2* homeostasis could serve as a broader therapeutic strategy® .
Although our findings highlight ER Mg2* dysregulation as a key
mechanism in TUSC3-related cognitive dysfunction, additional mole-
cular pathways are likely to contribute to the broader spectrum of ID
and warrant further investigation.

Translating our findings into clinical applications requires asses-
sing the feasibility of magnesium supplementation for TUSC3-
associated ID. While MgT supplementation alleviated cognitive and
synaptic deficits in TUSC3 KO mice, its application in humans demands
careful consideration of dosage, long-term safety'**’. Although the
effective dose in mice (910 mg/kg/day) appears high, allometric scal-
ing yields a human equivalent of ~4.4 g/day of MgT, which corresponds
to ~350 mg/day of elemental Mg?*—a level within the recommended
daily intake range (200-500mg/day) for adults®®. This suggests
potential clinical applicability, particularly when combined with opti-
mized delivery methods such as controlled-release formulations or
CNS-targeted prodrugs. However, chronic supplementation may
induce metabolic adaptations—such as altered intestinal absorption,
renal excretion, or transporter expression—and may pose risks
including calcium imbalance or osmotic stress®”’°. Thus, comprehen-
sive long-term safety studies will be essential. Despite these con-
siderations, our findings underscore ER Mg2* homeostasis as a
promising therapeutic target for TUSC3-associated ID and potentially
broader neurodevelopmental disorders.

Methods
Antibodies
The following primary antibodies were used in this study: ACTB (Santa
Cruz Biotechnology; sc-47778; lot # J0421; WB 1:5000), TUBA (Santa
Cruz Biotechnology; sc-23948; lot # G2921; WB 1:5000), TUSC3 (clone
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CREB-1-S133 (clone 10E9; Santa Cruz Biotechnology; sc-81486; WB
1:3000), FLAG (Sigma-Aldrich; F1804; lot # 0000375542; WB 1:3000),
RFP (MBL; PM0OS5; lot # 048; WB 1:3000), TUSC3 (Proteintech; 16039-
1-AP; lot # 00007251; WB 1:500), AKT (Cell Signaling Technology; 9272;
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# 27; WB 1:3000; IF 1:250), CREB (Cell Signaling Technology; 9197; WB
1:1000), CHOP (Cell Signaling Technology; 2895; WB 1:1000), ATF6
(Cell Signaling Technology; 65880; lot # 5; WB 1:3000), MAP2 (Cell
Signaling Technology; 4542; IF 1:500), NCAM1 (Cell Signaling Tech-
nology; 3576; WB 1:3000), PERK (ABclonal; A18196; lot # 3560572205;
WB 1:3000), p-PERK (T982) (ABclonal; AP0886; lot # 5500040024; WB
1:3000), XBP1s (ABclonal; A17007; lot # 1153240401; WB 1:3000),
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Fig. 4 | TUSC3 KO mice exhibit intellectual disability phenotypes. a, b Schematic
of the Y-maze test (a) and spatial memory performance in WT and TUSC3 KO mice
(b). Created with BioRender.com. Schematic of the novel object recognition (NOR)
test (c) and representative tracking plots in the open field in the NOR test (d).
Created with BioRender.com. e The NOR test (discrimination index) for WT and
TUSC3 KO mice. f, g Schematic of the forced swim test (FST), consisting of a 120 s
adaptation phase followed by 240 s of immobility measurement (f) and immobility
time in the FST, assessing stress-coping ability in WT and TUSC3 KO mice (g).
Created with BioRender.com. h, i Schematic of the tail suspension test (TST), with
immobility recorded over 360 s (h) and immobility time in the TST for WT and
TUSC3 KO mice (i). Created with BioRender.com. j, k Schematic of three-
chambered social interaction test (j) and representative tracking plots from the

social interaction test, showing times spent in each chamber (k). Created with
BioRender.com. I, m Social interaction preference in TUSC3 KO mice, assessed by
time spent with the novel mouse (I) and sniffing time (m). n-q Schematic of three-
chambered social preference test (n) and representative tracking plots of WT and
TUSC3 KO mice in social preference test (0). Social preference for the novel mouse
of WT and TUSC3 KO mice in the social preference test (p). Sniffing time data
confirms this lack of preference (q). Created with BioRender.com. In all behavioral
experiments, 4-month-old mice were used: WT: 9 (5F, 4 M); KO:10 (6 F, 4 M). Two-
tailed unpaired t-test (b, e, g, i), Two-way ANOVA followed by Tukey’s post-hoc
multiple comparison test (I, m, p, ). All data are presented as mean + S.E.M. Source
data are provided as a Source data file.

