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ABSTRACT

BACKGROUND: Although synaptic impairment is prerégjte to cognitive deficiencies
in Alzheimer’s disease (AD), mechanisms underlythg dysregulation of essential
synaptic scaffolding components and their integrgynain elusive. RPS23RG1 is a
newly identified protein implicated in AD. Howevethe physiological function of
RPS23RG1 has yet to be determined.

METHODS: We investigated the role of RPS23RG1 inma@ning synaptic structure
and function in cell cultures and Rps23rgl knockout mice, and determined whether
targeting RPS23RG1-mediated pathway has therapeottsntial in APP/PS1 AD model
mice.

RESULTS: Deletion of theRps23rgl gene resulted in severe memory deficits and
impairment of post-synaptic structure and functisith marked reductions in PSD-93
and PSD-95 levels. RPS23RG1 interacted with PSBP3B/95 through its intracellular
domain, consequently sequestering PSD-93/PSD-95m froiDM2-mediated
ubiquitination and degradation, thereby maintaingygaptic function. Restoration of
PSD-93/PSD95 levels reversed synaptic and memdigitdan Rps23rgl KO mice. We
further observed attenuated RPS23RG1 expressiohuman AD, which positively
correlated with PSD-93/PSD-95 levels. Importantdyy RPS23RG1-derived peptide
comprising a unique PSD-93/PSD-95 interaction migfcued synaptic and cognitive
defects inRRps23rgl KO and AD mouse models.

CONCLUSIONS: Our results reveal a role for RPS23Ri@1maintaining synaptic
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integrity and function and provide a new mechanfemsynaptic dysfunction in AD
pathogenesis. This demonstrates that RPS23RGl-eédipathways show good

therapeutic potential in AD intervention.



INTRODUCTION

Synaptic dysfunction is a causal factor in memanpairment in Alzheimer’s disease
(AD) (1-3). The scaffolding protein PSD-95 locabzt post-synaptic densities (PSDs)
and plays an important role in organizing neuraaiipg factors (4, 5). Deletion or

dysregulation of PSD-95 and the related scaffoldangtein PSD-93 impairs synaptic

function, with consequent effects on learning arelmory (6-9). PSD-95 and PSD-93
levels have been reported to be decreased in hAiand in AD mouse models (10-12),
suggesting that synaptic dysfunction is a conserpi@i dysregulated homeostasis of
PSD scaffolding components.

The turnover of PSD-95 is through the ubiquitintpesome system (UPS) (13, 14).
UPS is critical for regulating the protein milieuittvn neurons, and specifically
modulates the compositional landscape within PSIBs {6). The E3 ubiquitin ligase
MDM2 (murine double minute 2) can mediate PSD-98duer, where proteosomal
PSD-95 regulation is required to modulate surfdagagate receptor levels in synaptic
plasticity (14). Given that ubiquitin-associatedhmdogy is commonly observed in AD
(17), it is plausible that UPS-dependent dysreguiadf PSD components plays a role in
AD pathogenesis. However, molecular mechanisms riyidg PSD dysregulation
remain largely unclear.

AD features the pathological formation Bfamyloid (AB)-enriched plagues and
neurofibrillary tangles comprising hyperphosphotgth tau (18). TheRps23rgl gene

(ribosomal protein S23 retroposed gene) was recéetghtified through a genetic screen
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for anti-AB3 components. RPS23RG1 is a transmembrane proteainwhn concurrently
inhibit AB generation and tau hyperphosphorylation througéractions with adenylyl
cyclases, thereby enhancing cAMP/PKA to inhibit GS&ctivity (19). The RPS23RG
family is conserved in both mouse and human, with functionally expressed genes in
mouse Rps23rgl and Rps23rg2) and one functionally expressed gerRPR3RG1)
identified in human so far (19-21). Until now, tpaysiological function of RPS23RG

family members remains elusive.

METHODS AND MATERIALS

Plasmids, antibodies and primers are discussedppl&mental Methods and Materials.
Animals

C57BL/6 mice were from Xiamen University Laboraté@mwgimal Center (Xiamen, China).
APP/PS1 AD model mice (22, 23) were from Model AairResearch Center of Nanjing
University (Nanjing, China)Rps23rgl knockout (KO) mice were generated as discussed
in Supplemental Methods and Materials. Animal ekpents were approved by and
conducted in accordance with the guidelines ofAhignal Ethics Committee of Xiamen
University.

PSD Fraction Preparation

PSD fractions from mouse hippocampus were dissextguteviously described (24, 25).
Cell Culture and Transfection

HEK293T cells and mouse primary neurons were cedtuas previously reported (26)
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and transfected using Turbofect (Thermo Fisher rififie Waltham, MA, USA) or
Lipofectamine 2000 (Thermo Fisher Scientific) raage

Protein Degradation Assays

Wild type (WT) and Rps23rgl KO mouse primary neurons were treated with
cycloheximide (Sigma-Aldrich, St. Louis, MO, USA)rf indicated time periods.
Alternatively, neurons were treated with cyclohexien in the presence of the
proteosomal inhibitor MG132 (APEXBIO, Houston, TXSA) for 16 h.

Biotinylation

Cell surface protein biotinylation was performedoaaviously described (27).

Western Blot and Co-immunoprecipitation

Samples were lysed in TNE buffer (26). Protein tgsawere immunoblotted with
indicated antibodies. For co-immunoprecipitationmg protein lysates were incubated
with 1-2 pg indicated antibodies or IgG and b Protein G-Agarose beads (Roche
Diagnostics Ltd, Shanghai, China) at 4°C overnigmmunocomplexes were analyzed
by immunoblotting. Protein band intensity was qifeatt using the ImageJ software.
Immunocytochemistry

Immunocytochemistry was performed as previouslycdiesd (20). Samples were
visualized under a confocal fluorescence microsc@gion, Japan). PSD-93 and
PSD-95 cluster numbers in neurons were counted.

