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CELLULAR NEUROSCIENCE

RNF220 is an E3 ubiquitin ligase for AMPA receptors

to regulate synaptic transmission

Pengcheng Ma't, Li Pear Wan't, Yuwei Li"%t, Chun-Hui He?*t, Ning-Ning Song*?, Shiping Zhao’,
Huishan Wang'?, Yu-Qiang Ding®*°*, Bingyu Mao'®*, Nengyin Sheng

The accurate expression of postsynaptic AMPA receptors (AMPARs) is critical for information processing in the
brain, and ubiquitination is a key regulator for this biological process. However, the roles of E3 ubiquitin ligases
in the regulation of AMPARs are poorly understood. Here, we find that RNF220 directly interacts with AMPARs to
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meditate their polyubiquitination, and RNF220 knockout specifically increases AMPAR protein levels, thereby
enhancing basal synaptic activity while impairing synaptic plasticity. Moreover, depending on its E3 ubiquitin li-
gase activity, RNF220 represses AMPAR-mediated excitatory synaptic responses and their neuronal surface ex-
pression. Furthermore, learning and memory are altered in forebrain RNF220-deficient mice. In addition, two
neuropathology-related RNF220 variants fail to repress excitatory synaptic activity because of the incapability to
regulate AMPAR ubiquitination due to their attenuated interaction. Together, we identify RNF220 as an E3 ubiqg-
uitin ligase for AMPARs and establish its substantial role in excitatory synaptic transmission and brain function.

INTRODUCTION

AMPA receptors (AMPARSs) are ionotropic glutamatergic recep-
tors that mediate fast excitatory synaptic neurotransmission in the
brain, and their numbers on the postsynaptic membrane determine
the strength and efficiency of basal synaptic activity. Synaptic plasticity,
a cellular mechanism of learning and memory, is also primarily at-
tributed to its activity-dependent recruitment and internalization at
excitatory synapse (1-3). Dysregulation of AMPAR dynamic neu-
ronal trafficking is considered as one critical reason for neuropsy-
chiatric and neurodegenerative diseases (4, 5). AMPARs are tetramers
of GluA1-GluA4 subunits, and it has been established that their in-
tracellular C-terminal domains play critical roles during AMPAR
trafficking to and from synapses. Besides through subunit-specific
protein interactors, the C-terminal domains undergo many post-
translational modifications (PTMs) contributing to synaptic activity
and plasticity regulation (3, 6, 7). Although the ubiquitin-proteasome
system (UPS) is recognized for its regulation of postsynaptic protein
stability and its participation in synaptic transmission (8-11), our
knowledge about the molecular regulators for AMPAR ubiquitina-
tion is markedly less than the identified phosphorylation kinases
and binding partners for AMPAR trafficking.

E3 ubiquitin ligase determines the specificity of substrate pro-
tein for recognition and ubiquitination, and the known E3 ligases
fall into two families containing RING domain or HECT domain (12).
Although the ubiquitination of AMPAR subunits GluA1l to GluA4
has been reported (13-17), only few specific E3 ubiquitin ligases
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have been reported (9, 18). HECT-type Nedd4 is the first identified
E3 ligase that is directly responsible for mammalian AMPAR ubiq-
uitination and for regulating AMPAR endocytosis and synaptic
transmission (13, 19). Ubiquitination of GluA1 by E3 ligase Nedd4L
is involved in spontaneous neuronal activity, and this impairment
contributes to neuron hyperactivity and epilepsy (20). EphA4 is an
Eph receptor involved in synaptic plasticity, and it is found that
RING-type E3 ligase APCEM interacts with it, thereby regulating
GluAl ubiquitination and proteasomal degradation during synap-
tic homeostatic plasticity (21). In addition, Roche’s laboratory (22)
screened a subset of transmembrane RING-type E3 ubiquitin ligases
and identified RNF167 as an E3 to regulate AMPAR ubiquitination
in an activity-dependent manner as well as synaptic transmission.
However, more efforts are needed to study the molecular mecha-
nism underlying AMPAR ubiquitination and its biological signifi-
cance for physiological and pathological processes.

RNF220 is a RING-type ubiquitin E3 ligase lacking a transmem-
brane domain, and it expresses broadly in the central nervous sys-
tem during development (23). Our and other laboratory’s studies
have revealed that RNF220 plays critical roles in neural cell fate
determination and neural tube patterning (23-28). We have also
noted that RNF220 is expressed in postmitotic neurons and its
expression is intensively high in the hippocampus of adult mouse
(23, 29, 30), but its function at this stage and this region is still un-
known. Moreover, RNF220 mutations (R363Q and R365Q) are
recently reported to cause brain abnormalities (31), and note that
several symptoms of the patients are related to dysfunction of syn-
aptic activity, such as intellectual disability and seizure. However, it
remains unclear about the RNF220 ubiquitination substrate in ma-
ture neurons and whether it is involved in synaptic regulation and
related brain function.