elF2a (ABclonal; A21221; lot # 360002151, WB 1:3000), p-elF2a
(ABclonal; APO745; lot # 360003834; WB 1:3000), Puromycin (ABclo-
nal; A23931; lot # 3523033102; WB 1:3000), PSD-93 (ABclonal; A19669;
WB 1:3000), PSD-95 (ABclonal; A7889; WB 1:3000), GluAl (ABclonal;
Al826; lot # 3561869003; WB 1:3000; IF 1:250), NMDARI (ABclonal;
A7677; lot # 5500016744; WB 1:1000), Synaptophysin (ABclonal;
A6344; lot # 5500008363; WB 1:1000; IF 1:250), and N-Cadherin (BD
Biosciences; 610920; WB 1:3000). Secondary antibodies included HRP-
conjugated goat anti-mouse (Thermo Fisher Scientific; 31430; WB
1:10000), HRP-conjugated goat anti-rabbit (Thermo Fisher Scientific;
31460; WB 1:10000), HRP-conjugated rabbit anti-goat (Thermo Fisher
Scientific; 31402; WB 1:5000), Alexa Fluor 488-conjugated goat anti-
mouse IgG (H +L) (Thermo Fisher Scientific; A-11001; IF 1:500), Alexa
Fluor 594-conjugated goat anti-mouse IgG (H+L) (Thermo Fisher
Scientific; A-11005; IF 1:500), Alexa Fluor 488-conjugated goat anti-
rabbit IgG (H+L) (Thermo Fisher Scientific; A-11008; IF 1:500), and
Alexa Fluor 594-conjugated goat anti-rabbit IgG (H + L) (Thermo Fisher
Scientific; A-11012; IF 1:500). The anti-human ERMA polyclonal rabbit
antibody was kindly provided by Dr. Madesh and used at WB 1:500.
Protein G Sepharose 4 Fast Flow (GE Healthcare; 17-0618-05) was used
for immunoprecipitation experiments.

Chemicals and reagents

Anti-FLAG M2 Affinity Gel (Cat # A2220), Dimethyl sulfoxide (Cat #
D2650), Tunicamycin (Cat # T7765), Paraformaldehyde (Cat # P6148),
Fluoromount aqueous mounting medium (Cat # F4680), Propidium
iodide (Cat # P4170), Puromycin (Cat # P7255), Etoposide (Cat #
E1383), Thapsigargin (Cat # T9033), A23187 (Cat # C7522),
4-Phenylbutylic acid (Cat # P21005), L-lactate (Cat # L1750), Magne-
sium chloride (Cat # 208337), and Polybrene (Cat # H9268) were from
Sigma-Aldrich; DMEM (Cat # LM 001-05) and IMDM (Cat # LM004-01)
were from Welgene, while RPMI-1640 (Cat # 16777-145) was from
Hyclone; CHANG Medium D (Cat # T105) was from Irvine Scientific.
FBS (Cat # 12483020), Neurobasal Medium (Cat # 21103049), B-27
supplement (Cat # 17504044), Gentamycin (Cat # 15710060),
Penicillin-Streptomycin (Cat # 15140122), and GlutaMAX (Cat #
35050061) were from Gibco; Lipofectamine 2000 (Cat # 11668019)
was from Thermo Fisher Scientific; Lipofector-pMAX (Cat # AB-LF-
M100) was from AptaBio; Protease inhibitor cocktail (Cat # QTPPI1012)
was from Quartett; Albumin (Cat # A0100-010) and Proteinase K (Cat #
P2170-001) were from GenDEPOT; The Bio-Rad protein assay dye
reagent concentrate (Cat # 500-0006) was from BIO-RAD; Ethidium
bromide (Cat # 1239-45-8) was from USB; Magnesium-L-threonate
(Cat # QA-8149) was from Combi-Blocks Inc.; DirectPCR (Multi) (Cat #
102) was from FIAT; The Lentiviral Concentrator (Cat # 631231) was
from Takara; Polyvinylidene fluoride (Cat # AE-6667-P) was from Atto.
PNGase F (Cat # PO704S) was from NEB. FM1-43 (Cat # T3163) was from
Invitrogen.

Cell culture and DNA transfection
Mouse primary cortical and hippocampal neurons were isolated from
embryonic days 14-17 (E14-F17) of Tusc3** or Tusc3 ” C57BL/6 ] mice

as previously described”. Cells were gently triturated by trypsin-EDTA
and were cultured in Neurobasal Medium (Gibco) supplemented with
2% (v:v) B-27 supplement (Gibco), 10 pg/ml gentamycin (Gibco), 100
units/ml penicillin-streptomycin (Gibco), and 1% (viv) GlutaMAX
(Gibco). SH-SY5Y and HEK293T cells (ATCC) were maintained in Dul-
becco’s modified Eagle medium (DMEM; Welgene Inc.) containing 10%
(viv) fetal bovine serum (FBS; Gibco), 100 units/ml Penicillin-
Streptomycin. Primary neurons were transfected using Lipofecta-
mine 2000 (Thermo Fisher Scientific), and SH-SY5Y and HEK293T cells
were transfected using Lipofector-pMax (AptaBio) following the
manufacturer’s instructions.

Isolation of mouse embryonic fibroblasts

Tusc3" pregnant mice embryos (E13.5) were used for MEFs isolation as
previously described with some modifications’. After the heads, tails,
limbs, and most internal organs were detached, the embryos were
minced and trypsinized for 30 min (shaking per 10 min, 37 °C) and then
seeded into 10 cm dishes with DMEM media. MEFs were passaged 2-3
times to obtain a morphologically homogenous culture and then
expanded for further studies (split ratio 1:2). The genotyping was
performed from embryos tails, and described below. For studies using
MagFRETkgg, cells were transfected using Lipofectamine 2000 Trans-
fection Reagent (Thermo Fisher Scientific) for 48 h. For co-expression,
MEFs were transfected with TUSC3-mRFP WT.

