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Microglial Tmem59 Deficiency Impairs Phagocytosis of
Synapse and Leads to Autism-Like Behaviors in Mice
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Synaptic abnormality is an important pathologic feature of autism spectrum disorders (ASDs) and responsible for various behavioral
defects in these neurodevelopmental disorders. Microglia are the major immune cells in the brain and also play an important role in
synapse refinement. Although dysregulated synaptic pruning by microglia during the brain development has been associated with
ASDs, the underlying mechanism has yet to be fully elucidated. Herein, we observed that expression of Transmembrane protein 59
(TMEM59), a protein recently shown to regulate microglial function, was decreased in autistic patients. Furthermore, we found that
both male and female mice with either complete or microglia-specific loss of Tmem59 developed ASD-like behaviors. Microglial
TMEM59-deficient mice also exhibited enhanced excitatory synaptic transmission, increased dendritic spine density, and elevated levels
of excitatory synaptic proteins in synaptosomes. TMEM59-deficient microglia had impaired capacity for synapse engulfment both in
vivo and in vitro. Moreover, we demonstrated that TMEM59 interacted with the Clq receptor CD93 and TMEM59 deficiency pro-
moted CD93 protein degradation in microglia. Downregulation of CD93 in microglia also impaired synapse engulfment. These find-
ings identify a crucial role of TMEM59 in modulating microglial function on synapse refinement during brain development and
suggest that TMEM59 deficiency may contribute to ASDs through disrupting phagocytosis of excitatory synapse and thus distorting
the excitatory-inhibitory (E/I) neuronal activity balance.
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Microglia play an important role in synapse refinement. Dysregulated synaptic pruning by microglia during brain develop-
ment has been associated with autism spectrum disorders (ASDs). However, the underlying mechanism has yet to be fully elu-
cidated. Herein, we observe that the expression of Transmembrane protein 59 (TMEM59), an autophagy-related protein, is
decreased in autistic patients. Moreover, we find ASD-like behaviors in mice with complete loss and with microglia-specific
loss of Tmem59. Mechanistic studies reveal that TMEM59 deficiency in microglia impairs their synapse engulfment ability
likely through destabilizing the Clq receptor CD93, thereby leading to enhanced excitatory neurotransmission and increased
dendritic spine density. Our findings demonstrate a crucial role of microglial TMEM59 in early neuronal development and
provide new insight into the etiology of ASDs. j
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Autism spectrum disorders (ASDs) are a group of neuropsychi-
atric disorders characterized by impairment in communication
and social interaction, stereotyped and repetitive behavior, re-
stricted interests, as well as other associated neurologic issues
including anxiety, hyperactivity, seizures, and learning and mem-
ory impairment (Geschwind, 2009; Bhat et al., 2014; Lai et al,,
2014). Both environmental and genetic factors contribute to
ASD etiology (Waye and Cheng, 2018). Recent genome-wide
association studies have identified a series of ASD risk genes,
such as FMR1, SHANK3, MECP2, CUL3, and CDKL5 (Crawford
et al., 2001; T Wang et al,, 2016; Turner et al., 2017; Ramaswami
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and Geschwind, 2018). Many of these ASD risk genes encode
synaptic proteins at glutamatergic synapses (Peca and Feng,
2012; Barak and Feng, 2016), suggesting excitatory synaptic dys-
function as a likely basis for ASD pathology.

Microglia, the dominant immune cells in the CNS, are re-
sponsible for phagocytosis of dead cells, microbes, and other sub-
stances harmful to the CNS (Colonna and Butovsky, 2017; Guo
et al., 2020). Moreover, microglia can regulate brain development
and maintain homeostasis of functional neuronal connections
(Thion et al,, 2018; Cserép et al., 2020). Microglia drive synaptic
pruning by engulfing excessive synapses through interacting
with neurons (Neniskyte and Gross, 2017). The selective refine-
ment and elimination of redundant neuronal connections is nec-
essary for the formation of functionally mature neural circuits.
Dysregulated microglial functions have been associated with
ASD pathogenesis. Excessive microglial activation (Suzuki et al.,
2013) and increased dendritic spine density (Hutsler and Zhang,
2010; G Tang et al., 2014) were found in patients with ASDs. Loss
of the ASD risk gene FMRI homolog in mice reduced micro-
glia-mediated synaptic pruning in the CAl region and
increased dendritic spine density (Jawaid et al, 2018).
However, mutations in identified ASD risk genes account
for only a subset of ASDs. There is an urgent requirement
for identifying additional ASD risk genes and elucidating
the underlying mechanism.

Classical complement cascade has been demonstrated to par-
ticipate in synaptic pruning during brain development (Stevens
et al,, 2007; Presumey et al., 2017). Mice deficient in Clq, C3,
and C4 exhibit impaired synapse elimination (Stevens et al,
2007; Sekar et al., 2016). As the initiator in the classical comple-
ment cascade, Clq has been found to colocalize with synaptic
markers and mediate microglial phagocytosis of synapse (Bialas
and Stevens, 2013; Lui et al., 2016; Krukowski et al., 2018). The
Type I transmembrane glycoprotein CD93 is a Clq receptor
and has also been associated with microglial phagocytosis and
inflammation (Nepomuceno and Tenner, 1998; Nepomuceno et
al., 1999; Steinberger et al., 2002; Bohlson et al., 2005; Nativel et
al., 2019). However, whether CD93 participates in microglia-
mediated synaptic remodeling remains unknown.

Transmembrane protein 59 (TMEM59), also known as den-
dritic cell factor 1 (DCF1), is ubiquitously expressed in various
tissues (Zheng et al, 2017). TMEM59 can interact with
ATGI6L1 to induce LC3 activation and autophagy (Boada-
Romero et al,, 2013; Zheng et al., 2017). Recent studies suggest
that TMEMS59 can also modulate microglial activities and neuro-
inflammation (J. Wang et al., 2018; Z. Liu et al., 2020). Notably,
one recent study found that Tmem59"*F;Nestin-Cre mice,
with a loss of TMEM59 in neural cells specifically, exhibited
ASD-like behaviors such as impaired social interaction and ele-
vated self-grooming (Q. Liu et al., 2017). Nevertheless, whether
and how TMEM59 alteration contributes to human ASDs has
yet to be ascertained.

Materials and Methods

Animals

Tmem59 conditional knock-out (KO) mice (Tmem591°1°% C57BL/6
background) were generated using a traditional homozygous recombina-
tion strategy by Cyagen Biosciences. Briefly, a homology region covering
mouse Tmem59 exon 3 to exon 6 was subcloned into the targeting vec-
tor. One Loxp site was then introduced into Tmem59 intron 3, and
another Loxp site together with a modified Rox-flanked Neo cassette
was introduced into Tmem59 intron 5. After linearization, the targeting
vector was transfected into C57BL/6 background mouse embryonic
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stem cells. After G418 selection and confirmation of successful homolo-
gous recombination of the targeting vector, positive clones were injected
into mouse blastocysts, which were then implanted into pseudo-preg-
nant females. Born chimeric mice (FO) were crossed with C57BL/6 mice
to generate F1 mice carrying the recombined allele. The Neo cassette
flanked by modified Rox sites was self-deleted during mouse production,
with a confidential design by Cyagen Biosciences. Tmem59"*1°% mice
were crossed with Lyz2-Cre (Heckmann et al., 2019; kindly provided by
Nengming Xiao) and Zp3-Cre (Cheng et al., 2018; kindly provided by
Haibin Wang) mice to generate homozygous Tmem59"*°XLyz2-Cre
(597 ﬂ;Lyzz) and Tmem59~'~ (KO) mice that have Tmem59 exon 4 and
exon 5 deleted specifically in microglia and germline, respectively (Fig.
2D). Both male and female mice were used in this study and the sex of
mice used for each experiment was indicated in related figure legends.
All animal experimental procedures were performed in accordance with
the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and approved by the Animal Ethics Committee of
Xiamen University. The PCR primers used for genotyping were as
follows: Tmem59""°%, forward-5'-GAGTAGATGATGCTGACATA
GAC-3', reverse-5'-CCTCTAAGGAGCTTTCTAAGTG-3'; Lyz2-Cre,
forward-5"-CCCAGAAATGCCAGATTACG-3', reverse-5'-CTTGG
GCTGCCAGAATTTCTC-3'; Zp3-Cre, forward-5'-CAGATGAGG
TTTGAGGCCACAG-3', reverse-5'-TTCTTGCG AACCTCATCAC
TC-3; Tmem59~'~, wild-type (WT)-forward-5-GAGTAGATG
ATGCTGACATAGAC-3', KO-forward-5-GTAAGAAACTAGAA
CTGGGCTTGAGC-3’, Common reverse-5'-CCTCTAAGGAGCTTTC
TAAGTG-3".

Primary cell cultures

Mouse primary neurons, microglia, and astrocytes were prepared as
reported previously (Giralt et al., 2016; Zhong et al,, 2017; McInnes
et al., 2018) and described briefly below:

Neuronal cultures

The cerebral cortex and hippocampus of mice at embryonic day (E)
16.5 were used to isolate neurons. Neurons were plated in six-well
plates coated with poly-L-lysine (Sigma-Aldrich) and cultured in neu-
robasal medium (Invitrogen) containing 2% B27 (Invitrogen), 1% L-
glutamine (Invitrogen) and 1% penicillin-streptomycin (Invitrogen).