Golgi Staining and Analysis

Mouse brains were dissected and treated with theR@pid Golgistaif® Kit (FD
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NeuroTechnologies, Shanghai, China) following thanofacturer’s instructions. Slices
were visualized under a confocal microscope. Imagesre captured from
Golgi-impregnated hippocampal CA1 pyramidal neuratistack-compressed TIFF files
were imported into ImageJ. Images were calibratedoraing to the acquisition
parameters and spine numbers were counted.

Electron Microscope Analysis

Synapse structures were analyzed using transmisé@tron microscope as previously
described (28).

Behavioral Experiments

Experimental details for mouse behavioral analymie discussed in Supplemental
Methods and Materials.

Electrophysiological Recording

Electrophysiological recordings were performed i@vipusly described (29, 30).

Brain Ventricle Virus Injections

Adenoviruses expressing PSD-95 and control GFP fwene Vigene Biosciences (Jinan.
BlE). Lentiviruses expressing PSD-93 and cont&#P were from Genechem
(Shanghai, China)Rps23rgl KO mice at PO were bilaterally co-injected withntol
adenovirus and control lentivirus, control adenesiand lentivirus expressing PSD-93,
control lentivirus and adenovirus expressing PSD&5lentivirus expressing PSD-93
and adenovirus expressing PSD-95. Mice were anmdlj@ebehaviors at 2-months-old

and sacrificed for electrophysiological and bioclmhanalyses.
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Human RPS23RGL1 Intracellular Domain Peptide Desigand Administration

The human RPS23RG1 intracellular domain (ICD, segeeorresponding to the last 19
amino acids of RPS23RG1 carboxyl-terminus) was aseithe peptide core. A scrambled
(Scb) control comprising the same 19 amino acidh wiscrambled sequence order was
also used. Peptide cores were conjugated with #enbaw a fluoresceinisothiocyanate
(FITC) moiety bridged with a GGG linker at their im@-termini, and/or conjugated to an
11-amino acid-long peptide derived from the tratisator of transcription (TAT) protein
at their carboxyl-termini. Conjugated peptide sewpas were as follows:

[FITC]ICD-TAT: [FITCIGGGETPSSMRSTTLAHPAVLRAYARAARRAARR,;

[FITC]Scbh-TAT:[FITCIGGGSTRMSSPTEARLVAPHALTYARAARRARR,;

[biotin]ICD-TAT: [biotin]ETPSSMRSTTLAHPAVLRAYARAARRAARR;

[biotin]Sch-TAT: [biotin]STRMSSPTEARLVAPHALTYARAARRARR;

[biotin]ICD: [biotin|ETPSSMRSTTLAHPAVLRA.

Peptides were synthesized by GL Biochem (Shang@&ina). Following a
previously described procedure (31), peptides wibssolved in a saline buffer and
intraperitoneally (i.p.) injected into mice at aseoof 40 mg/kg/d for three consecutive
days. Mice were then subjected to behavioral, epbisiological and biochemical
analyses.

Statistics
All data represent mean = s.e.m. Statistical aealysere performed using Graphpad

Prism or Origin softwares. Detailed statistical lgsia methods for each comparison are
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indicated in the text.

RESULTS

Rps23rgl KO Mice Exhibit Severe Cognitive and Synaptic Plascity Deficits
MouseRps23rgl was expressed in all tissues examined, includortek, hippocampus
and cerebellum (Supplemental Figures S1A and SkB}he brain, RPS23RG1 was
expressed in neurons as well as in microglia atd@gdes (Supplemental Figure S1C).
Furthermore, RPS23RG1 was distributed to synaptest®®D-enriched fractions in a
pattern similar to PSD-95 (Supplemental Figure S1D)

We generated aRps23rgl KO mouse line that comprises a five nucleotide “ATT
deletion within theRps23rgl protein coding sequence, resulting in a frame simt early
truncation of RPS23RG1 (Supplemental Figures S2A-Rps23rgl mRNA
(Supplemental Figure S2E) and protein levels (Sarpphtal Figure S2F) were
undetectable in homozygowps23rgl KO mouse brain. HomozygouRps23rgl KO
mice were born at an expected Mendelian frequenoy with a ~1:1 sex ratio
(Supplemental Figure S2G), and featured normal ave@hysiology with comparable
body weight to WT littermate controls (Supplemenkagure S2H). No appreciable
differences in cortical and hippocampal structund aeuron abundance were apparent
comparingRps23rgl KO and WT mouse brain sections (Supplemental Eg@s2] and
S2J). These results suggest tRas23rgl is not essential for normal development in

mice.
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RPS23RG1 is abundant in the hippocampus and sys@p&s, implicating a
potential role for RPS23RG1 in synaptic plasticaiyd cognition. We observed that
Rps23rgl KO mice featured slightly lower locomotor activitcpmpared to WT controls
in open field tests, but there were no differencesheir time spent in central areas
(Supplemental Figure S3A), implying that lossRis23rgl had little effect on mouse
anxiety. However, in T-maze testRps23rgl KO mice showed significantly reduced
spontaneous alternations compared to WT mice (Eig#). In novel object recognition
memory tests, although boRps23rgl KO and WT mice exhibited similar exploration
time with two identical objects during the trainipgase, only WT mice explored novel
objects comparatively more than familiar objectgiry the testing phase, whereas
Rps23rgl KO mice explored novel and familiar objects withodiscrimination
(Supplemental Figure S3B). These differences lea smnificantly lower discrimination
index inRps23rgl KO mice than controls (Figure 1B).

In fear conditioning tests, freezing levelsRps23rgl KO and WT mice were similar
during habituation and conditioning trials (Suppémal Figure S3C). However,
Rps23rgl KO mice showed significantly lower freezing perzgyes compared to
controls when contextual and cued fear memoriee wested 24 h later (Figure 1C).
Moreover, although botfRps23rgl KO and WT mice showed progressive decline in
escape latency during a seven-day training phadéoimis water maze test®ps23rgl
KO mice showed reduced escape latency declinabompared to controls (Figure 1D,

left panel). During probe trial test®ps23rgl KO mice spent significantly less time in the
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target quadrant (Figure 1D, middle panel), and detrated fewer platform location
crossings than controls (Figure 1D, right paneljeSe results demonstrate tRas23rgl
mediates a broad range of cognition-related behsvamd its loss severely impairs
learning and memory.