Patient-derived fibroblasts
Patient-derived fibroblasts harboring TUSC3 mutations were obtained
from a previously published study’” and used in accordance with the
French National Ethics Committee guidelines. Written informed con-
sent was obtained from all patients or their legal guardians, and the cell
lines were anonymized for research use only. As a control, CCD-986sk
human dermal fibroblasts were purchased from the Korean Cell Line
Bank (KCLB) and cultured following the supplier’s protocol. Specifi-
cally, patient-derived fibroblasts were maintained in CHANG Medium D
(T105, Irvine Scientific), while control fibroblasts were grown in Iscove’s
Modified Dulbecco’s Medium (IMDM; WELGENE) supplemented with
10% FBS, 1% penicillin-streptomycin, and 1% L-glutamine. Both cell lines
were incubated at 37 °C in a humidified atmosphere containing 5% CO-.
For experiments requiring TUSC3 reconstitution, fibroblasts were
transfected with a TUSC3-mRFP expression vector using Lipofecta-
mine™ 2000 (Thermo Fisher Scientific), according to the manufacturer’s
protocol. Cells were harvested and analyzed 48 h post-transfection for
Mg?* uptake and ER stress markers. Mg2* uptake was assessed by
transfecting fibroblasts with the genetically encoded Mg?* sensor Mag-
FRETg and examining the cells via confocal microscopy, as previously
described'. ER stress markers, including GRP78 and CHOP, were eval-
uated by western blot, and global protein translation changes were
measured using the Surface Sensing of Translation (SUnSET) assay”.

Generation of TUSC3 knockdown cells
To generate TUSC3 KD cells, HEK293T cells were co-transfected with
pGIPZ control or shTUSC3 plasmids (each carrying VSV-G and PSPAX2
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packaging plasmids) or using Lipofector-pMax (AptaBio), according to
the manufacturer’s protocol. After 12 h, the medium was replaced with
fresh DMEM supplemented with 10% FBS. Forty-eight hours post-
transfection, the virus-containing supernatant was collected, passed
through a 0.45um filter, and concentrated with a lentiviral con-
centrator (Takara). For transduction, SH-SY5Y cells or HCT116 cells

were incubated with the concentrated lentiviral particles in the pre-
sence of 8 pg/mL polybrene for 48 h. The medium was then replaced
with fresh growth medium containing 1-3 pg/mL puromycin to select
successfully transduced cells. After 24-48 h of selection, single-cell
clones were isolated by seeding one cell per well in a 96-well plate.
Clonal expansion ensued, and KD efficiency was validated via
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Fig. 5 | Synaptic structure and plasticity are impaired in TUSC3 KO mice.

a Representative western blot of PSD-93, PSD-95, GluAl, and phosphorylated CREB
(S133) in whole-brain lysates of 4-month-old WT and TUSC3 KO female mice (left).
Quantification of indicated protein levels (right) (n=3). b, ¢ Representative con-
focal images of immunohistochemistry for TUSC3, synaptophysin (SYP), and MAP2
in the CA1 and CA3 hippocampal regions and the striatum of 4-month-old WT and
TUSC3 KO female mice (b), and quantification of SYP intensity normalized to MAP2
(c) (n=3). Scale bar: 50 um. d, e Representative confocal images of immunohis-
tochemistry for TUSC3, GluAl, and MAP2 in the CA1 and CA3 hippocampal regions
and the striatum of 4-month-old WT and TUSC3 KO female mice (d), and quanti-
fication of GluAl intensity normalized to MAP2 (e) (n = 3). Scale bar: 50 pm.

f, g Representative dendritic images of primary hippocampal neurons transfected
with EGFP (f). Scale bar: 50 pm. Sholl analysis of dendritic branching in WT and

TUSC3 KO neurons (n =20 cells per group) (g). h, i Representative confocal images
of dendritic spines of primary hippocampal neurons (DIV 12) transfected with EGFP
for 48 h (h). Violin plot quantifying dendritic spine density (spines per 10 um) in WT
and KO neurons (n =20 cells per group) (i). Scale bar: 10 pm. j-1 Representative
traces of SEPSCs recorded from hippocampal slices of 2-month-old WT and TUSC3
KO mice (j), quantification of sEPSC amplitude (k), and frequency (I) in WT (n=12
cells from 5 mice; 4 F, 1M) and TUSC3 KO (n = 8 cells from 5 mice; 2F, 3 M).

m Representative traces (left) and quantification of the eEPSC amplitude (right) in
WT (n=8 cells from 5 mice; 4 F, 1M), TUSC3 KO (n=8 cells from 5 mice; 2F, 3M).
n Representative traces (left) and EPSC-PPR (right) in WT (n =8 cells from 5 mice;
3F,2M), TUSC3 KO (n=9 cells from 6 mice; 4 F, 2 M). Two-tailed unpaired t-test.
Data are presented as mean + S.E.M. (a, ¢, e, and k-n) or S.D. (g, i). Source data are
provided as a Source data file.

western blot analysis. pGIPZ constructs were from Dharmacon
(Horizon Discovery, United Kingdom). The target sequence
of pGIPZ_sh_TUSC3#84562: 5-TTC AGT ACC AGA ATA ATG T,
pGIPZ_sh_TUSC3#84563: 5-TTT ATC ACC ATT CAT TCG G, and
pGIPZ_sh_TUSC3#351871: 5-TCA GCT AAA AGATTC TCCT.