Microglial cultures

Mouse brains at postnatal day (P)1-P3 were used to isolate glial cells.
Mixed glial cells were plated in flasks coated with poly-L-lysine (Sigma-
Aldrich) and cultured in DMEM (Invitrogen) containing 10% heat-inac-
tivated FBS (Invitrogen) and 25 ng/ml granulocyte-macrophage colony
stimulating factor (GM-CSF; R&D Systems, 415-ML). Ten days later,
microglia cells were harvested by shaking flasks for 20 min.

Astrocytic cultures

The cerebral cortex and hippocampus of mice at P1-P3 were used to iso-
late astrocytes. Astrocytes were plated in flasks coated with poly-L-lysine
(Sigma-Aldrich) and cultured in DMEM/F-12 (Invitrogen) containing
10% heat-inactivated FBS (Invitrogen).

Microglia-neuron co-cultures

For direct contact coculture, primary microglia were directly added into
plates containing WT primary neurons at 1:2 ratio, and cultured for
another 2d starting on 13-14d in vitro (DIV13-DIV14). For transwell
coculture, microglia were added into transwell inserts (0.4-um pore,
Costar) above DIV13-DIV14 neurons at 1:2 ratio, and cultured for
another 2 d.

Behavioral tests

Behavioral experiments started when mice were at two months of age.
All tests were conducted blindly to mouse genotypes. Data were
recorded and analyzed using Smart 3.0 video tracking system (Panlab,
Harvard Apparatus).
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Three-chamber social interaction

Social interaction test was performed in a rectangular, three-chambered
box as described previously (Peca et al., 2011). Each chamber was 20 cm
(L) x 40 cm (W) x 22 cm (H), and dividing walls were clear with small
openings (5cm X 5 cm) as access to each chamber. There was an empty
cage in each side chamber. The test mouse was first allowed to habituate
in the three chambers for 10 min, and then moved into the middle
chamber. After a strange mouse (stranger 1) was placed into one of the
empty cages, the test mouse was allowed to explore freely for 10 min.
Following this, another strange mouse (Stranger 2) was placed into the
other empty cage and the test mouse was allowed to explore freely over a
10-min session again. The movement of the test mouse and its time
spent in contact with cages were recorded.

Self-grooming

The test mouse was placed in a clean cage with fresh bedding. After
5min of habituation, mouse spontaneous behaviors were recorded for
10 min to evaluate time spent in grooming.

Nest building

Nest building was scored following a protocol previously described
(Deacon, 2006). Briefly, a square cotton (3 g) as nesting material was
placed into a cage with fresh bedding. The test mouse was then placed
into this cage. The next morning, the nest was scored in a 1-5 scale:
score 1, >90% nesting cotton remains intact; score 2, 50-90% of nesting
cotton remains intact; score 3, >50% nesting cotton was shredded and
spread around the cage; score 4, >90% of nesting cotton was torn and
gathered with a flat nest lower than mouse body height; and score 5,
>90% of nesting cotton was torn and reformed into a (near) perfect nest
with walls higher than mouse height.

Transfection

Plasmids were transfected into HEK293T or HeLa cells by TurboFect
Transfection Reagent (ThermoFisher), and siRNAs (GenePharma) were
transfected into HEK293T or primary microglia using Entranster-R4000
reagent (Engreen), following the manufacturers’ instructions. After
transfection for 72 h, cells were used for additional experiments. siRNA
sequences used were as follows: negative control, 5'-UUCUCCGA
ACGUGUCACGU-3'; Cd93 siRNA-1, 5'-GAGCUCCUGUAUCUUU
AAA-3'; Cd93 siRNA-2, 5'-GCUGGAUGAUCUAGUAACU-3';
TMEMS59 siRNA, 5'-GCACAGAGCUUCAUAACCU-3".

Quantitative real-time PCR (QRT-PCR)

Total RNA was extracted from primary cells or brain tissues using the
TRIzol reagent (Invitrogen), following the manufacturer’s instructions.
Purified RNA was reverse transcribed into cDNA using the Rever Tra
Ace qPCR RT kit (TOYOBO). The FastStart Universal SYBR Green
Master (Rox; Roche) was used for qRT-PCR. Primer sequences for target
genes were as follows: Tmem59, forward-5'-AACTCACAAGCACA
CAGGAACT-3', reverse-5'-CAACACCATCACCGAGAGGA-3'; Tnfa,
forward-5"-GTCTACTGAACTTCGGGGTGAT-3',  reverse-5'-CTGAG
TGTGAGGGTCTGGGC-3"; II-183, forward-5'-CAGGCAGGCAGTAT
CACTCATTG-3',  reverse-5'-GCTTTTTTGTTGTTCATCTCGGA-3';
Argl, forward-5'-CACAGTCTGGCAGTTGGAAGC-3', reverse-5'-CTTT
GGCAGATATGCAGGGAG-3'; Ym-1, forward-5'-CAGGTCTGGCAA
TTCTTCTGAA-3', reverse-5'-GTCTTGCTCATGTGTGTAAGTGA-3';
Cd93, forward-5-TGTTTTACATCCTGGGGACGG-3', reverse-5'-GGC
CACATAGTCTTCAGCAGT-3"; B-actin, forward-5'-AGCCATGTACG
TAGCCATCCA-3', reverse-5'-TCTCCGGAGTCCATCACAATG-3'.

Western blotting

Mouse brain tissues or cells were lysed in a lysis buffer (25 mm Tris-HCI
[pH 7.6], 150 mm NaCl, 1% sodium deoxycholate, 1% Nonidet P-40, and
0.1% SDS), supplemented with the Complete Protease Inhibitor Cocktail
(Roche). Twenty-five micrograms of total proteins were subjected to
SDS-PAGE and detected by indicated antibodies. Primary antibodies
used were as follows: anti-TMEM59 (custom-made by ABclonal, WG-
03224D), anti-NeuN (Abcam, ab177487, 1:1000), anti-GFAP (Cell
Signaling Technology, 3670S, 1:1000), anti-Ibal (Wako, 016-20001,
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1:500), anti-VGIuT1 (Millipore, MAB5502, 1:2000), anti-Syntaxin18
(Proteintech, 16013-1-AP, 1:1000), anti-Synaptophysin (Sigma-
Aldrich, S5768, 1:2000), anti-GluR1 (Millipore, MAB2263, 1:1000), anti-
GluR2 (Proteintech, 11994-1-AP, 1:2000), anti-GluR3 (Millipore,
MAB5416, 1:1000), anti-NR1 (Cell Signaling Technology, 5704S, 1:1000),
anti-NR2A (Proteintech, 19953-1-AP, 1:1000), anti-NR2B (Proteintech,
19954-1-AP, 1:1000), anti-PSD-95 (Cell Signaling Technology, 34508,
1:2000), anti-Gephyrin (Proteintech, 12681-1-AP, 1:2000), anti-CD93
(Abcam, ab134079, 1:2000), anti-CD11b (ABclonal, A1581,1:2000),
anti-C1gA (Hycult Biotech, HM1096BT, 1:1000), anti-C1qB (ABclonal,
A5339, 1:1000), anti-C1qC (Immunoway, YTO0565, 1:2000), anti-C3
(Abcam, ab200999, 1:2000), anti-Ubiquitin (Abcam, ab7780, 1:1000),
anti-myc (Cell Signaling Technology, 2276S, 1:1000), anti-HA (Abmart,
M20003L, 1:1000), anti-B-actin (Cell Signaling Technology, 84578,
1:5000), anti-e-tubulin (Millipore, MABT205, 1:10000), and anti-
GAPDH (Abways, AB0038, 1:5000). The secondary antibodies used were
Goat anti-Rabbit IgG (H+L)-HRP (ThermoFisher, 31460) and Goat anti-
Mouse IgG (H+L)-HRP (ThermoFisher, 31430).

Co-immunoprecipitation (co-IP)

HEK293T cells were lysed in a lysis buffer [50 mm Tris-HCl (pH 8.0),
150 mm NaCl, 2 mm EDTA, and 1% Nonidet P-40], supplemented with
the Complete Protease Inhibitor Cocktail (Roche). One mg of cell lysates
were incubated with indicated antibodies and Protein G-Sepharose
(ThermoFisher) at 4°C overnight. Proteins were eluted with SDS-PAGE
loading buffer, followed by Western blot analysis.

Biotinylation assays

Cell surface biotinylation was performed as described previously (X
Wang et al., 2013). Briefly, cells were washed with ice-cold PBS contain-
ing 1 mm MgCl, and 1.3 mm CaCl,, and then incubated gently with
0.5mg/ml Sulfo-NHS-SS-Biotin (ThermoFisher, 21331) at 4°C for
30 min. After stopping the reaction by incubating with 50 my NH,CI for
10 min, cells were lysed in 1% Nonidet P-40 lysis buffer and then incu-
bated with Streptavidin beads (ThermoFisher) at 4°C overnight. Proteins
were eluted with SDS-PAGE loading buffer, followed by Western blot
analysis.

Isolation of microglia and flow cytometry

Microglia isolation was conducted as previously described (Henry et al.,
2009; Ding et al,, 2021) with slight modifications. Briefly, mice were
anesthetized and perfused with ice-cold PBS. The cerebral cortex and
hippocampus were homogenized gently in HBSS and filtered through a
cell strainer (70 pm). Cell pellets were resuspended in 30% Percoll solu-
tion and centrifuged at 800 x g for 40 min at 4°C. New cell pellets were
washed and resuspended in FACS buffer (PBS containing 1% FBS and
2 mMm EDTA). Cells were incubated with anti-CD11b-APC (eBioscience,
17-0112-82, 1:200), anti-CD45-FITC (eBioscience, 11-0451-85, 1:200)
and anti-CD93 (Abcam, ab134079, 1:400) for 30 min at 4°C. Cells with-
out anti-CD93 incubation were used as controls. After washing, cells
were incubated with a fluorescence-conjugated secondary antibody
Alexa Fluor 594 Goat anti-Rabbit IgG (H+L; ThermoFisher, A-11012,
1:500) for 30 min at 4°C. FACS was performed using a Cytoflex LX Flow
Cytometer (Beckman) and results were analyzed by Flow]Jo (Treestar).