When whole-cell mEPSC (miniature excitatory poséptic current) recordings
were performed to determine synaptic function media by AMPA
(a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic gcidand NMDA (N-methyl
D-aspartate) receptors (Supplemental Figures S4AS4B), both AMPA and NMDA
receptor-mediated mEPSC amplitudes were dramaticaliuced in CA1 pyramidal
neurons derived fronRps23rgl KO mice compared to controls (Supplemental Figures
S4C and S4D), indicating defects in postsynaptiataghatergic transmission.
Interestingly, AMPA and NMDA-associated mEPSC fregcies were also reduced in
Rps23rgl KO neurons (Supplemental Figures S4C and S4D), toenalefects in
presynaptic glutamate release or a reduction ina@yn abundance. Given that
paired-pulse facilitation did not vary significantbetweenRps23rgl KO and WT mice
(Supplemental Figure S4E), mEPSC frequency atteuas likely induced by a
reduction in functional synapses. In addition, #meplitude of evoked EPSCs mediated
by both AMPA and NMDA receptors were lower Rps23rgl KO mouse CAl neurons
than in controls (Supplemental Figures S4F and S#Gnarked reduction in fEPSP
slopes fromRps23rgl KO mouse hippocampus was detected in the CAlustrat

radiatum with progressively increased stimulatiod the Schaffer collateral
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(SC)/commissural pathway (Figure 1E). LTP responss also attenuated within the
SC-CALl region inRps23rgl KO mice (Figure 1F). Together, these results iadithat
loss of Rps23rgl impairs postsynaptic glutamatergic neurotransmissand synaptic
function.

Rps23rgl Deletion Renders Defects in Synaptic Structure an@omposition

A significant reduction in the number of maturengs was observed iRps23rgl KO
animals within the CA1 region (Figure 2A), and irtared primary neurons (Figure 2B).
Immunocytochemistry results revealed a marked rgalucin co-clusters of the
pre-synaptic marker synaptophysin and the postgiymanarker PSD-95, implying a
reduction in synapses iRps23rgl KO neurons (Figure 2C). Electron microscopy
analyses also showed reductions in PSD length adith w1 Rps23rgl KO mice (Figure
2D), indicative of structural synaptic defectslie absence d®ps23rgl.

Given that PSD-93 and PSD-95 are key scaffoldmgmonents at PSDs, structural
defects inRps23rgl KO neurons may be derived from perturbations iDS/PSD-95.
Indeed, we observed reduced PSD-93 and PSD-95mptetels inRps23rgl KO mouse
brain (Figure 3A), as well as synaptosome and P&ifeed fractions fronRps23rgl
KO brain hippocampus (Figure 3B). PSD-93- and PSBst@ining intensity was also
reduced in culture®&ps23rgl KO primary neurons (Figure 3C). LossR@gs23rgl had no
effect on PSD-93 and PSD-95 mRNA expression (Supghtal Figure S5), suggesting
that Rps23rgl affects posttranslational PSD-93/95 stability ombver. When protein

synthesis was inhibited by cycloheximide, we indebderved accelerated PSD-93 and
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PSD-95 turnover inRps23rgl KO neurons (Figure 3D). These results implicate an
essential role foRps23rgl in maintaining PSD-93/PSD-95 protein levels.

Both PSD-93 and PSD-95 interact with glutamatepewrs, thereby regulating their
trafficking to consequently modulate synaptic ptast (9, 32-37). Consistent with
PSD-93 and PSD-95 reductions, cell surface digiobe of the AMPAR subunit GIuAl
and the NMDAR subunit GIuN1 were markedly decreasedRps23rgl KO mouse
primary neurons (Figure 3E). These results dematestthat Rps23rgl deletion is
associated with reductions in PSD-93/PSD-95 andaserglutamate receptor levels
which may compromise synaptic plasticity.

RPS23RG1 Interacts with and Stabilizes PSD-93 and SBD-95 by Attenuating
MDM2-Mediated PSD-93/PSD-95 Turnover

MDM2 mediates PSD-95 poly-ubiquitination and delgitzon (14). As expected,
exposure to the proteasomal inhibitor MG132 stabdi PSD-95 as well as PSD-93 in
neurons treated with cycloheximide (Figure 4A). dddition, PSD-93 and PSD-95
immunoprecipitates associated with higher levels bigh-molecular weight
PSD-93/PSD-95 poly-ubiquitin conjugates Rps23rgl KO mouse brain compared to
controls (Figure 4B).

Notably, we found that endogenous PSD-93 and PSive@bco-precipitated with an
RPS23RG1 antibody in WT but nBps23rgl KO mouse brain lysates (Figure 4C). No
interaction was observed between RPS23RG1 and d#8-93/PSD-95 related

DLG-family proteins such as SAP97 and SAP102 (FBgd€). RPS23RGL1 is a type Ib
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transmembrane protein comprising ~60% homologyuimain and mouse (Supplemental
Figure S6A). Recombinant human RPS23RG1 also augptated with PSD-93 and
PSD-95 but not with SAP97 or SAP102 from WT mousarblysates (Supplemental
Figure S6B). Moreover, RPS23RG1 co-localized wiBDF3 and PSD-95 puncta in
cultured primary neurons (Figure 4D). Using deletemnstructs within the intracellular
domain (Figure 4E and Supplemental Figure S6C)idestified a conserved “TTLAH”
motif present in both human (aal63-167) and moasd30-134) RPS23RG1 as an
essential region for RPS23RG1-PSD-93 and RPS23REEETS interactions; deletion of
this motif in human RPS23RG1 abrogated its intevacwith PSD-93 and PSD-95
(Figure 4F). Similarly, deletion of human and mouaaeboxyl-terminal regions spanning
this motif also abrogated their interactions witlsOR93/PSD-95 (Figure 4F and
Supplemental Figure S6D).