Plasmid construction

The cDNAs encoding human TUSC3 and ERMA were amplified by PCR
and inserted into the following vectors, pcDNA3.1, mRFP1-N1, and
DsRed-N1. Deletion mutants of TUSC3 were produced by site-directed
mutagenesis. All plasmid constructs were verified by DNA sequencing
analysis. The sgTUSC3 targeting sequences were inserted into Lenti-
vector V2. The target sequence of sgTUSC3 #1 is 5-CTT GCC TAC GGC
GTG AAG GAG; the target sequence of sgTUSC3#2 is 5-GCT TGC CTA
CGG CGT GAA GGA; sgTUSC3 #3 is 5-CGC TTG CCT ACG GCG
TGA AGG.

Western blot analysis

Western blotting was performed following previously established
protocols”. Cell lysates and tissue samples from the hippocampus,
striatum, and prefrontal cortex were homogenized in ice-cold RIPA
buffer containing 50 mM Tris-Cl (pH 7.5), 150 mM NaCl, 1 mM EDTA,
1.1% (v/v) Nonidet P40 substitute, 0.25% (w/v) sodium deoxycholate,
and 1 mM PMSF. The samples were then briefly sonicated and cen-
trifuged at 12,000 x g for 10 min at 4 °C to remove debris. The super-
natant was subjected to SDS-PAGE and transferred to PVDF (Atto)
membrane using the Semi-Dry transfer system WSE-4025 HorizeBLOT
2 M-R (Atto). The membranes were blocked with 5% (w/v) BSA pre-
pared in TBS-T buffer [10 mM Tris-Cl, pH 8.0, 150 mM NacCl, and 0.5%
(v/v) Tween-20] for 1h at room temperature to prevent nonspecific
binding. After incubation with primary antibodies overnight at 4 °C,
the membranes were washed with TBS-T, followed by incubation with
HRP-conjugated secondary antibodies. Immunoreactive bands were
detected using chemiluminescent detection methods, and images
were captured.

Co-immunoprecipitation

Brain lysates from WT mice were prepared using NP-40 lysis buffer
(50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1% NP-40, 1 mM EDTA) sup-
plemented with a protease inhibitor cocktail (Quartett). The lysates
were then briefly sonicated and centrifuged at 12,000 x g for 20 min at
4°C, and the resulting supernatants were collected and quantified
using the Bio-Rad Protein Assay (Bio-Rad). For each immunoprecipi-
tation, 1000 pg of total protein was incubated overnight at 4 °C with
5pL of antibodies against TUSC3 (Proteintech), ERMA (gift from Dr.
Madeshi), or control rabbit IgG (Cell Signaling), under rotation.
Protein-antibody complexes were captured by incubation with 40 pL
of Protein G Sepharose bead slurry (GE Healthcare) for 4 h at 4 °C. The
beads were then washed three times with cold PBS and eluted in
5 x Laemmli sample buffer (100 mM Tris-HCI pH 6.8, 25% glycerol, 5%

SDS, 200 mM DTT, 0.02% bromophenol blue), followed by boiling at
95 °C for 5 min. Eluates were analyzed by immunoblotting.

Immunoprecipitation

For overexpression immunoprecipitation, HEK293T cells were trans-
fected with plasmids at a 1:4 ratio using Lipofector-pMax (AptaBio).
After 48 h, cells were lysed with lysis buffer (50 mM Tris-Cl, pH 7.4,
150 mM NaCl, 1mM EDTA, 1% Triton X-100) supplemented with a
protease inhibitor cocktail (Quartett) and 1 mM PMSF (Sigma-Aldrich),
and cleared by centrifugation (12,000xg, 10 min, at 4°C). The
resulting supernatant was transferred to a new tube and incubated
with the primary antibody in lysis buffer overnight at 4 °C. Protein G
Sepharose bead slurry (GE Healthcare) or FLAG M2 bead slurry (Sigma-
Aldrich) was added and incubated at 4 °C for 4 h. The beads were
washed three times with PBS, eluted with 5 x sample buffer (100 mM
Tris-Cl pH 6.8, 25% glycerol, 5% SDS, 200 mM DTT, 0.02% bromophe-
nol blue) followed by 5min boiling at 95°C, and analyzed by
immunoblotting.

PNGase F treatment

Enzymatic deglycosylation was performed using PNGase F (NEB) under
denaturing conditions following the manufacturer instructions.
Briefly, total glycoprotein (20 pg) was mixed with 1L of 10 x Glyco-
protein Denaturing Buffer and nuclease-free water to a final volume of
10 pL. The mixture was denatured by incubation at 100 °C for 10 min,
followed by immediate chilling on ice. Samples were briefly cen-
trifuged at 10,000 x g for 10 s and brought to a final reaction 20 pL by
adding 2 pL of 10 x GlycoBuffer 2, 2 puL of 10% NP-40, and 6 pL of
nuclease-free water. After the addition of PNGase F (500,000 units/ml,
1 L), the reaction mixture was incubated at 37 °C for 2 h and evaluated
by observing protein mobility shifts using immunoblotting.