Electrophysiology

Acute hippocampal slices from 597" and 59" ﬂ;LyzZ mice at P19-P22,
and cultured neurons on DIV15-DIV16 were subjected to electrophysi-
ological recordings of the miniature EPSCs (mEPSCs) and the miniature
IPSCs (mIPSCs), following protocols described previously (Chen et al.,
2021). Briefly, 5971 and 597 ﬂ;LyzZ mice at P19-P22 were anesthetized
with isoflurane. Mouse brains were dissected and transverse hippocam-
pal slices (400 um thick) were prepared in an ice-cold solution (64 mm
NaCl, 2.5 mm KCl, 1.25 mm NaH,PO,, 10 mm MgSO,, 0.5 mm CaCl,,
26 mm NaHCOs, 10 mm glucose, and 120 mwm sucrose). Slices were
recovered at 32°C for 30 min and then at room temperature for an addi-
tional 30 min in artificial CSF (ACSF) solution (126 mm NaCl, 3.5 mm
Kdl, 1.25 mm NaH,PO,, 1.3 mm MgSOy, 2.5 mm CaCl,, 26 mm NaHCO;,
and 10 mm glucose). During recordings, slices were bathed in ACSF
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antibodies against Ibal (Wako, 019-19741, 1:500),
CD68 (Biolegend, 137001, 1:100) and PSD-95

— (Millipore, MAB1596, 1:200) at 4°C overnight,

and then stained with appropriate fluorescence-
conjugated secondary antibodies for 1 h at room tem-
perature and counterstained with DAPI for the nuclei.
The secondary antibodies used were as follows: Alexa
o Fluor 488 Goat anti-Rabbit IgG (H+L; ThermoFisher,
A-11008, 1:500), Alexa Fluor 594 Goat anti-Rat IgG
(H+L; ThermoFisher, A-11007, 1:500), and Alexa
Fluor 635 Goat anti-Mouse IgG (H+L; ThermoFisher,
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Figure 1.

*p < 0.05, **p < 0.01.

solution. All solutions were equilibrated with 95% O, and 5% CO, (pH
7.2-7.4). Hippocampal CA1 pyramidal neurons were clamped with an
amplifier (Axon Multiclamp 700B) and digitized by pClamp software
(Molecular Devices). Pipettes were filled with the solution containing
140 mm CsCH3SOs, 2 mm MgCly-6H,0, 10 mm HEPES, 1 mm EGTA,
5 mMm TEA-Cl, 2.5 mMm Mg-ATP, and 0.3 mM Na,-GTP, pH 7.3
(320mOsm). The glass pipettes were pulled from borosilicate glass and the
resistance was 5-7 M(). The mEPSCs and the mIPSCs were recorded at a
holding potential of -70 and 0 mV, respectively, in the presence of 0.5 um
TTX. Primary cultured neurons were recorded in the presence of 1 pm
TTX with access resistance larger than 25 M() excluded. Data were
sampled at 10 kHz, low-pass filtered at 2kHz and analyzed using the
MiniAnalysis software.

Postsynaptic density (PSD) protein purification

Mouse brain PSD fractions were prepared as described previously
(Bermejo et al., 2014). Briefly, Mouse brains were dissected and homoge-
nized in cold sucrose buffer [0.32 M sucrose and 25 mm HEPES, pH 7.4,
supplemented with protease inhibitors (MCE)]. The homogenate was cen-
trifuged at 4°C, 1400 x g for 10 min to separate the supernatant (S1, total
lysate) from nuclei and cell debris. S1 fractions were centrifuged at 4°C,
10,000 x g for 12min to obtain the pellet (P2, crude synaptosomal frac-
tions). P2 fractions were split into two equal parts and washed twice with
sucrose buffer. One P2 part was re-suspended in cold HBS buffer (25 mm
HEPES, pH 7.4 and 150 mwm NaCl, supplemented with protease inhibitors)
to get the synaptosomal (Syn) fractions. The other P2 part was re-suspended
in HBS buffer with 1% Triton X-100 and incubated for 60 min at 4°C, and
then centrifuged at 40,000 x g for 30 min at 4°C. The generated pellet (PSD
fractions) was collected and re-suspended in HBS buffer with 3% SDS.

Engulfment assays

Synaptosomes were purified as described previously (Dunkley et al,
2008), and conjugated with pHrodo Red dye (ThermoFisher, P36600)
for 1-2 h at room temperature with gentle shaking (Byun and Chung,
2018). After removing unbound dye through multiple centrifugations,
labeled synaptosomes were prepared and stored at —80°C. For engulf-
ment or phagocytic activity assays, pHrodo Red dye-labeled synapto-
somes or pHrodo Green Escherichia coli Bioparticles (ThermoFisher,
P35366) were incubated with primary microglia for 2 h. Un-engulfed
synaptosomes or Bioparticles were washed away by PBS, and microglia
were subjected to immunostaining and imaging analysis.

Immunostaining
Mouse coronal slices (15 pm thick) were blocked in 5% BSA and 0.2%
Triton X-100 in PBS for 1 h at room temperature, incubated with

TMEM59 mRNA expression is decreased in ASD patients. A, Quantification of TMEM59 mRNA levels in
lymphoblastoid cells of controls and ASD patients with a 15q11—q13 duplication [dup(15q)] or a fragile X mutation
(FMR1-FM). n =15 for control, n =7 for dup(15q), and n =28 for FMR1-FM, one-way ANOVA followed by Tukey's
post hoc test. Data from Gene Expression Omnibus (GEO) profile database, ID: 41720291. B, Quantification of
TMEM59 mRNA levels in peripheral blood lymphocytes of autistic children and controls. n=69 for control and
n=77 for autism, unpaired t test. Data from GEO profile database, ID: 92270468. Data represent mean = SEM;

T A-31575, 1:500). Confocal images were acquired with
an Olympus FV1000MPE-B confocal microscope. For
microglia counts, images were processed with the
Image] software. For microglial morphology and
engulfed PSD-95 puncta analysis, 3D reconstruction
images were processed as described previously
(Schafer et al., 2014) using the Imaris 9.2.1 software
(Bitplane).

For cell immunostaining, cells were fixed in 4%
paraformaldehyde (pH 7.4) for 15min, followed by
permeabilization with 0.2% Triton X-100 in PBS for
10 min and blocking in 2% bovine serum albumin in
PBS for 1 h at room temperature. Cells were incubated
with an anti-Ibal antibody (Wako, 019-19741, 1:200) or anti-myc anti-
body (Cell Signaling Technology, 2276, 1:200) at 4°C overnight and
then stained with a fluorescence-conjugated secondary antibody
Alexa Fluor 488 Goat anti-Rabbit IgG (H+L; ThermoFisher, A-
11008, 1:500), Alexa Fluor 594 Goat anti-Rabbit IgG (H+L;
ThermoFisher, A-11012, 1:500), or Alexa Fluor 594 Goat anti-
Mouse IgG (H+L; ThermoFisher, A-11005, 1:500) for 1 h at room
temperature and counterstained with DAPI for the nuclei. An
Olympus FVI000MPE-B confocal microscope was used for image
acquisition. Images were processed with the Image] software.

Golgi staining

Golgi staining was conducted following the protocol previously
described (Zhao et al., 2019). Briefly, mouse brains were dissected and
brain coronal slices (150 pm thick) were obtained using a VT1200S
vibratome (Leica). Staining procedures were performed using a FD
Rapid Golgistain kit (FD NeuroTechnologies) following the manufac-
turer’s instructions. Images were captured with an Olympus FV1000
MPE-B confocal microscope from the secondary basal dendrites of corti-
cal Layer V neurons and hippocampal CA1 pyramidal neurons. Images
were calibrated according to the acquisition parameters and spine
numbers were counted. Mature (mushroom shape) and immature
(thin and stubby shape) spines as described by (Harris et al., 1992)
were quantified for comparison. The criteria for spine classification
are as the following: Mushroom: d; > 10 d,; Thin: d; < 10 d, and d,
< L; Stubby: d, ~ L.

Statistical analysis

Statistical analysis was performed with the GraphPad Prism 8 software
(GraphPad Software). All data represent mean * SEM. Differences
between two groups were analyzed using unpaired ¢ test (two-tail distri-
bution). For multiple comparisons, differences were assessed by one-way
ANOVA followed by Tukey’s post hoc test or two-way ANOVA followed
by Bonferroni’s post hoc test. p < 0.05 was considered to be statistically
significant.

Results

Decreased TMEM59 expression in ASD patients

In one study comparing gene expression in lymphoblastoid cells
from controls and ASD patients with a 15q11-q13 duplication or
a fragile X mutation (Gene Expression Omnibus profile database,
ID 41720291), we noticed that TMEM59 mRNA expression was
significantly reduced in both types of patients compared
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or Tmem59 K0), respectively. E, F, Representative Western blottings and quantifi-

cation of TMEM59 protein levels in cultured primary microglia, neurons, and astrocytes from 59™™:Lyz2 mice with respective controls. n=3 independent experiments,
unpaired t test. G, H, Representative Western blottings and quantification of TMEM59 protein levels in cortex (Ctx), hippocampus (Hip), and cerebellum (Cere) of Tmem59 KO
and WT control mice. n=3 mice per group, unpaired t test. I, J, qRT-PCR analysis of Tmem59 mRNA levels in primary microglia from 59f'/f';Ly22 mice (), and in cortex (Ctx)
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with controls (F; 57y = 8.936, p=0.0011, one-way ANOVA;
Fig. 1A). In another study comparing gene expression in
peripheral blood lymphocytes from autistic children and
controls (Gene Expression Omnibus profile database, ID
92270468), TMEM59 mRNA expression was also found to
be significantly reduced in autistic patients (f(;44) = 2.325,
p=0.0215, unpaired ¢ test; Fig. 1B). These findings establish
a link between TMEM59 alteration and ASDs.