We originally postulated that RPS23RG1 could mo@uldPSD-93/PSD-95
ubiquitination by binding MDM2; however, we were alole to detect interactions
between MDM2 and RPS23RG1 (Supplemental Figure SRather, we found that
RPS23RG1 overexpression attenuated MDM2 interastiath PSD-93 and PSD-95 in a
dose-dependent manner (Supplemental Figures S7BS@bj, while dose-dependent
MDM2 overexpression also attenuated RPS23RG1-PSE+88 RPS23RG1-PSD-95
interactions (Supplemental Figures S7C and S7E).reb@r, overexpression of
full-length human RPS23RG1 but not RPS23RG1 lacking intracellular domain

markedly reversed PSD-93 and PSD-95 poly-ubiquitna induced by MDM2
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overexpression (Supplemental Figures S7F and Sit@&se results suggest that MDM2
and RPS23RG1 compete for PSD-93/PSD-95 interactibmsconfirm these results
vivo, we characterized PSD-93/PSD-95 interactions MiliM2 from WT andRps23rgl
KO mouse brain, and found thaRps23rgl deletion indeed enhanced MDM2
co-immunoprecipitation with PSD-93 and PSD-95 intalto brain lysates and
synaptosomes (Figure 4G).

Restoration of PSD-95 and PSD-93 Levels Rescues @Gitige and Synaptic Deficits

in Rps23rgl KO Mice

We injected viruses expressing PSD-93 (lentivirgs)d/or PSD-95 (adenovirus)
bilaterally into lateral ventricles of PO mice twmrmalize PSD-93 and/or PSD-95
expression (Figure 5A). Mouse behaviors were assaye?2 month of age. Although
expression of PSD-93 or PSD-95 individuallyRps23rgl KO mice showed no effect on
improving cognitive behavior, PSD-93/PSD-95 co-eggion rescued the reduced
discrimination index in both objection location mam (Figure 5B) and novel object
recognition memory tests (Figure 5CIRps23rgl deletion abrogated novel arm
explorations within a modified T-maze; while comdiorial PSD-93 and PSD-95
expression iRps23rgl KO mice rescued reductions in novel arm explorgtand nearly
restored reduced entries into the novel arm (FigiDg Moreover, overexpression of
PSD-93 and/or PSD-95 ameliorated impaired LTP nespoin Rps23rgl KO
hippocampus (Figure 5E). These results indicaté téstoring PSD-93 and PSD-95

levels can rescue synaptic and cognitive impairser®Rps23rgl KO mice.
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A PSD-Stabilizing RPS23RG1 Peptide Rescues Cogn#ivand Synaptic Deficits in
Rps23rgl KO Mice
Since RPS23RG1 binds PSD-93 and PSD-95 throughiqueirsequence within the
intracellular domain (ICD), it may be possible tasplace PSD-destabilizing
MDM2-PSD-93 and MDM2-PSD-95 interactions using anpeting RPS23RG1 ICD
peptide. To test this, we conjugated the carbosyhinus of the 19aa RPS23RG1 ICD
sequence comprising the “TTLAH” PSD-93/PSD-95 hmgdimotif, or a control
scrambled (Scb) peptide to a TAT transduction secgi¢o facilitate intracellular uptake
(31). Peptide amino-terminus was conjugated withtibbior FITC with an adjoining
glycine linker. To evaluate peptide permeabilityotigh the BBB with peripheral
injection, **!-labeled [biotin]ICD-TAT peptides were injecteddnWT mice through i.p.
administration. Approximately 0.220 +0.046% of thgected peptide was detected in the
brain 30 min following i.p. administration. Moreay@4 hours following i.p. injection of
different peptides, the [biotin]ICD-TAT peptide whmind to co-precipitate both PSD-93
and PSD-95, while the [biotin]ICD peptide (no TATprecipitated much less
PSD-93/PSD-95 compared to [biotin]ICD-TAT (FigureA)6 No PSD-93/PSD-95
co-precipitation was observed with [biotin]Scb-TAlection from brain lysates (Figure
6A). These results demonstrate that the ICD-TATtidepcan penetrate the BBB and
successfully target PSD-93 and PSD-95.

We i.p. injected FITC-conjugated ICD-TAT and ScbiTpeptides intdjps23rgl KO

mice at a dose of 40 mg/kg/d for three consecwdases, whereby mice were subjected to
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behavioral, electrophysiological and biochemicahlgses (Supplemental Figure S8A).
We found no variable effects on animal body weighith peptide injection
(Supplemental Figure S8B). FITC signals were deteah the cortex and hippocampus
of treated mice, indicating BBB penetration of gng@eptides (Supplemental Figures S8C
and S8D). Importantly, ICD-TAT treatment Rps23rgl KO mice rescued spontaneous
alternation deficits in T-maze tests (Figure 6BYl aeversed impaired discrimination
indexes in novel object recognition memory tesigyfe 6C). ICD-TAT treatment also
enhanced LTP iRRps23rgl KO mouse SC-CAl hippocampus (Figure 6D). Moreover,
ICD-TAT treatment increased PSD-93 and PSD-95 prdévels inRps23rgl KO mouse
brain, attenuated MDM2-PSD-93 and MDM2-PSD-95 ia¢&ions (Figure 6E), and
reduced PSD-93 and PSD-95 poly-ubiquitination (FRgu6F and 6G). These results
indicate that the human RPS23RG1 ICD-TAT peptide rexerse synaptic and cognitive
deficits inRps23rgl KO mice.