Immunohistochemistry

Mice were anesthetized and transcardially perfused with PBS con-
taining 10 U/mL heparin, followed by fixation with 4% (w/v) paraf-
ormaldehyde (PFA). Brains were post-fixed overnight at 4°C and
subsequently transferred to 30% (w/v) sucrose solution for cryopro-
tection. The tissues were embedded in OCT compound and sectioned
coronally into 40-um-thick cryosections using a Cryostat microtome
(Leica). For floating immunohistochemistry, sections were washed
three times in PBS and incubated in blocking solution (5% BSA and 0.1%
Triton X-100 in PBS) for 2 h at room temperature. The sections were
then incubated overnight at 4 °C with primary antibodies diluted in
blocking solution. After washing with PBST, sections were incubated
with fluorescently conjugated secondary antibodies for 1h at room
temperature. Following additional PBST washes, sections were
mounted onto slides using Fluoromount™ Aqueous Mounting Med-
ium (Sigma-Aldrich). Images were captured using LSM980 confocal
microscopy (Zeiss), and fluorescence intensity analysis was performed
using Image).
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Magnesium measurement

Cells were transfected with MagFRETcy, or MagFRETg for 48 h and
analyzed using confocal microscopy as described in a previously
published study'®. To assess intracellular magnesium levels, cells were
seeded onto 35 mm confocal dishes (PLL-coating dishes for primary
cortical neurons) and transfected with MagFRET ¢, or MagFRETgg for
48h. Live-cell imaging was performed using an LSM980 confocal

microscope (Zeiss) equipped with FRET detection modules to monitor
Mg?* dynamics in real-time. For FRET analysis, cells were excited at
435 nm using a single excitation laser, and fluorescence emissions were
detected at 460-490 nm (Cerulean channel) and 510-550 nm (Citrine
channel) to quantify energy transfer. The Citrine-to-Cerulean ratio was
used to determine intracellular Mg2* levels. All images were acquired
at 37 °C using a 63x (NA 1.4) oil-immersion objective, and data were
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Fig. 6 | Magnesium supplementation prevents the progression of TUSC3-
induced intellectual disability phenotypes before symptoms manifest.

a Experimental timeline. Four-week-old mice received chronic magnesium sup-
plementation via drinking water containing MgT (910 mg/kg/day) for 42 days,
followed by behavioral analysis. Created with BioRender.com. b, ¢ Cognitive per-
formance of MgT-treated WT and TUSC3 KO mice assessed in the Y-maze (b) and
NOR test (c). d Stress-coping ability evaluated using the TST. e, f Social behavior
assessed in the social interaction (e) and social novelty preference (f) tests (left).
Time spent in each chamber (middle) and sniffing time (right) were measured.

g, h Representative western blot of hippocampal tissues from WT and TUSC3 KO
mice treated with vehicle or MgT (g). Quantification of indicated protein levels (h)
(n=3).1, j Representative confocal images of GluAl immunohistochemistry in the
CALl (i) and CA3 (j) hippocampal regions from WT and TUSC3 KO mice treated with
vehicle or MgT (n=3). Scale bar: 50 pm. In these experiments, 10-week-old mice
were used: WT: 8 (4 F, 4 M); WT + MgT: 8 (4F, 4 M); KO: 6 (3F, 3M); KO +MgT: 8
(5F,3 M). Two-way ANOVA with Tukey’s post hoc multiple comparison test. All data
are represented as mean + S.E.M. Source data are provided as a Source data file.
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Fig. 7 | Working model. TUSC3 deficiency impairs ER magnesium uptake by dis-
rupting its positive modulation of ERMA, an ER Mg?2* transporter. This leads to
reduced ER [Mg?*], activation of ER stress via the PERK-elF2a axis, and suppression
of global translation, including synaptic proteins (PSD-93, PSD-95, GluAl). In par-
allel, CREB activity is reduced through impaired PI3K/AKT signaling. Together,

these changes result in synaptic dysfunction, increased neuronal vulnerability (via
CHOP), and ultimately cognitive and adaptive behavioral deficits. Notably, mag-
nesium supplementation restores ER [Mg2*] levels, alleviates ER stress, and rescues
synaptic and cognitive phenotypes in TUSC3-deficient mice, suggesting a potential
therapeutic strategy for TUSC3-associated ID.

analyzed using built-in FRET SE analysis modules in Zen lite 2.3 soft-
ware (Zeiss). To compare ER Mg?* uptake across experimental groups,
FRET efficiency (Citrine/Cerulean ratio) was normalized to baseline
values of control for signal variability. To assess whether the Mg?*
deficiency in TUSC3 KD cells could be acutely rescued, cells were
treated with 10 mM MgCl, for 200s, and real-time changes in the
Citrine/Cerulean ratio were measured.

Spine density measurement and Sholl analysis

Dendritic spine density was assessed as previously described”. In
brief, hippocampal neurons (DIV 12) were transfected with pEGFP-
N1 using Lipofectamine 2000 (Thermo Fisher Scientific). At DIV
14, neurons were fixed with 4% (w/v) PFA for 10 min at room
temperature. Confocal microscope (LSM980, Zeiss) was used to
capture images of at least 10 randomly selected EGFP-expressing
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neurons. Dendritic spines were manually counted along 10 pm
dendritic segments using ImageJ (NIH), with classification based
on morphological characteristics.