ASD-like behaviors in mice with TMEM59 deficiency in
microglia

TMEMS59 is ubiquitously expressed in primary neurons, micro-
glia, and astrocytes (F(, ) = 20.26, p=0.0021, one-way ANOVA;
Fig. 2A,B). We generated Tmem59 conditional KO mice (Meng
et al., 2020) and by crossing them with Lyz2-Cre and Zp3-Cre
lines, we acquired mice that lack Tmem59 specifically in micro-
glia (59"%Lyz2) and germline (Tmem59~'~, KO), respectively
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Figure 3.  Mice with TMEM59 deficiency in microglia exhibit autistic behaviors. A, D, G, In the three-chamber social interaction test, time spent in exploring left and right chambers by male
59ﬂ/ﬂ;LyZZ (n=10) and 59" (n = 13) mice (A), by female 59ﬂ/ﬂ;Ly22 (n=10) and 59"" (n = 10) mice (D), and by male Tmem59 KO (n = 10) and WT (n=9) mice (G); two-way ANOVA fol-
lowed by Bonferroni’s post hoc test. B, E, H, In the three-chamber social interaction test, time spent in interacting with an empty cage or a strange mouse (Stranger 1) by male 59"™Lyz2
(n=10) and 59 (n=13) mice (B), by female 59ﬂ/ﬂ;Ly22 (n=10) and 597/ (n=10) mice (E), and by male Tmem59 KO (n=10) and WT (n=9) mice (H); two-way ANOVA followed by
Bonferroni’s post hoc test. C, F, 1, In the three-chamber social interaction test, time spent in interacting with Stranger 1 or another strange mouse (Stranger 2) by male 59/ ﬂ;LyzZ (n=10) and
59" (1= 13) mice (C), by female 59"™Lyz2 (n=10) and 59" (n=10) mice (F), and by male Tmem59 KO (n=10) and WT (n=9) mice (I); two-way ANOVA followed by Bonferroni's post
hoc test. J, L, N, In the self-grooming test, total grooming time of male 59ﬂ/ﬂ;Ly22 (n=10) and 59"" (n=13) mice (), of female 59ﬂ/ﬂ;Ly22 (n=10) and 59" (n = 10) mice (L), and of male
Tmem59 KO (n=9) and WT (n = 10) mice (N); unpaired ¢ test. K, M, 0, In the nest building test, nesting scores of male 59ﬂ/ﬂ;LyZZ (n=10) and 59"" (n = 13) mice (K), of female 59ﬂ/ﬂ;Ly22
(n="10) and 59"" (n =10) mice (M), and of male Tmem59 KO (n = 10) and WT (n = 10) mice (0); unpaired t test. Data represent mean = SEM; *p << 0.05, **p << 0.01, ****p < 0.0001,
ns: not significant.

(Fig. 2C,D). TMEM59 protein and mRNA expression were  (Fig. 2E,F); (4 = 16.14, p < 0.0001, unpaired ¢ test (Fig. 2I)]. Loss
significantly reduced specifically in microglia in 59"%Lyz2  of TMEMS59 protein and mRNA expression in various brain tis-
mice [microglia, 4 = 8.667, p=0.001; Astrocyte, t4) = 0.1322,  sues [Ctx, f(4) = 33.88, p<<0.0001; Hip, t4) = 94.52, p <0.0001;
p=0.9012; Neuron, t4 = 0.02,288, p=0.9828, unpaired t test  Cere, t4) = 22.98, p <0.0001, unpaired ¢ test (Fig. 2G,H); Ctx,
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Figure 4. TMEMS9 deficiency in microglia enhances neuronal excitatory synaptic transmission in mice. A, Representative mEPSC traces of CA1 pyramidal neurons in male 59" and 59"
Lyz2 mice (P19-P22). B, (, Quantification of mEPSC frequency and amplitude. n =5 mice per group, average of 5-6 neurons from each mouse. D, Representative mIPSC traces of CAT pyrami-
dal neurons in male 59"" and 59"™Lyz2 mice (P19-P22). E, F, Quantification of mIPSC frequency and amplitude. n= 5 mice per group, average of five to 5—6 neurons from each mouse. G,
Representative mEPSC traces of CAT pyramidal neurons in female 59" and 59ﬂ/ﬂ;Ly22 mice (P19-P22). H, 1, Quantification of mEPSC frequency and amplitude. n =4 mice per group, average
of 6 neurons from each mouse. J, Representative mIPSC traces of CAT pyramidal neurons in female 59" and 59"™1yz2 mice (P19-P22). K, L, Quantification of mIPSC frequency and amplitude.
n=4 mice per group, average of 6 neurons from each mouse. Data represent mean == SEM; *p << 0.05, ns: not significant, unpaired ¢ test.

twy = 31.78, p<<0.0001; Hip, t4 = 11.9, p=0.0003, unpaired ¢
test (Fig. 2J)], as well as in peripheral organs (Fig. 2K) in
Tmem59 KO mice was also confirmed.

We conducted behavioral tests for the TMEMS59-deficient
mice. In the three-chamber social interaction test, none of tested

mice showed preference for either the left or the right chamber
during the habituation phase [F(; 45y = 0.2715, p = 0.605, two-way
ANOVA (Fig. 3A); F(136) = 1.416, p=0.2419, two-way ANOVA
(Fig. 3D); F134 = 0.7162, p=0.4033, two-way ANOVA (Fig.
3G)]. But unlike the control mice, which spent significantly
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Figure 5.  TMEM59-deficient microglia affect neuronal synaptic transmission through direct contact. A, Representative mEPSC traces of primary neurons (DIV16) from 59" and 59ﬂ/";Ly22
mice. B, €, Quantification of MEPSC frequency and amplitude. n =14 for 59" and n = 17 for 59"%1yz2 from 3 independent experiments per group, unpaired ¢ test. D, Representative mIPSC
traces of primary neurons (DIV16) from 59" and 59"™1yz2 mice. E, F, Quantification of mIPSC frequency and amplitude. n = 14 for 56" and n = 15 for 59"™Lyz2 from 3 independent experi-
ments per group, unpaired ¢ test. G, H, Schemes for neurons co-cultured with microglia (G) or cultured with microglia in transwell inserts (H). I, Representative mEPSC traces of WT neurons
that were cultured alone (N) and co-cultured with 59" microglia (N-+MS) or with 59ﬂ/ﬂ;Ly22 microglia (N-++MY™) for another 2d starting on DIV13-DIV14. J, K, Quantification of mEPSC
frequency and amplitude. n =18 for N, n=16 for N+M“, and n=16 for N+M" from 4 independent experiments per group, one-way ANOVA followed by Tukey's post hoc test. L,
Representative mIPSC traces of WT neurons that were cultured alone (N) and co-cultured with 59/ microglia (N-++M%) or with 59ﬂ/ﬂ;Ly22 microglia (N-+M“=") for another 2d starting on
DIV13-DIV14. M, N, Quantification of mIPSC frequency and amplitude. n=16 for N, n=14 for N+M“", and n=14 for N-+M“®" from 4 independent experiments per group, one-way
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Figure 6.  TMEM59 deficiency in microglia increases spine density in mice. 4, B, Representative Golgi staining images and quantification of dendritic spines in male 59" and 59"™1yz2 mice
at P19-P22. Mature and immature spines were indicated by red and green arrowheads, respectively. Scale bars: 5 jim. n=3 mice per group, average of 7-9 dendrites from each mouse’s cort-
ical (Ctx) Layer V and hippocampal (Hip) CA1 regions. €, D, Representative Golgi staining images and quantification of dendritic spines in female 59" and 59"™1yz2 mice at P19-P22. Scale
bars: 5 um. n =3 mice per group, average of 7-8 dendrites from each mouse’s cortical (Ctx) Layer V and hippocampal (Hip) CA1 regions. E, F, Representative Golgi staining images and quanti-
fication of denditic spines in male 59" and 59"™Lyz2 mice at four months of age. Scale bars: 5 pm. n=3 mice per group, average of 5 dendrites from each mouse’s cortical (Ctx) Layer V
and hippocampal (Hip) CAT regions. Data represent mean = SEM; *p << 0.05, **p << 0.01, ****p < 0.0001, ns: not significant, two-way ANOVA followed by Bonferroni’s post hoc test.

more time exploring the cage with a strange mouse (Stranger
1) than the empty cage, male and female 59";Lyz2 mice
(Male, F(; 42y = 4.113, p =0.0489, two-way ANOVA; Female,
Fa36) = 7.166, p=0.0111, two-way ANOVA; Fig. 3B,E), as
well as male Tmem59 KO mice (F(;,34) = 31.38, p <0.0001,
two-way ANOVA; Fig. 3H) spent comparable amount of
time exploring the two. Moreover, both male 59%%Lyz2

«—

ANOVA followed by Tukey’s post hoc test. 0, Representative mEPSC traces of WT neurons cul-
tured alone (N Trans) and cultured with 59"" microglia (N-+M® Trans) or with 59ﬂ/ﬂ;Ly22
microglia (N-+M“ Trans) in transwell inserts for another 2 d starting on DIV13-DIV14. P,
Q, Quantification of mEPSC frequency and amplitude. n=15 for N Trans, n=14 for
N--M“® Trans, and n-= 15 for N+M® Trans from 3 independent experiments per group,
one-way ANOVA followed by Tukey's post hoc test. Data represent mean = SEM;
*¥p < 0.01, ***p < 0.001, ns: not significant.

mice (F(142) = 13.03, p=0.0008, two-way ANOVA; Fig. 3C)
and male Tmem59 KO mice (F(; 34) = 3.548, p=0.0682, two-
way ANOVA; Fig. 3I) showed no preference for another
strange mouse (Stranger 2) over the familiar mouse (Stranger 1),
whereas their respective controls exhibited social novelty.
Although female 59"%Lyz2 mice had no preference for Stranger 2
over Stranger 1, their controls exhibited no social novelty for
unknown reasons (F; 35) = 0.8673, p=0.3579, two—waf?r ANOVA;
Fig. 3F), making it inconclusive whether female 59%%Lyz2 mice
develop social novelty defect.