RPS23RG1 Expression is Attenuated in Human AD and @relates with PSD-93 and
PSD-95 Levels

We found thaRPS23RG1 mRNA expression was dramatically decreased innpagéem
AD brain compared to controls (Figure 7A). Inteiegly, RPS23RG1 protein levels
positively correlated with PSD-93 and PSD-95 protevels in AD samples (Figure 7B).
Similarly, we observed a reduction Rps23rgl mRNA levels in aged APP/PS1 AD
mouse brain (Figure 7C), and found that RPS23R&D-P3 and PSD-95 levels

declined at 7 months of age (Figure 7D) in APP/P8te when disease-associated
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phenotypes initially manifest (23). These resultgygest a working model where
RPS23RG1 reduction can promote PSD-93/PSD-95 dizdtibn and turnover to
trigger cognitive impairment with AD onset.

The PSD-Stabilizing RPS23RG1 Peptide Rescues Cogwit and Synaptic Deficits in
APP/PS1 Mice

Similar to our results iRps23rgl KO mice, peripheral injection of 7-month-old APBP
mice with ICD-TAT peptides restored PSD-93 and FE&Oevels (Figure 8A). ICD-TAT
injection in APP/PS1 mice also rescued spontanatiamation deficits in T-maze tests
(Figure 8B), reversed memory impairment in objecation memory tests (Figure 8C)
and had memory improvement tendency in novel olgamignition memory tests (Figure
8D). Impaired LTP response in APP/PS1 animals wasoved upon ICD-TAT injection
(Figure 8E). ICD-TAT peptide treatment in APP/PSlicen did not affect tau
phosphorylation (Supplemental Figures S9A and IBBY3 levels (Supplemental Figure
S9C), and had little effect on PKA-mediated phosplation of GIuA1l on S845, which
was previously shown to modulate subcellular Glugfficking and activity (38-40)
(Supplemental Figures S9A and S9B). Given that BR& regulates B generation
and tau phosphorylation mainly through transmendralomain interactions with
adenylyl cyclases to enhance downstream signalatigways (21), it may be expected
that RPS23RG1 ICD will have little or no effect adenylyl cyclase-associated And
tau pathways. Moreover, ICD-TAT peptide treatmeddtrbt affect GFAP or Iba-1 levels

(Supplemental Figures S9A and S9B), suggesting|@®RatTAT peptide treatment does
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not trigger a neuro-inflammatory response. Henestoration of PSD-destabilizing
defects associated with RPS23RG1 can reverse $yraapl cognitive impairments in

AD.

DISCUSSION

Here, we present a model for RPS23RG1-mediated psignatabilization through
interactions between the RPS23RG1 ICD and PSD-ZB3# thereby displacing
MDM2-PSD-93 and MDM2-PSD-95 binding and consequent
poly-ubiquitination/degradation (Supplemental FeurS10). Proper homeostatic
maintenance of PSD components is fundamental tofuhetion and distribution of
various ionotropic receptors at the post-synagiimgartment. For example, PSD-95 can
interact directly with NMDARs and indirectly withMPARs through Stargazin/TARPS,
and thus modulate these receptors’ trafficking symhptic plasticity (32-35). Therefore,
alterations in mechanisms that regulate PSD schffglcomponent homeostasis may
have a significant impact on synaptic function andsequent cognitive behavior.

Indeed, previous studies have reported decreaSBd9B levels in human AD brain
and in AD mouse models, which correlate with insmeg@ pathological severity and
dementia (41-45). Although some studies have redacbntradictory results indicating
that PSD-95 levels may be increased in human AD44% compensatory changes may
be involved at certain stages during AD onset (Ifferestingly, one particular report

suggests that PSD components are upregulated iy Baaak stages (I-Ill), and
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downregulated in late stages (IV-VI) (11). Thisicades that restoration of PSD function
may be dependent on pathological severity during gkBgression. In support of this,

upregulation of PSD-95 expression through epigertatgeting and modification of the

PSD-95 locus restored cognition in APP/PS1 mice. (B8storation of PSD-93 levels in

APP/PS1 AD mouse hippocampus through lentiviraldated expression also attenuated
impairment in spatial learning and memory (49). s results similarly indicate that

stabilization of PSD components such as PSD-93/25bwough an RPS23RG1-derived
ICD peptide can restore synaptic and cognitiveaitsfin APP/PS1 mice, reconstituting

depleted PSD components may be a good complemestiategy to reverse neuronal
impairment in late AD.

In addition to neurons, RPS23RG1 is expressed oragiia and astrocytes. One
recent study found that PSD-95 could be detectedianoglia derived from P1 mice by
immunofluorescent staining, where PSD-95 levelagheared by P3, suggesting that
PSD-95 is involved in early brain development (58)though we could not detect
PSD-95 in P1 murine microglia by immunoblotting, de not discount the possibility
that RPS23RG1 may also modulate PSD-95-dependecroglia function in brain
development.

Since the “TTLAH” motif is crucial for RPS23RG1 erbctions with
PSD-93/PSD-95, we used BLAST to search for humath ranuse protein sequences
within the GenBank database and identified 151 iciate proteins comprising this motif.

However, we detected no interaction between onthede candidate proteins, KCNH5
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(potassium voltage-gated channel subfamily H mentheaslso known as Kv10.2 and
EAG2) and PSD-95 (Supplemental Figure S11). Thioissistent with previous reports
describing little or no colocalization between KCBIFand PSD-95 in hippocampal
neurons (51). Together, this suggests that althdbglfTTLAH” motif is necessary for
RPS23RG1-PSD-95 interaction, other RPS23RG1 dosjam@y also be required for
binding, possibly by forming a specialized spagtaléefined three dimensional structure
with the “TTLAH” motif to accommodate PSD-95 intetn.