To quantify dendritic complexity, Sholl analysis was performed
using Image] with the Sholl Analysis plugin’. Concentric circles were
drawn around the soma at 10 pm intervals, and the number of den-
dritic intersections at each radius was counted. The Sholl regression
coefficient (Rc), which quantifies dendritic branching patterns, was
calculated by fitting a logarithmic regression curve to the intersection
data. Statistical analysis was performed using two-way ANOVA, com-
paring WT and TUSC3 KO neurons across different radii to determine
differences in dendritic complexity. All experiments were conducted
in at least three independent cultures, with a minimum of 15 neurons
per condition analyzed.

FM1-43 dye labeling and unloading assay

FM1-43 dye labeling and unloading assays were performed as pre-
viously described, with minor modifications™. To assess synaptic
vesicle recycling, primary hippocampal neurons (DIV18) were first pre-
washed with pre-warmed HEPES-buffered saline (HBS; 135 mM NaCl,
5mM KCI, 2mM CaCl;, 1mM MgCl,, 10 mM glucose, and 10 mM
HEPES, pH 7.4) and then incubated for 5 min in high K* HBS (90 mM
KCI) containing 10 uyM FM1-43 dye (Invitrogen). After additional
exposure to FM1-43 for 60 s, neurons were washed three times for 30 s
with HBS and further rinsed 3 times with dye-free normal saline and
then allowed to rest for 10 min. For dye release, cells were re-
stimulated with high K* HBS for 2 min while live fluorescence imaging
was performed every 10s using a confocal microscope (LSM980)
equipped with a 488 nm laser and a 20x objective. The fluorescence
intensities in individual synaptic boutons were quantified using ImageJ
(Fiji) as previously described”. All values were background-subtracted
and normalized to baseline fluorescence (F), and unloading kinetics
were assessed by analyzing the slope and total change in fluorescence
(AF =F300 - Fo).

Cell death assay

Cell Live:Dead ratios were determined as described previously”. SH-
SY5Y cells were pretreated with Magnesium-L-Threonate (MgT;
400 uM) for 12 h and, cells were then cotreated with MgT (400 uM)
and ER stress inducers (thapsigargin, 2 uM; tunicamycin, 2 pg/ml;
A23187, 2pM), and etoposide (25uM) for 24 h. Viable cells were
stained with calcein-AM, originally non-fluorescent but converted to
fluorescent form under hydrolysis by intracellular esterases in live
cells. Dead cells were stained with propidium iodide (PI), observed
under a fluorescence microscope (Olympus), and the Live:Dead ratios
were calculated by dividing the number of dead cells (Pl-positive cells)
by the number of total cells (calcein-AM-positive cells plus PI-
positive cells).

Surface sensing of translation (SUnSET) assay

The SunSET assay was performed to assess global protein synth-
esis following previously established protocols with minor
modifications?”. MEFs and human fibroblasts were cultured under
standard conditions before treatment. Cells were incubated with
Spg/mL puromycin (Sigma-Aldrich) for 2h at 37°C to allow
incorporation of puromycin into nascent polypeptide chains.
Following incubation, cells were washed three times with ice-cold
PBS to remove excess puromycin and then lysed using RIPA
buffer. For western blot analysis, total protein extracts were
separated by SDS-PAGE, transferred to PVDF membranes, and
blocked with 5% (w/v) BSA in TBS-T. Membranes were then pro-
bed with anti-puromycin antibody (ABclonal) overnight at 4 °C to
detect puromycin-labeled polypeptides, followed by incubation
with HRP-conjugated secondary antibodies. Immunoreactive
bands were visualized using chemiluminescent detection.

Animals experimentations

All experiments involving animals were performed according to the
guidelines of this period according ARRIVE guidelines and the proto-
cols were approved by the Institutional Animal Care and Use Com-
mittee guidelines of Seoul National University (240102-6-1). WT or
TUSC3 KO mice on a C57BL/6) background were generated using
CRISPR-Cas9 gene-editing technology. Both male and female mice
were used across all experiments. Mice were randomly assigned to
experimental groups regardless of sex, as the study was not specifically
designed or powered to investigate sex-dependent differences.
Detailed information on the age and sex of animals used is indicated in
the figure legends for each experiment using the abbreviations F
(female) and M (male). All animals were housed in groups of 3-5 per
cage in a temperature-controlled (22 +1°C) and humidity-controlled
(50-60%) facility with a 12 h light/dark cycle. Standard rodent chow
and water were provided ad libitum.

Generation of TUSC3 KO mice

TUSC3 KO mice were generated by ToolGen Inc. and Macrogen Inc.
(Seoul, Korea) using CRISPR-Cas9 gene-editing technology. Specifi-
cally, a single guide RNA (sgRNA) targeting a highly conserved region
within Exon 2 of the mouse Tusc3 gene was designed (sequence: 5’-ATC
ATG GAG TAG TTC CGA GGT GG-3’). The sgRNA was synthesized and
validated in vitro for cleavage efficiency. Founder mice were screened
for targeted mutations by PCR amplification of genomic DNA isolated
from tail biopsies, followed by Sanger sequencing. The resulting tar-
geted mutation in the Tusc3 locus involved a 363 bp deletion spanning
Exon 2 and part of the intron between Exon 2 and Exon 3, leading to a
frameshift mutation and the introduction of a premature stop codon.
Successful generation of TUSC3 KO mice was further validated by
western blot analysis and genotyping.