In the self-grooming test, both male 59™";Lyz2 mice (1) =
2.161, p=0.0424, unpaired t test; Fig. 3]) and male Tmem59 KO
mice (t7) = 2.699, p=0.0152, unpaired ¢ test; Fig. 3N) displayed
increased self-grooming time compared with controls, whereas
female 59"%Lyz2 mice had no apparent difference in self-groom-
ing time compared with controls (5 = 1.097, p=0.2873,

9ﬂ/ﬂ;
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TMEMS59 deficiency in microglia increases excitatory synaptic proteins. A, B, Representative Western blottings and quantification of presynaptic proteins in total lysate and synapto-

somal (Syn) fractions of 59"" and 59"™1yz2 mice (P19-P22). n= 4 for both, unpaired ¢ test. , D, Representative Western blottings and quantification of postsynaptic proteins in total lysate,
synaptosomal (Syn) fractions, and PSD fractions of 59" and 59"™Lyz2 mice at P19-P22. n =6 for both, unpaired t test. E, F, Representative Western blottings and quantification of TMEMS9
and synaptic proteins in brain lysate from mice at different postnatal days. n = 3 mice per group. Data represent mean == SEM; *p << 0.05, **p << 0.01, ****p < 0.0001.

unpaired ¢ test; Fig. 3L). In the nest building test, both male and
female 59"%Lyz2 mice acquired much less scores than control
mice (Male, t1) = 2.72, p=0.0128, unpaired t test; Female, ;5 =
2334, p=0.0314, unpaired ¢ test; Fig. 3K,M), although male

Tmem59 KO mice had scores comparable to controls (£ = 1.342,
Pp=0.1964, unpaired f test; Fig. 30). Altogether, these results indicate
that TMEMS59 deficiency in microglia results in ASD-like behaviors,
though with some differences between male and female mice.
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Figure 8.

TMEM59 deficiency attenuates microglial inflammation but has minimal effect on microglial density and morphology in mice. A-D, qRT-PCR analysis of Tnfe, II-1/3, Arg1, and

Ym-1 mRNA levels in primary microglia from 59ﬂ/ﬂ;LyZZ mice and controls. n = 6. E, Confocal images showing microglial density (green, Iba1™) in cortex (Ctx) and hippocampal CA1, CA3, and
DG regions of 59" and 59"™Lyz2 mice (P19-P22). Scale bar: 100 um. F, Quantification of Iba1™ microglial cells in Ctx, CA1, CA3, and DG regions. n = 3 mice per group. G, Representative 3D
reconstruction of microglial morphology in Ctx and CA1 regions of 59" and 59f"ﬂ;LyZZ mice (P19-P22). Scale bar: 15 um. H, I, Quantification of microglial morphologic parameters, including
path length (H) and branch numbers (/) in Ctx and CAT regions. n=3 mice per group, average of 7-9 cells from each mouse. Data represent mean == SEM; **p < 0.01, ***p < 0.001,

**x%p << 0.0001, ns: not significant, unpaired ¢ test.

Enhanced excitatory synaptic transmission in 59"/%;Lyz2
mice

Dysregulated excitatory-inhibitory (E/I) neuronal activity bal-
ance has been associated with neuropsychiatric disorders such as
ASDs and schizophrenia (Eichler and Meier, 2008; Yizhar et al.,
2011). We conducted whole-cell patch-clamp recordings of
mEPSCs and mIPSCs in CA1 pyramidal neurons of acute hippo-
campal slices from mice at P19-P22, the peak period for synapse
refinement (Fili}gello et al., 2018; Jawaid et al., 2018). We found
that male 59""1yz2 mouse neurons displayed significantly

increased mEPSC frequencies but not amplitudes when com-
pared with controls (Frequency, tg = 2.342, p=0.0473;
Amplitude, tg) = 0.3623, p =0.7265, unpaired t test; Fig. 4A-C).
However, mIPSC frequencies and amplitudes were not altered in
male 59"%Lyz2 mouse neurons compared with controls
(Frequency, ts) = 0.2504, p=0.8086; Amplitude, #g) = 0.2876,
p=0.781, unpaired ¢ test; Fig. 4D-F). Moreover, we found that
the mEPSC frequencies but not amplitudes were also elevated in
female 59"%Lyz2 mouse neurons (Frequency, te = 2.536,
p=0.0443; Amplitude, t) = 0.6837, p=0.5197, unpaired ¢ test;
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Figure 9.  TMEM59 deficiency in microglia reduces synapse elimination. 4, Representative confocal images and 3D reconstruction of (D68 lysosomes (red) and enqulfed PSD-95 (gray) in
Iba1™ microglia (green) in the hippocampal CAT region of male 59" and 59ﬂ/ﬂ;LyZZ mice (P19-P22). Scale bars: 5 pm. B, €, Quantification of (D68 lysosome volume percentage in microglia
(B) and engulfed PSD-95 volume percentage in lysosomes (C). n =4 mice per group, average of 6 cells from each mouse. D, Representative confocal images and 3D reconstruction of (D68
lysosomes (red) and enqulfed PSD-95 (gray) in Iba1™ microglia (green) in the hippocampal CA1 region of female 59" and 59ﬂ/ﬂ;LyZZ mice (P19-P22). Scale bars: 5 um. E, F, Quantification of
(D68 lysosome volume percentage in microglia (E) and engulfed PSD-95 volume percentage in lysosomes (F). n =3 mice per group, average of 8 cells from each mouse. G, Representative
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Fig. 4G-I), and the mIPSC frequencies and amplitudes were not
altered in female 59"%Lyz2 mouse neurons (Frequency, te) =
0.4474, p=0.6703; Amplitude, t) = 0.0715, p = 0.9454, unpaired
t test; Fig. 4]-L) when compared with controls. These results sug-
gest that the presence of TMEMS59 in microglia is required for
proper excitatory synaptic transmission.

Compromised modulation on excitatory synaptic
transmission by TMEM59-deficient microglia

To ascertain that the increased excitatory synaptic transmission
in 59"%Lyz2 mice is caused by a deficiency of TMEM59 in
microglia, we cultured primary neurons from 59" and 59"
Lyz2 mice and recorded the neurotransmission at DIV16. We
found that the frequency and amplitude of mEPSCs (Frequency,
too) = 04303, p=06701; Amplitude, 5 = 1.258, p=0.2184,
unpaired ¢ test; Fig. 5A-C), as well as those of mIPSCs (Frequency,
tay = 04986, p=0.6221; Amplitude, f,, = 0.1861, p=0.8537,
unpaired ¢ test; Fig. 5D-F) were not significantly different between
neurons of the two genotypes, suggesting that in vivo synaptic trans-
mission difference between 59"%Lyz2 and 59" mice is not attrib-
uted to intrinsic neuronal properties before the synaptic pruning
period.

We also evaluated synapse elimination by microglia in vitro
(Lui et al., 2016; Filipello et al., 2018). When primary microglia
from 59" and 59"%,Lyz2 mice were co-cultured in direct con-
tact with WT mouse primary neurons (Fig. 5G), both the fre-
quency and amplitude of mEPSCs were significantly reduced in
neurons co-cultured with 59" microglia when compared with
neurons cultured alone (Frequency, F,4;) = 6.47, p=0.0033;
Amplitude, F, 47, = 10.3, p=0.0002, one-way ANOVA; Fig. 5I-
K), indicating the microglial capacity to eliminate excitatorg syn-
apses. More importantly, neurons co-cultured with 59""Lyz2
microglia had higher mEPSC frequencies but not amplitudes
than those co-cultured with 59 microglia (Frequency, F(»47) =
6.47, p=0.0033; Amplitude, F(,47) = 10.3, p=0.0002, one-way
ANOVA; Fig. 5I-K), suggesting that TMEMS59 deficiency
reduced the capacity of microglia to eliminate excitatory synap-
ses. In such microglia-neuron co-cultures with direct contact,
neuronal mIPSC frequencies and amplitudes were not affected
(Frequency, F41) = 0.6867, p=0.5089; Amplitude, F41) =
0.4073, p=0.6681, one-way ANOVA; Fig. 5L-N). We also stud-
ied whether microglia could affect synaptic transmission through
secreting certain regulatory factors. However, when 59" or
59"%Lyz2 microglia were cultured in transwell inserts above
neurons to facilitate their exchange of secretory factors without
direct contact (Fig. 5H), no significantly different mEPSC fre-
quencies and amplitudes were found between neurons co-