Since both & proteotoxicity and f-mediated synaptic dysfunction are key events in
cognitive decline and AD progression (52, 53), impant of mechanisms that
concurrently influence amyloidogenic BA production/accumulation and synaptic
dysregulation may be critical triggers in AD ons@liven that our previous results
implicate a role for RPS23RG1 in inhibiting BAgeneration through adenylyl
cyclase/PKA activation and consequent GSK3 intohit(19, 20), together with our
results here demonstrating a physiological roleRBIS23RG1 in binding and stabilizing
PSD components, RPS23RG1 reduction in AD could kémeously enhance (A
proteotoxicity and drive synaptic degenerationadidition, we noticed that[treatment
markedly reduced RPS23RG1 levels (Supplementalr€$sg812A and S12B), whereas
tau overexpression showed little or no effect (3eimental Figure S12C). These findings
suggest that RPS23RG1 downregulation contributgsifeiantly to AD pathogenesis:
RPS23RG1 impairment potentially triggered bfy #dxicity, may enhance [A\production

as well as tau hyperphosphorylation at early stagesAD, resulting in cyclical
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acceleration of neurodegenerative progression. nguiihis process, reductions in
RPS23RG1 would also impair synaptic structure amtttion through PSD-93/PSD-95
destabilization.

Given that restoration or enhancement of RPS23Raiways can selectively limit
amyloidogenic A accumulation, synaptic impairment, or target uathogenic features,
RPS23RG1 may be a pharmacological target of péatignterest in AD. Future work
will determine whether modulation of RPS23RG1 canfer long-term preventative and
restorative effects in AD.

Our results here also provide a new mechanismrlymig PSD destabilization and
turnover through the ubiquitin/proteasome pathwBefects in synaptic stability,
homeostasis, and PSD composition have also beenilss in other neurodegenerative
disorders. For example, decreased PSD-95 levels baen observed in the striatal
region of Huntington’s disease (HD) patients (54though HD mouse brain features
increased spine formation, HD mice also show dsfattdendritic spine stability and
maturation (55). Decreased spine density has @en hoted in Parkinson’s disease (56),
and synaptic loss has been observed in mouse mofiasyotrophic lateral sclerosis
(57). Although PSD-95 homeostasis involves MDM2-ratatl poly-ubiquitination and
turnover (14), how this mechanism can affect syindptmation and function in various
neurodegenerative disorders was unclear. Since BHS2 can restore dysregulated
synaptic function in AD by attenuating MDM2-depentd®SD-93/PSD-95 turnover, it

will be interesting to determine whether impaifub23rgl function is apparent in other
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neurodegenerative  disorders, and importantly, assewhether enhancing
RPS23RG1-associated PSD-93/PSD-95 stability caarsevsynaptic deficits in these

disorders.
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FIGURE LEGENDS

Figure 1. Rps23rgl KO mice exhibit learning and memory deficits anghagptic
plasticity impairment(A) Rps23rgl KO and wild type (WT) control mice were analyzed
for spontaneous alternation (SPA) behavior by Tertasts. Data represent mean + s.e.m.
(KO, n = 13; and WT,n = 13). *P < 0.05 (2-tailed Student’s t tes{B) Mice were
characterized using novel object recognition téstdetermine their identification of a
novel object (discrimination index). Data represaean + s.e.m. (KQy= 13; and WTn

= 13). *P < 0.05 (2-tailed Student’s t tes{)C) In fear conditioning tests, mice were
initially subjected to training and their freezingsponse with contextual and cued fear
stimuli was measured as a percentage of the tedtirsgion. Data represent mean + s.e.m.
(KO, n = 12; and WT,n = 11). *P < 0.05 (2-tailed Student’s t tes{)D) Mice were
analyzed for escape latency in Morris Water Maztstevithin a 7-day training period.
On the 8th day, mice were assayed for time spetarget and the opposite quadrants, in
addition to the number of crossings over the ptatfeegion. Data represent mean *
s.e.m. (KOhn = 12; and WThn = 12). ns: not significant,» < 0.05, **P < 0.01 (one way
ANOVA test for escape latency comparison; 2-taifdident’s t test for othersjE)
Input—output measurements from SC stimulation anzsequent recording in the CAl
stratum radiatum. Data represent mean + s.e.m.g18 slices from 4-5 mice per group).
* P < 0.01 (repeated measures ANOVAS) LTP was induced by a two-train (100 Hz
each) stimulus in the SC. Top panels depict reptatee fEPSP recording traces before

and 60 min after high frequency stimulation (HF@ow&). Mean fEPSP potentiation was
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determined from the fEPSP slopes calculated bet®e8min and 50-60 min after HFS

(n = 7-8 slices from 4-5 mice per group)P* 0.01 (2-tailed Student’s test).

Figure 2. Impaired synapses iRps23rgl KO mice.(A) The hippocampal CAL region
from 1-month-old WT andRps23rgl KO mice was subjected to Golgi staining. Scale
bars, 10um. Mature (mushroom shape) and immature (thin dadby shape) spines
were quantified. Data represent mean * s.e.m20-22 neurons from 3 mice per group.
*P < 0.01 (2-tailed Student’s test{B) Cultured primary neurons from WT and
Rps23rgl KO mice were transfected with a pTomato plasmidB(7 and imaged by
confocal microscope at DIV16. Scale bars:ifi. Mature and immature spines were
guantified. Data represent mean + s.eanx 15 neurons from 3 mice per grouf? &
0.05 (2-tailed Student’s tes{)C) Cultured primary neurons from WT afhs23rgl KO
mice were immunostained for PSD-95 (in red) andapyophysin (SYP, in green) and
observed by confocal microscopy. Scale bars:u&@® Numbers of PSD-95 and SYP
co-clusters were quantified. Data represent mesue. m.n = 15 neurons from 3 mice per
group. **P < 0.001 (2-tailed Student’s tes{D) Representative electron micrographic
images of synapses in 1-month-old WT &m23rgl KO mouse hippocampus. Lower
panels depict high-magnification images from regiandicated in the top panels,
revealing individual synapses. Red bars and reowarrin lower panels indicate PSD
length and PSD width, respectively. Scale bars, 200 PSD length and width were

guantified. n = 80-100 synapses from 3 mice peugrd*P < 0.01 (2-tailed Student’s
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test).