Genotyping of TUSC3 KO mice

Genomic DNA was extracted from mouse tail biopsies using DirectPCR
lysis buffer (Biofiat) supplemented with Proteinase K (GenDEPOT).
Specifically, 49 uL of DirectPCR lysis buffer was mixed with 1uL of
Proteinase K for each sample. After overnight digestion at 55°C, the
lysates were heat-inactivated (85-95 °C for 45 min) and used as tem-
plates for PCR-based genotyping. PCR was performed using TUSC3-
specific primers designed to distinguish WT and KO alleles. The 20 uL
reaction consisted of genomic DNA, primers (forward primer: 5-GTG
CAA GTA AGG TCA ATG AGG A-3, reverse primer: 5-CCA CCC AGA
CAA TCA CTG AAT-3), and PCR master mix. A touchdown PCR pro-
tocol was employed for higher specificity: an initial denaturation at
95 °C for 5 min was followed by 10 cycles of 95 °C for 30 s, 57 > 50°C
(decreasing 1°C per cycle) for 30s, and 72 °C for 30s. This was fol-
lowed by 25 cycles of 95°C for 30's, 50 °C for 30 s, and 72 °C for 30s.
The reaction concluded with a final extension at 72°C for 5min.
Amplified DNA fragments were separated on a 2% agarose gel, stained
with ethidium bromide, and visualized under UV illumination. The
expected band sizes for the WT and KO alleles were approximately
800 bp and 400 bp, respectively.

Magnesium-L-threonate treatment

Magnesium-L-threonate (MgT) treatment was administered following
previously reported dosing protocols™***. WT and TUSC3 KO mice
were provided with MgT-supplemented drinking water at a con-
centration of 910 mg/kg/day (mpk), ensuring consistent intake
throughout the experimental period. Fresh MgT solution was prepared
and replenished every 48 h to maintain stability and efficacy. Control
mice received standard drinking water without supplementation.

Memory tests
Y-maze test. Mice were laid to the end of one arm and then explored
freely in the apparatus (32.5 cm long x 15 cm high) for 7 min. The arm
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entry was valid when the whole body was entered entirely into each
arm. The spontaneous alteration was assessed as the ratio of the
number of effective alterations, an event that the mouse enters three
different arms consecutively, to the number of total arm entries.

Novel object recognition. NOR test was performed with two days of
habituation, one-day training, and two days of the test session. Mice
were allowed to freely roam in the chamber (22 cm wide x 27 cm
long x 30 cm high) for 7 min. At training, two identical objects were
placed on the diagonal of the chamber. One object was replaced
with a novel object once a day during the test phases. The
discrimination ratio was calculated by dividing the time spent
on a novel object by the sum spent on a novel object and a
familiar object.

Passive avoidance. Passive avoidance was composed of one-day
habituation, one-day training, and one-day test session. The apparatus
(40 cm wide x 20 cm long x 20 cm high) is divided into a bright com-
partment with an overhead 8 W lamp and a dark compartment, of
which the floor is made of electrical grids. Mice were allowed to
explore freely in a bright compartment for 3 min with the door closed
for conditioning. At the training session, mice were initially placed into
the bright compartment and shocked by the foot grid (0.25mA, 25s)
when both hind limbs entered the dark compartment. The latency to
enter the dark compartment at the test session was observed with a
7 min cutoff point.

Forced swim test

The forced swim test was conducted to evaluate stress adaptation
capability. Each mouse was placed in a container (20 cm high x 14 cm
diameter) filled with water at 25°C for 6 min. Water level was set to
16 cm. All experiments were recorded using a video camera and later
analyzed to measure the immobility time. Immobility time, defined as
the duration during which the mouse remained floating with minimal
movement to keep its head above water, was measured. This was cal-
culated by subtracting the total active movement time from the total
test duration. Mice that exhibited signs of drowning or extreme dis-
tress were immediately removed from the water, and the time at which
they were taken out was recorded. These mice were excluded from
further analysis. After the test, all mice were carefully dried, placed in a
pre-warmed recovery cage, and monitored before being returned to
their home cages.

Tail suspension test

Each mouse was suspended by the tail using adhesive tape affixed
approximately 1 cm from the tail tip and secured to a horizontal bar.
The test was conducted in a soundproof behavioral testing room
under consistent lighting conditions to minimize external stressors.
Mice were suspended at a height ensuring that their bodies remained
completely airborne and unable to contact with any surfaces. The total
duration of the test was 6 min, during which the immobility time—
defined as the absence of active escape-oriented movements—was
recorded.

Three-chamber social interaction and social novelty test

The three-chamber social test was conducted as previously
described’®, with minor modifications. The testing apparatus consisted
of a transparent acrylic box divided into three chambers, with small
openings allowing movement between them. The wire cages used to
contain stranger mice were cylindrical (11 cm height, 10.5 cm bottom
diameter, 1 cm bar spacing).

For the sociability test, the test mouse was first placed in the
middle chamber for 5 min for habituation. Then, a novel mouse was
placed inside a wire cage in one of the side chambers, while an empty
wire cage was placed in the opposite chamber. The test mouse was

allowed to explore freely for 10 min and time spent in each chamber
and the proximity to the cages were recorded.