«—

confocal images and 3D reconstruction of (D68 lysosomes (red) and engulfed PSD-95
(gray) in Iba1™* microglia (green) in the hippocampal CA1 region of male 59" and 59"
Lyz2 mice at four months of age. Scale bars: 5 um. H, I, Quantification of (D68™ lysosome
volume percentage in microglia (H) and engulfed PSD-95 volume percentage in lysosomes
(D). n=3 mice per group, average of 9 cells from each mouse. J, Representative Western
blottings of complement proteins including C1gA, C1gB, C1gC, and 3 in purified synapto-
somes. K, Confocal images of the colocalization of pHrodo Red dye-labeled synaptosomes
(Syn) and Iba1™* microglia (green) after incubation for 2 h. Scale bars: 30 and 10 um (for
insets). L, Quantification of Syn™ intensity within Iba1™ microglia after incubation for 2 h.
n =48 cells from 3 independent experiments per group. M, N, Representative Western blot-
tings and quantification of synaptophysin (SYP) in 59" and 59"™1yz2 primary microglia
after incubation with synaptosomes (Syn) for 2 h. n =4 independent experiments. Data rep-
resent mean == SEM; *p << 0.05, ****p < 0.0001, ns: not significant, unpaired t test. See
also Movies 1, 2, 3, and 4.
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cultured with the two different microglia (Frequency, F(,41) =
0.1322, p=0.8766; Amplitude, F; 41y = 1.02, p=0.3695, one-way
ANOVA; Fig. 50-Q). These results highlight a crucial role of
TMEM59 in regulating microglial capacity to eliminate excita-
tory synapses through a direct microglia-neuron contact.

Increased spine density and excitatory synaptic proteins in
the PSD in 597 ﬂ;Lyz2 mice

We conducted Golgi staining and found markedly increased
numbers of both mature and immature dendritic spines in P19-
P22 male 59"%Lyz2 mice compared with controls (Ctx, F; 5 =
2801, p=0.0007; Hip, Fug = 269.8, p<0.0001, two-way
ANOVA; Fig. 6A,B). P19-P22 female 59"%;Lyz2 mice also dis-
played significantly higher immature dendritic spine density
than controls (Ctx, F(; g) = 7.949, p=0.0225; Hip, F(; 5 = 13.88,
p=0.0058, two-way ANOVA; Fig. 6C,D). Four-month-old male
5971 Lyz2 mice had more dendritic spines than control mice as
well (Ctx, F(1.g) = 38.71, p=0.0003; Hip, F(1 5) = 21.96, p=0.0016,
two-way ANOVA; Fig. 6E,F). We next studied synaptic protein
levels in different synapse fractions. At the total brain lysate level,
none of the synaptic protein levels studied were significantly
altered in 59"%Lyz2 mice compared with controls (VGIuT1,
ts) = 1.009, p=0.3521; STX18, t(5) = 1.268, p=0.2518; SYP, f(g) =
0.7577, p=0.4773; GluR1, t.10) = 1.374, p = 0.1994; GIuR2, (1) =
0.3537, p=0.7309; GluR3, 1) = 0.193, p=0.8508; NRI, f3q) =
1.197, p=0.259 NR2A, (10, = 0.9765, p=0.3519; NR2B, f10) =
1.376, p=0.1988; PSD-95, t;0y = 1.155, p=0.2748; Gephyrin,
taoy = 0.9306, p=0.374, unpaired ¢ test; Fig. 7A-D). However,
levels of presynaptic markers VGluT1 and Syntaxinl18 (STX18;
VGIuT1, t) = 3.618, p=0.0111; STXIS, f) = 2.451, p=0.0497;
SYP, t) = 2.183, p=0.0718, unpaired ¢ test; Fig. 7A,B) and levels
of the postsynaptic AMPA receptor subunit GluRl (GluRl,
tao) = 2.788, p=0.0192; GluR2, f(;0) = 0.7201, p=0.488;
GIuR3, t(o) = 0.4921, p=0.6333; NRI, fo = 0.5855,
p=0.5712; NR2A, t(10) = 0.7761, p=0.4556; NR2B, (10) =
0.0524, p=0.9592; PSD-95, f.1) = 0.1709, p=0.8677; Gephyrin,
tao) = 0.7899, p = 0.4479, unpaired ¢ test; Fig. 7C,D) were increased
in synaptosomal (Syn) fractions from 59""%;Lyz2 mice compared
with controls. Notably, the excitatory postsynaptic marker PSD-
95, as well as several subunits of excitatory AMPA receptors
(including GluR1, GluR2, and GluR3) and NMDA receptors
(including NR1) showed significantly higher protein levels in
PSD fractions from 59"%Lyz2 mice compared with controls
(GIuR1, f(0) = 3.752, p=0.0038; GIuR2, f1) = 4.571, p=0.001;
GlIuR3, f(10) = 7.487, p <0.0001; NR1, t(0) = 2.92, p=0.0153;
NR2A, tae = 1.145, p=0.2789; NR2B, tyo = 1.789,
p=0.1039; PSD-95, t(19) = 3.636, p=0.0046, unpaired ¢ test;
Fig. 7C,D). While levels of the inhibitory postsynaptic
marker Gephyrin were not altered (t(;o) = 1.141, p=0.2804,
unpaired ¢ test; Fig. 7C,D). These results indicate that loss of
TMEM59 in microglia leads to increased dendritic spine
density and excitatory synaptic proteins in synaptosomes in
vivo.

We then examined the expression of TMEMS59 and synaptic
proteins during development. Interestingly, TMEM59 expression
reached the highest level on P21, accompanied with reduced
excitatory receptors (including NR1 and NR2B) and unaltered
inhibitory postsynaptic marker Gephyrin (Fig. 7E,F). These
results also imply that TMEM59 plays an important role for
microglia in phagocytizing synapse and that excitatory synapses
are selectively removed by microglia rather than inhibitory
synapses.


https://doi.org/10.1523/JNEUROSCI.1644-21.2022.video.1
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Figure 10. (D93 levels are decreased in TMEM59-deficient microglia. A, B, Representative Western blottings and quantification of complement proteins including C1gA, C1B C1qC, and (3
in hippocampus (Hip) and cortex (Ctx) of 59"™ and 59"™:Lyz2 mice (P19-P22). n=6. €, D, Representative Western blottings and quantification of complement proteins including C1gA, C1gB
(1qC, and (3 in synaptosomes from 59" and 59"’";Ly22 mice (P19-P22). n=3. E, F, Representative Western blottings and quantification of (D93 and (D11b protein levels in primary micro-
glia from 59" and 59"™1yz2 mice. n = 6 independent experiments. G, H, Representative Western blottings and quantification of total and cell surface (D93 protein levels in primary microglia
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Decreased synapse elimination by TMEM59-deficient
microglia

To assess whether TMEMS59 deficiency leads to microglia abnor-
malities, we studied and found that microglia with TMEMS59
deficiency had decreased proinflammatory factor (Tnfa and II-
1) expression and increased anti-inflammatory factor (Argl
and Ym-I) expression (Tnfa, tqo) = 7.094, p<0.0001; II-13,
to) = 5.87, p=0.0002; Argl, o) = 345, p=0.0062; Ym-1, t.1q) =
3.318, p=0.0078, unpaired ¢ test; Fig. 84-D), confirming our pre-
vious finding that TMEM59 is involved in neuroinflammation
(Z Liu et al., 2020). We also evaluated microglial numbers and
morphology in brain coronal slices from 59"" and 59"%Lyz2
mice at P19-P22. Loss of TMEMS59 had no significant effect on
microglia numbers in either the cortex or CAl, CA3, and DG
regions of the hippocampus (Ctx, t4) = 2.37, p=0.0768; CAl,
tay = 0.9063, p=0.416; CA3, tiyy = 0.027, p=0.9798; DG, fy) =
1.352, p=0.2477, unpaired t test; Fig. 8E,F). The length and num-
bers of microglial branches in the cortex and CA1 region of 59”1
Lyz2 mice were normal compared with controls (Ctx length,
ty = 1.124, p=0.3238; CAI length, t,) = 0.6738, p=0.5374; Ctx
branches, f4) = 0.0358, p=0.9731; CA1 branches, t4 = 0.5561,
p=0.6078, unpaired ¢ test; Fig. 8G-I). These results suggest that
loss of TMEMS59 has no marked effect on basal microglial num-
bers and morphology.