Figure 3. Loss ofRps23rgl enhances PSD-95 and PSD-93 turnof&B) Equal protein
guantities from total brain lysates derived fromagd 5-month-old wild type (WT) and
Rps23rgl KO mice (A), and total lysates (S1) and synaptosome fractiB2sand P3)
from 3-month-old WT andRps23rgl KO mouse hippocampu@) were subjected to
immunoblotting for the proteins as indicated. PSDa@d PSD-95 levels were quantified
by densitometry and normalized feactin and compared to WT (set as to 1.0, dashed
line). Data represent mean = s.e.m.=< 4 mice per group).P < 0.05, *P < 0.01
(2-tailed Student’s t testfC) Cultured primary neurons derived from WT &Ruk23rgl

KO mice were double-immunostained either for PSD@Ea3red) and MAP2 (in green)
(upper panels), or for PSD-95 (in green) and MARZ (ed) (lower panels).
Immunofluorescence images were acquired by confomiaioscopy. Scale bars, 1@n.
PSD-93 clusters and PSD-95 clusters were quantisaty ImageJ. Data represent mean
+ s.e.m. n = 17-19 neurons from 3 mice per grodp.<*0.05, **P < 0.01 (2-tailed
Student’s t test)(D) Cultured primary neurons from wild type (WT) aRds23rgl KO
mice were treated with 3QM cycloheximide (CHX) for the time period indicated
PSD-93 and PSD-95 levels were examined by immumtiidy quantified by
densitometry, and normalized feactin (time O set to 1.0). Data represent meare4rs
(n=3). *P < 0.05, *P < 0.01 (2-tailed Student’s t tes{f) Cultured primary neurons

from WT and Rps23rgl KO mice were subjected to cell surface biotingatiand
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immunoblotting. Biotinylated (cell surface) GluADh& GIuN1 levels were quantified by
densitometry and normalized to total GIuAl and GluRata represent mean £ s.e.m. (

= 3). *P < 0.05 (2-tailed Student’s t test).

Figure 4. RPS23RG1 interacts with PSD-93 and PSD-95, attergiatonsequent
ubiquitination by MDM2.(A) WT and Rps23rgl KO mouse primary neurons were
treated with 3QuM (cycloheximide) CHX in the presence of increasM@132 (10 and
20 uM) levels for 16 h. PSD-93 and PSD-95 levels wertednined by immunoblotting.
(B) Equal protein quantities from brain lysates geteetedrom 3-month-old WT and
Rps23rgl KO mice were subjected to immunoprecipitation (Wh antibodies against
MDM2 and PSD-93 (left panels) or PSD-95 (right danePrecipitates were subjected to
immunoblotting (IB) with antibodies against ubigai{Ubiq), and PSD-93 or PSD-95.
Four percent of IP lysates were immunoblotted gmitinlC) Equal protein quantities
from brain lysates derived from 3-month-old WT &m23rgl KO mice were subjected
to IP with an antibody against mouse RPS23RG1 (RR&Y immunoblotted with
antibodies against the proteins as indica(By.HA-tagged human RR1 was transfected
into WT mouse primary neurons at DIV4. Neurons wemestained for hRR1(in green)
and PSD-93 (upper panels, in red) or PSD-95 (lopatels, in red) at DIV14, and
imaged by confocal microscopy. High-magnificationages of regions indicated are
shown (right). Scale bars, 1in. (E) Schematic depiction of human RPS23RG1 deletion

constructs used: full-length RPS23RG1 (1-173), R3R&21 lacking the last 6
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carboxyl-terminal amino acids (1-167), RPS23RGXkitag the last 11 carboxyl-terminal
amino acids (1-162), RPS23RG1 lacking the entirbaayl-terminal intracellular region
(1-154), and RPS23RG1 lacking the conserved “TTLAHtIf (A163-167).(F) HEK
293T cells were co-transfected with Myc-PSD-93 8DP95-Flag, together with various
human RPS23RG1 constructs tagged with HA. Celltésavere subjected to IP with
control 19G, and HA and Myc or Flag antibodies, amdhunoblotted for the components
as indicated(G) Equal protein amounts of total lysates (S1) anthptosome fractions
(P2) from brain isolated from 3-month-old WT aRps23rgl KO mice were subjected to
IP with IgG or an anti-MDM2 antibody, and immunotdéal with antibodies against
PSD-93 and PSD-95. Immunoprecipitated PSD-93 amal $5levels were quantified by
densitometry and normalized to inputs (WT levels teel.0). Data represent mean *

s.e.m. (n = 3).P < 0.05, *P < 0.01 (2-tailed Student’s t test).

Figure 5. Restoration of PSD-93 and PSD-95 expression restigesory and synaptic
plasticity deficits inRps23rgl KO mice. (A) WT and Rps23rgl KO mice at PO were
bilaterally co-injected with control adenovirus acahtrol lentivirus, control adenovirus
and lentivirus expressing PSD-93, control lentigiand adenovirus expressing PSD-95,
or lentivirus expressing PSD-93 and adenovirusesging PSD-95. After behavioral and
electrophysiological analyses, PSD-93 and PSD-@fepr levels from brain extracts
were analyzed by immunoblotting and their levelsemguantified by densitometry and

normalized toB3-actin. Data represent mean ts.e.m. (n = 3 micegpaup). P < 0.05,
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** P < 0.01 (2-tailed Student’s tes{B-D) At 2 months of age, mice were subjected to
behavioral analyses, where discrimination indeX {Dlobject location memory tes(B)
and in object recognition memory teg®®), and numbers of entries into and time spent in
the novel arm in the modified T-maze t€S) were compared. Representative traces in
the modified T-maze test are also shown. Data sgptemean + s.e.m. (n = 9 mice per
group). * < 0.05 (2-tailed Student’s tes{E) LTP was induced using a two-train (100
Hz each) stimulus in the SC. The top shows reptatea fEPSP recordings before and
60 min after high frequency stimulation (HFS, aryjoMean fEPSP potentiation was
guantified at 0—3 min and 50-60 min after HFS. Dafaesent mean +s.e.m. (WT+Con:
n = 8 slices from 4 mice; WT+Comn:= 8 slices from 4 mice; KO+Con:= 7 slices from

5 mice; KO+PSD-93n = 7 slices from 4 mice; KO+PSD-96:= 6 slices from 4 mice;
KO+PSD-93+PSD-95n = 7 slices from 4 mice).P < 0.05, **P < 0.01, ***P < 0.001

(2-tailed Student’s test).