For the social novelty test, after an additional 5 min of exposure to
the familiar mouse, a second novel mouse was placed in the previously
empty cage. The test mouse was again allowed to explore for 10 min,
and social interaction was analyzed. Behavioral data, including time
spent in each chamber and proximity to the cages, were quantified.
The placement of Stranger 1 was counterbalanced across trials, but
remained consistent within each test session.

Self-grooming test

Mice were scored for spontaneous grooming behaviors when placed
individually in a clean cage. The cage was lined with a thin layer of
bedding (-1 .cm) in order to reduce neophobia, but prevent digging, a
potentially competing behavior. Prior to the testing period, animals
were allowed to habituate to the novel environment for 10 min. Each
mouse was rated for 10 min on cumulative time spent grooming.

Ex vivo electrophysiology

Slice preparation. Using WT and TUSC3 KO mice, transverse hippo-
campal slices (300 pm) were prepared as described previously”’. The
mice were anesthetized using isoflurane and decapitated. Their brains
were rapidly removed and placed in ice-cold, oxygenated (95% O, and
5% CO,) dissection buffer with low Ca** and high Mg?* concentrations.
The dissection buffer consisted of 5 mM KCl, 1.23 mM NaH,PO,4, 26 mM
NaHCOs, 10 mM dextrose, 0.5 mM CaCl,, 10 mM MgCl,, and 212.7 mM
sucrose. Hippocampal slices were cut and transferred to a holding
chamber in an incubator filled with oxygenated artificial cerebrospinal
fluid (ACSF). The ACSF contained 124 mM NaCl, 5mM KCl, 1.23 mM
NaH,PO4, 2.5mM CaCl,, 1.5 mM MgCl,, 26 mM NaHCOj3;, and 10 mM
dextrose. The slices were maintained at 28-30 °C for at least 30 min
before recording.

Whole-cell recordings. The slices were then moved to a recording
chamber and continuously perfused (2 ml/min) with oxygenated ACSF
(95% 0, and 5% CO,). Recordings from CAl and CA3 pyramidal neurons
were performed, and patch pipettes (4-8 MQ resistance) were filled
with Cs-based internal solution. The solution comprised 130 mM Cs-
MeS0O,4, 0.5 mM EGTA, 5 mM TEA-CI, 8 mM NaCl, 10 mM HEPES, 1 mM
QX-314, 4mM ATP-Mg, 0.4 mM GTP-Na, and 10 mM Na,-phospho-
creatine at a pH of 7.4 and 290-300 mOsm. The external recording
solution was composed of ACSF, to which 100 pM picrotoxin was
added. Neurons were voltage-clamped at -60 mV to record sEPSC,
eEPSC, and paired pulse ratio (EPSC-PPR). Evoked synaptic responses
were elicited by stimulating the Schaffer collateral (SC) pathway
(0.2ms current pulses) using a concentric bipolar electrode placed
adjacent to the CAl region. The maximal amplitudes of eEPSC were
measured, and the half-maximal amplitude was used to record PPR. To
measure EPSC-PPR, two synaptic responses were evoked by paired
stimuli given at 20 ms intervals. Recordings were obtained using a
Multiclamp 700 A amplifier (Molecular Devices) under visual control
with differential interference contrast illumination in an upright
microscope (Olympus, BX50WI). Only cells with an access resistance
<20 MQ were recorded; those with an access resistance change >20%
were excluded from the analysis. Data were acquired and analyzed
using pClamp 10.7 (Molecular Devices). Signals were filtered at 3 kHz
and digitized at 10 kHz with Digidata 1550B (Molecular Devices).

Neuromuscular junction (NMJ) recordings. The extensor digitorum
longus (EDL) muscle was dissected from TUSC3 WT and TUSC3 KO
mice and then pinned to a Sylgard-coated recording chamber as
described previously’. Intracellular recording was conducted in oxy-
genated Ringer’s solution (138.8 mM NaCl, 4 mM KCl, 12 mM NaHCOs,
1 mM KH2PO4, 1 mM MgCl,, and 2 mM CaCl, with a pH of 7.4). Minia-
ture endplate potentials (mEPPs) were recorded from a junction. The
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data were obtained and analyzed with Axoclamp 900 A and Clampfit
version 10.7 software.

Statistical analysis

All experiments were conducted independently at least three times,
and data are presented as mean + S.E.M. unless otherwise indicated.
The statistical tests used and sample sizes (n) are detailed in the
figure legends. Statistical analyses were performed using GraphPad
Prism 10.1.0. (GraphPad). Normality was performed using the
Shapiro-Wilk or Kolmogorov-Smirnov (KS) test, depending on the
sample size, when the dataset was sufficiently large. If normality was
not met, non-parametric tests were applied. Otherwise, an unpaired
two-tailed t-test was used for comparisons between two groups,
one-way ANOVA for comparisons involving three or more groups
with a single independent variable, and two-way ANOVA for analyses
involving two independent variables, followed by Tukey’s post-hoc
test for multiple comparisons. Statistical significance was defined as
P<0.05. Graphs and figures were generated using GraphPad Prism
version 10.1.0.

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

Data availability
All data generated in this study are provided in the Source Data
file. Source data are provided with this paper.
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