We next studied whether the phagocytic capacity of microglia
was affected in 59"%Lyz2 mice during the period of synaptic
pruning. Immunofluorescence analysis revealed significantly
reduced levels of the lysosomal marker CD68 and an obvious
decrease of PSD-95 puncta engulfed in CD68-positive lysosomes
in P19-P22 male 59"%Lyz2 mouse microglia compared with
controls (CD68, fe) = 2.986, p=0.0245; PSD-95, f) = 2.984,
p=0.0245, unpaired ¢ test; Fig. 9A-C; Movies 1, 2). Consistently,
P19-P22 female 59"%Lyz2 mouse microglia exhibited signifi-
cantly reduced PSD-95 engulfment in CD68-positive lysosomes
and a trend of reduction of CD68 in microglia (CD68, t(4) =
2.298, p=0.0831; PSD-95, t(4) = 2.946, p = 0.0421, unpaired ¢ test;
Fig. 9D-F; Movies 3, 4). At four months of age, although there
were no significant differences of CD68 levels between male 59"
. Lyz2 mouse microglia and controls, CD68-positive lysosomes
in male 59"%Lyz2 microglia still engulfed less PSD-95 puncta
than controls (CD68, t4) = 0.9755, p=0.3845; PSD-95, t4) =
2.997, p=0.0401, unpaired ¢ test; Fig. 9G-I). To further investi-
gate the engulfment capacity of microglia on synaptic structures,
we cultured primary microglia from 59" and 59"%Lyz2 mice
and incubated them with pHrodo Red dye-labeled synaptosomes
that contain various complements including C1q (Fig. 9]). Fewer
synaptosomes were found to be colocalized with TMEM59-defi-
cient microglia than with controls (94 = 9.856, p <<0.0001,
unpaired t test; Fig. 9K,L). Moreover, we found that after incuba-
tion with synaptosomes, 59"%;Lyz2 microglia contained much
less synaptophysin (SYP) than control microglia (¢ = 3.421,

«—

from 59" and 59" ﬂ;LyzZ mice using biotinylation assays. n =4 independent experiments. /,
J, Representative flow cytometry analysis of CD93 in microglia isolated from 59" and 59"";
Lyz2 mice (P19-P22). n=4 mice per group. K, L, Representative Western blottings and
quantification of exogenously expressed (D93-HA in HEK293T cells transfected with TMEM59
siRNA (si59) or a negative control (NC). Mature (glycosylated) and immature (nonglycosy-
lated) (D93 were indicated by arrow and arrowhead, respectively. n = 4 independent experi-
ments. M, qRT-PCR analysis of (d93 mRNA levels in primary microglia from 59" and 59"
Lyz2 mice. n=5 independent experiments. Data represent mean =+ SEM; *p < 0.05,
**p < 0.01, ****p < 0.0001, ns: not significant, unpaired ¢ test.
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p=0.0141, unpaired t test; Fig. 9M,N). These results demonstrate
that TMEM59 plays an important role in regulating the function
of microglia on synapse phagocytosis.

Excessive degradation of CD93 on TMEM59 deficiency

To determine whether complement system participates in
impaired synapse phagocytosis caused by TMEMS59 deficiency,
we studied complement proteins and complement receptors in
the brains and primary microglia from 59"%Lyz2 mice and con-
trols. We found that levels of complement proteins (including
ClqA, ClgB, Cl1qC, and C3) were not altered in the hippocampus
and cortex of 59"%Lyz2 mice compared with controls (Hip, C1qA,
taoy = 09562, p=03615; ClgB, f0) = 0.5032, p=0.6257; ClqC,
0y = 0.5999, p=0.5619 C3, f(10) = 0.0445, p=0.9654; C3b, f(10) =
1.083, p=0.3043; iC3b, £1) = 0.8474, p =0.4166; C3c, 10 = 0.3562,
p=07291; Ctx, CIqA, fug = 04882, p=0.635% CIqB, fg) =
1.673, p=0.1253; C1qG, f(10) = 0.9492, p = 0.3649; C3, £10) = 1.058,
p=03147; C3b, tg) = 0.7523, p=0.4692; iC3b, f = 0.1785,
Pp=0.8619; C3c, t(10) = 0.1851, p =0.8568, unpaired t test; Fig. 104,
B). Levels of complement proteins in synaptosomes derived from
59" Lyz2 mice were also comparable to controls (C1qA, tay =
1503, p=0.2073; C1qB, t4) = 1.327, p=0.2552; C1qC, t4) = 1.078,
p=0.3419; C3, t) = 0.8898, p=0.4238; C3b, ty = 0.065, p=
0.9513; iC3b, t(4) = 0.9725, p=0.3859; C3c, ty = 1129, p=0.322,
unpaired ¢ test; Fig. 10C,D). However, we found that levels of the
Cl1q receptor CD93 but not the C3 receptor CD11b were dramati-
cally decreased in TMEMS59-deficient microglia (CD93, ) =
3.508, p=0.0056; CD11b, t(10) = 0.4851, p=0.6381, unpaired  test;
Fig. 10E,F). Moreover, we performed biotinylation assays and
found that cell surface distribution of CD93 were dramatically
reduced in TMEMS59-deficient microglia compared with controls
(Total, t¢ = 10.13, p <0.0001; Surface, t¢) = 9.767, p < 0.0001,
unpaired ¢ test; Fig. 10G,H). To confirm this in vivo, flow cytome-
try analysis was conducted and the results showed that CD11b*
CD45"°" microglia isolated from 59"%Lyz2 mice had significantly
low CD93 positivity than those from control mice (ts) = 3.301,
p=0.0164, unpaired t test; Fig. 10LJ). Exogenously expressed
mature and immature CD93 levels were also decreased when
TMEM59 was downregulated in HEK293T cells (Mature CD93,
te) = 4416, p=0.0045; Immature CD93, t¢ = 3.01, p=0.0237;
TMEMS59, t = 5.122, p=0.0022, unpaired ¢ test; Fig. 10K,L).
TMEMS59 deficiency had no effect on Cd93 gene expression in
microglia (fg) = 0.4975, p=0.6322, unpaired ¢ test; Fig. 10M),
implying that TMEMS59 affects CD93 posttranscriptionally. We
found that CD93 was degraded through both proteasomal and
autolysosomal pathways (Fis12) = 1222, p=0.0002, one-way
ANOVA; Fig. 11A,B). In addition, TMEM59 deficiency resulted
in elevated levels of polyubiquitinated CD93 (ts = 2.94,
p=0.0259, unpaired t test; Fig. 11C,D) and accelerated CD93 deg-
radation (F 40y = 17.18, p =0.0002, two-way ANOVA; Fig. 11E,F)
in microglia.

Moreover, we found that TMEM59 colocalized with and
interacted with both mature and immature CD93 (Fig. 11G,H,
K). To determine the interaction domain, we co-immunoprecipi-
tated CD93 with TMEM59 amino-terminal fragment (NTF) and
carboxyl-terminal fragment (CTF), both of which contain
TMEM59 transmembrane domain (Fig. 11G; Z Liu et al., 2020).
The results showed that both TMEM59-NTF and TMEMS59-
CTF interacted with CD93 (Fig. 11I-K), suggesting that CD93
may interact with the transmembrane domain of TMEMS59.
Together, above results suggest that TMEM59 interacts with and
thus stabilizes CD93.
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Figure 11.  TMEM59 deficiency promotes (D93 degradation in microglia. A, B, Representative Westem blottings and quantification of CD93 levels in primary microglia treated with 50 pm cy-
cloheximide (CHX) for 4 h, in the absence or presence of the proteasomal inhibitor MG132 (10 or 20 pw) and the autolysosomal inhibitor chloroquine (CQ, 25 or 50 pw). n =3 independent
experiments, one-way ANOVA followed by Tukey's post hoc test. €, D, Representative Western blottings and quantification of polyubiquitinated CD93 in primary microglia from 59" and 59"
Lyz2 mice. n = 4 independent experiments, unpaired ¢ test. E, F, Representative Wester blottings and quantification of (D93 degradation in primary microglia from 59" and 59"%1yz2 mice
treated with 50 pm CHX for the time course indicated. n = 6 independent experiments, two-way ANOVA followed by Bonferroni’s post hoc test. G, Schematic diagram for TMEM59-myc and its
truncated constructs TMEM59-NTF-myc and TMEMS59-CTF-myc. TM: transmembrane domain. H—J, Representative co-IP between exogenously expressed (D93-HA and TMEM59-myc (H),
TMEMS59-NTF-myc (1), or TMEM59-CTF-myc (J) proteins in HEK293T cells. Mature (glycosylated) and immature (nonglycosylated) forms of (D93 were indicated by arrows and arrowheads,
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(D93 downregulation reduces microglial activity of phagocytosis. A, B, Representative Western blottings and quantification of (D93 protein levels in cultured

primary microglia transfected with two different (d93 siRNAs (siCd93-1 and siCd93-2) and a negative control (NC). n =4 independent experiments. C, Confocal images of
the colocalization of pHrodo Red dye-labeled synaptosomes (Syn) and Iba1™ microglia (green) in (D93-deficient microglia and controls after incubation for 2 h. Gray indi-
cates cells transfected with FAM-labeled (493 siRNAs and NC. Scale bars: 30 and 10 um (for insets). D, Quantification of Syn™ intensity within Iba1™ microglia after incu-
bation for 2 h. n=53 cells for NC, n =60 cells for siCd93-1, and n =55 cells for siCd93-2 from 3 independent experiments. E, Confocal images of the colocalization of
pHrodo Green E. coli Bioparticles and Ibal™ microglia (red) in CD93-deficient microglia and controls after incubation for 2 h. Gray indicates cells transfected with Cy5-la-
beled (493 siRNAs and NC. Scale bars: 30 and 10 m (for insets). F, Quantification of Bioparticle intensity within Iba1™ microglia after incubation for 2 h. n =52 cells for
NG, n=53 cells for siCd93-1, and n =51 cells for siCd93-2 from 4 independent experiments. Data represent mean = SEM; ****p <C0.0001, one-way ANOVA followed by

Tukey's post hoc test.

Downregulation of CD93 in microglia reduces phagocytosis
activity

CD93 has been reported to enhance the activity of mi-
croglial phagocytosis (Nepomuceno and Tenner, 1998;

«—

respectively. K, Confocal images of the colocalization of exogenously expressed (D93-
GFP (green) and TMEM59-myc, TMEM59-NTF-myc or TMEM59-CTF-myc (red) in Hela
cells. Scale bar: 10 um. Data represent mean = SEM; *p <<0.05, **p < 0.01,
**xxp < 0,0001.