Figure 6. A RPS23RG1 intracellular domain-derived peptidecues memory and
synaptic plasticity deficits irRps23rgl KO mice. (A) WT mice were subjected to 40
mg/kg/d i.p. injection of the peptides indicatedc®were sacrificed 24 h after injection,
and equal protein amounts from brain lysates weeeipitated with avidin beads and
immunoblotted with antibodies against PSD-93 and-BS. (B,C) WT mice were

injected with a vehicle control andRps23rgl KO mice were injected with

FITC-conjugated ICD-Tat or Scbh-Tat peptides (40kydl, i.p.) for 3 consecutive days.
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Mice were then analyzed for spontaneous alternaf&A) in T-maze testéB) and
discrimination index (DI) was determined by novdljezt memory tes{C). Data
represent mean = s.e.tm € 10 mice per group).P < 0.05, *P < 0.01 (2-tailed
Student’s t test)D) LTP was induced using a two-train (100 Hz eadmdus in the SC.
Representative fEPSP trace recordings before andm80 after high frequency
stimulation (HFS, arrow) are shown (top). Mean fERf8tentiation was quantified at 0-3
min and 50-60 min after HFS. Data represent mese.m. § = 6 slices from 4 mice per
group). * < 0.05, **P < 0.001 (2-tailed Student’s t tesfle) Equal protein quantities
from brain lysates isolated from injected mice w&ubjected to immunoprecipitation (IP)
with IgG or an anti-MDM2 antibodies, and immunoléat with anti-PSD-93 and
anti-PSD-95 antibodies. Four percent of the IPthsavere immunoblotted as input.
Input PSD-93 and PSD-95 levels were quantified bgsttometry and normalized to
B-actin. Precipitated PSD-93 and PSD-95 levels wprantified by densitometry and
normalized to respective input levels. Data represgean + s.e.mn(= 3). *P < 0.05,

** P < 0.01 (2-tailed Student’s t tes{f,G) Equal protein quantities from brain lysates
isolated from injected mice were subjected to IEhwintibodies against PSD-9B) or

PSD-95(G), and then immunoblotted with an anti-ubiquitin {g)bantibody.

Figure 7. RPS23RG1 levels are reduced in human and mouseraAD, land correlates
with PSD-95 and PSD-93 level®) HumanRPS23RG1 (RR1) mRNA levels from AD

patient and control brain were determined by quanie real-time PCR (qRT-PCR) and
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normalized to 18s rRNA. Data represent mean = s.€Gontrols:n = 13; and AD
patients:n = 29). **P < 0.01 (2-tailed Student’s t-tes{B) Human RPS23RG1 (RR1),
PSD-93, PSD-95 anf-actin protein levels in AD patient brain were aazad by
immunoblotting and quantified by densitometry. Biotquantities were normalized to
B-actin, and correlations between human RR1 and 5br PSD-95 were determined
by regression analysis € 47).(C) Rps23rgl (RR1) mRNA levels in APP/PS1 and WT
littermate mouse brain at different ages were dfiadtby gRT-PCR and normalized to
B-actin. Data represent mean = s.e.m. (n = 3 pargrdP < 0.05, *P < 0.01 (2-tailed
Student’s t-test)(D) Synaptosome fractions derived from WT and APP/R&lse
hippocampus at 5, 7 and 9 months of age were gedjdo immunoblotting for the
proteins indicated. Protein levels of mouse RRIDPS and PSD-95 were quantified by
densitometry, normalized f@-actin (levels at 5 months were set to 1.0). Detaesent

mean + s.e.mn(= 4 per age). *P < 0.01, **P < 0.001 (2-tailed Student’s t-test).

Figure 8. A RPS23RGL1 intracellular domain-derived peptidecues memory and
synaptic plasticity deficits in APP/PS1 AD modelcmi (A) 7-month-old WT and
APP/PS1 mice were subjected to FITC-conjugated T@aDer Scbh-Tat peptide injection
(40 mg/kg/d, i.p. injection) for 3 consecutive dakgght days later, mice were sacrificed
and hippocampal synaptosome fractions were subjetdeimmunoblotting for the
proteins indicated. PSD-93 and PSD-95 protein ewadre quantified by densitometry

and normalized t-actin. Data represent mean + s.e.m=(6 per group). P < 0.05,
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** P < (0.01 (2-tailed Student’s t-tes{B-D) Injected mice were subjected to behavioral
analysis. Spontaneous alternation (SPA) in T-meges(B), and discrimination index (DI)
in object location memoryC) and in novel object recognition memory teddy were
guantified. Data represent mean + s.em= @ for APP/PS1+ICD-TAT group amd= 10

for other groups). P < 0.05 (2-tailed Student’s t-tes{E) LTP was induced using a
two-train (100 Hz each) stimulus in the SC. Repnesteve fEPSP trace recordings of
responses before and 60 min after high frequenoykition (HFS, arrow) are shown
(top). Mean fEPSP potentiation was determined &t f#n and 50—-60 min after HFS.
(WT+Scb-TAT: n = 8 slices from 5 mice; WT+ICD-TATn = 7 slices from 5 mice;
APP/PS1+Sch-TATn = 10 slices from 5 mice; APP/PS1+ICD-TAT= 9 slices from 5

mice). *P < 0.05, ***P < 0.001 (2-tailed Student’s t-test).
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