Nepomuceno et al., 1999; Bohlson et al., 2005). To ascertain
whether CD93 regulates synapse engulfment, we downregu-
lated CD93 in microglia by transfecting with Cd93 siRNAs
(F2,0) = 57.66, p<<0.0001, one-way ANOVA; Fig. 12A,B)
and then incubated cells with pHrodo Red dye-labeled synap-
tosomes. We found that downregulation of CD93 markedly
decreased microglial phagocytosis of synaptosomes compared
with controls (F(3,165) = 12.15, p <0.0001, one-way ANOVA;
Fig. 12C,D). Moreover, downregulation of CD93 reduced micro-
glial phagocytosis of pHrodo Green Bioparticles (F(5,153) = 27.52,
p <0.0001, one-way ANOVA; Fig. 12E,F).
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Autism-like behaviors

Tmem359 deficiency in microglia leads to impaired phagocytosis of synapse and autism-like behaviors likely through promoting (D93 degradation in mice. TMEM59 interacts with

(D93 and plays an important role in microglia to modulate phagocytosis of synapse during early neurodevelopment. TMEM59 deficiency accelerates (D93 degradation in microglia, reduces syn-
apse elimination, and promotes dendritic spine density, thereby causing autism-like behaviors in mice.

Discussion

In the present study, we noticed TMEMS59 expression reduc-
tion in autistic patients. Importantly, we demonstrated that
both Tmem59 KO and 59"%Lyz2 mice exhibited ASD-like
behaviors. TMEMS59 is ubiquitously expressed in various
neural cell types. In supporting the involvement of TMEM59
in ASDs, recent studies from another group reported that
Tmem59' " Nestin-Cre mice and Tmem59 KO mice also
exhibited ASD-like behaviors and the researchers attributed
the cause to a compromised dopamine system and enhanced
electrical signal in the mice (Q Liu et al., 2017; Lin et al.,,

2021). However, since 59"%Lyz2 mice remained normal
TMEMS59 expression in neurons and astrocytes (Fig. 2E,F),
our results suggest that a loss of TMEM59 in microglia is suf-
ficient to cause ASD-like phenotypes. Nevertheless, our and
the other group’s findings demonstrate that TMEMS59 plays
an important role in ASDs.

Microglia play an essential role in synaptic pruning in early
neurodevelopmental stages and aging; and microglial dysregula-
tion may cause neurodevelopmental as well as neurodegenerative
diseases (Paolicelli et al., 2011; Chung and Barres, 2012; Hong et
al., 2016; Neniskyte and Gross, 2017; Presumey et al., 2017;
Tremblay et al., 2019; Benitez et al., 2021). Deficiency and muta-
tions in molecules crucial for microglial physiological functions,
such as CX3CR1 and TREM2, have been shown to impair synap-
tic functions and cause ASD-like phenotypes in mice (Zhan et

al., 2014; Filipello et al., 2018; Jadhav et al., 2020; Magno et al.,
2021). Decreased synaptic pruning and increased dendritic spine
density have also been found in both ASD patients and animal
models (Hutsler and Zhang, 2010; G Tang et al., 2014; Jawaid et
al., 2018). Herein, we found that TMEM59-deficient microglia
had reduced engulfment of synaptosomes and PSD-95 puncta
both in vitro and in vivo. Consistently, dendritic spine densities
were increased in 59"%Lyz2 mice compared with controls.
Levels of multiple synaptic proteins in synaptosomes/PSDs were
also elevated in 59""Lyz2 mice. These results indicate that
TMEM59 deficiency in microglia impairs their ability for phago-
cytosis of synapse.

The Clq receptor CD93 can enhance phagocytic activity of
microglia (Nepomuceno and Tenner, 1998; Nepomuceno et al.,
1999; Bohlson et al., 2005). CD93 is synthesized as an nonglyco-
sylated immature form and after O-glycosylation, becomes
mature and stabilized on cell surface (Park and Tenner, 2003).
We found that TMEM59 interacted with both immature and
mature CD93 forms to regulate CD93 stability. TMEM59 defi-
ciency promoted CD93 ubiquitination and degradation. While
CD93 downregulation impaired microglial phagocytosis of syn-
aptosomes and Bioparticles, suggesting that TMEMS59 regulates
synapse elimination likely through modulating CD93.

Dysregulation of the E/I balance, which triggers hyperactiva-
tion or hypoactivation of specific brain regions, is a potential
pathologic mechanism underlying ASDs (Eichler and Meier,
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Movie 1. 3D reconstruction for Iba1-CD68-PSD-95 from male 59" mice. Representative 3D sur-
face reconstruction of Iha1* microglia (green) containing (D68 Iysosomes (red) and engulfed
PSD-95™ puncta (gray) in hippocampal CAT region of male 59™" mice (P19-P22). Scale bar:
10 um. [View online]

Movie 2. 3D reconstruction for Iba1-CD68-PSD-95 from male 59"%yz2 mice. Representative
3D surface reconstruction of lbal™ microglia (green) containing (D68 lysosomes (red) and
engulfed PSD-95" puncta (gray) in hippocampal CA1 region of male 59""1yz2 mice (P19-P22).
Scale bar: 10 pm. [View online]

2008; Barak and Feng, 2016). Enhanced excitatory synaptic
transmission has been implicated in ASD etiology (Rubenstein
and Merzenich, 2003). For example, hyperexcitability of cortical
circuits was associated with loss-of-function mutations in FMRP
for fragile X syndrome and MECP2 for Rett syndrome (Gibson
et al,, 2008; Zhang et al., 2014); and CUL3 or CDKLS5 deficiency
resulted in impaired sociability accompanied with increased exci-
tatory neurotransmission (S Tang et al., 2019; Dong et al., 2020).

Meng, Han et al. @ TMEM59 Regulates Microglial Engulfment of Synapse

Movie 3. 3D reconstruction for Iba1-CD68-PSD-95 from female 59" mice. Representative
3D surface reconstruction of Iba1* microglia (green) containing (D68 lysosomes (red) and
engulfed PSD-95" puncta (gray) in hippocampal CA1 region of female 59™" mice
(P19-P22). Scale bar: 10 um. [View online]

Movie 4. 3D reconstruction for ha1-CD68-PSD-95 from female 59"%1yz2 mice. Representative
3D surface reconstruction of Ibal™ microglia (green) containing (D68 lysosomes (red) and
enqulfed PSD-95" puncta (gray) in hippocampal CA1 region of female 59“’";Ly22 mice (P19-P22).
Scale bar: 10 pm. [View online]

Herein, the frequency of mEPSC but not mIPSC was signifi-
cantly enhanced in 59" Lyz2 mice compared with controls, con-
sistent with the increase of excitatory synaptic protein levels but
not the inhibitory synaptic protein Gephyrin levels in the PSD.
Moreover, the excitatory but not inhibitory synaptic transmis-
sion was higher in neurons directly co-cultured with TMEM59-
deficient microglia than those with control microglia. These
results are in line with the notion that microglia selectively
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eliminate excitatory synapses (Dejanovic et al., 2018), and further
support the idea that TMEM59 deficiency impairs the function
of microglia in phagocytosis of synapse.

Microglia are the dominant immune cells in the CNS. Our
results as well as others (] Wang et al., 2018; Z Liu et al., 2020)
found that TMEM59 deficiency altered microglial expression of
various secretory inflammatory factors. Increased inflammation
and immune dysregulation have also been associated with ASDs
(Pape et al,, 2019). However, when neurons were co-cultured
with microglia through a transwell setting, no mEPSC differences
were found among neurons cultured alone, co-cultured with
control microglia, and co-cultured with TMEMS59-deficient
microglia, indicating that factors secreted by microglia may not
directly affect excitatory neurotransmission.

TMEM59 can modulate autophagy through interacting with
ATG16L1 (Boada-Romero et al., 2013; Zheng et al., 2017; Z Liu
et al,, 2020). Autophagy pathways have also been linked in ASD
pathogenesis (Lee et al., 2013; Huber et al,, 2015). For example,
autophagy marker protein levels were found to be altered in
postmortem ASD brains (G Tang et al., 2014). PTEN mutation-
mediated mTOR disinhibition for blocking autophagy in mice
led to ASD-like behaviors and abnormal neuronal arborization
(Kwon et al., 2006). Loss of the autophagy-related factor ambral
resulted in ASD-like phenotypes in mice (Dere et al, 2014).
Interestingly, microglia-specific deletion of Atg7, which is vital
for autophagy, also impaired synaptic pruning, leading to
increased dendritic spines and synaptic markers, and characteris-
tic features of ASDs such as social behavioral defects and repeti-
tive behavior in mice (Kim et al., 2017). We previously found
that downregulation of TMEM59 compromised autophagy in
microglial cells (Z Liu et al, 2020) and here showed that
TMEM59 deficiency promoted CD93 ubiquitination and degra-
dation. It has been suggested that there are reciprocal regulatory
mechanisms between autophagy and the ubiquitin-proteasome
system (UPS). Once autophagy is impaired, the UPS may be acti-
vated to maintain cellular homeostasis (Kocaturk and Gozuacik,
2018). Since CD93 was degraded through both proteasomal and
autolysosomal pathways (Fig. 114,B), it is possible that TMEMS59
deficiency promotes UPS-mediated CD93 degradation via com-
promising autophagy, and this deserves further scrutiny.

In summary, our study demonstrates that TMEM59 interac-
tion with CD93 in microglia plays an important role in the phago-
cytosis of synapse during early neurodevelopment. Our findings
also highlight a correlation between TMEM59 and ASDs, in which
decreased TMEM59 expression likely impairs CD93-mediated
phagocytosis of synapse through promoting CD93 degradation,
leading to increased dendritic spine density, imbalanced E/I neu-
ronal activity, and thus autistic behaviors (Fig. 13). Further eluci-
dation of the participation of TMEMS59 in ASDs will strengthen
our understanding on disease pathogenesis and help develop new
strategies for therapeutics.
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