In this study, with the RNF220 forebrain knockout (KO) mouse
model, we found that the AMPAR-mediated synaptic transmission
was enhanced and protein levels of GluA1 and GluA2 subunits were
increased after RNF220 depletion. Neural behavioral analyses showed
that RNF220-deficient mice had altered learning and memory abil-
ities. Mechanistically, RNF220 directly interacted with GluA1 and
GluA2 to mediate their polyubiquitination and protein stability,
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and this ubiquitination-dependent regulation is involved in AMPAR
synaptic and surface expression. Moreover, the neuropathological-
associated mutations abolished RNF220’s capability to regulate
AMPAR ubiquitination and synaptic expression. Therefore, we pro-
vide compelling evidence that RNF220 is an E3 ubiquitin ligase
for AMPARS to regulate synaptic transmission. This ubiquitination-
dependent modulation is involved in brain physiological function,
while its dysregulation might be related to neural disorders.

RESULTS

Basal excitatory synaptic transmission is increased

in RNF220 KO mice

To examine the function of RNF220 in brain, we crossed RNF220™/
mice with Emx1-Cre mice to knock out RNF220 expression in the
cerebral cortex and hippocampus, starting from late embryonic stage
(32). Both the mRNA (relative levels: P10, 0.25 + 0.03; P20, 0.21 +
0.01; P60, 0.15 £ 0.01; Fig. 1A) and protein (relative levels: P10,

0.18 +0.02; P20, 0.14 £ 0.01; P60, 0.09 + 0.03; Fig. 1B) expression of
RNF220 were significantly reduced in hippocampal and cortical
(fig. S1, A and B) lysates of the postnatal conditional KO (cKO)
mice (EmxI-Cre;RNF220™") at the examined ages. The remaining
RNF220 expression might be from other cell types without Emx1-
Cre or inability of Emx1-Cre-mediated deletion of RNF220 in the
brain. Immunostaining analyses showed the absence of RNF220 in
the cortex and hippocampus in the cKO mice at postnatal day 21
(P21; Fig. 1, C and D). Moreover, the RNF220 depletion in fore-
brain cells did not significantly affect body weight and brain weight
examined at P60 (fig. S1, C and D). To determine whether the lack
of RNF220 affects brain morphology, we performed hematoxylin
and eosin staining on coronal brain slices from the cKO mice and
their littermate controls at P21. There were no apparent macro-
scopic defects in the RNF220 cKO brain, and the cellular organiza-
tion of the cortex and hippocampus was preserved (fig. S1, E and F).
Together, all these data indicate that RNF220 depletion in forebrain
has no obvious effect on brain development.
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Fig. 1. Basal excitatory synaptic transmission is increased in RNF220 KO mice. (A and B) mRNA (A) and protein (B) expression of RNF220 in hippocampus of
meI—Cre;RNFZZOﬂ/ﬂ mice and littermate controls (CTL) at P10, P21, and P60 (n = 4). (A) Real-time polymerase chain reaction (PCR) analyses of RNF220 mRNA levels using
B-actin as the internal control. Bar graphs (mean + SEM) show the relative mRNA expression normalized against respective littermate controls. Statistical analyses are
compared to respective controls with unpaired t test. (B) Western blot analyses of RNF220 protein levels with a-tubulin as internal control. Bar graph (mean + SEM) shows
the relative expression normalized against respective littermate controls. Statistical analyses are compared to respective controls with unpaired t test. (C and D) Immuno-
fluorescence and immunochemistry staining show the expression of RNF220in cortical (C) and hippocampal (D) tissues, respectively, of Emx1-Cre;RNF220™" mice and
littermate controls at P21. Scale bars, 150 um (C) and 300 um (D). (E) Representative sample traces of CA1 pyramidal neuron mePSCs from Emx1-Cre;RNF220™" mice (green)
and littermate controls (black) at P21. Scale bars, 20 pA/500 ms. (F to H) Analyses of mEPSC parameters from RNF220 KO (n = 17) and littermate control (n = 14) neurons.
Bar graphs (mean + SEM) show the amplitude (F), frequency (G), and decay kinetics (H). Statistical analyses are compared to respective controls with Mann-Whitney U test
with Bonferroni correction. Cumulative distribution plots of mMEPSC amplitude (F), frequency (G), and decay kinetics (H) from RNF220 KO (green) and control neurons
(black). Cumulative distribution functions show no irregularities. IB, immunoblot; DAPI, 4',6-diamidino-2-phenylindole. n.s. (not significant), P> 0.05; ***P < 0.001; and
**P<0.01.
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Besides developmental delay, the patients harboring RNF220
mutations exhibit neuropsychiatric manifestations such as intellec-
tual disability (31), which is closely related to dysregulation of synaptic
transmission. We wondered whether the basal synaptic properties
are affected after loss of RNF220. To this end, whole-cell patch-
clamp recording was applied to examine the miniature excitatory
postsynaptic currents (mEPSCs) of CA1 pyramidal neurons from
acute hippocampal slices. We found that both the amplitude (control,
11.95 + 0.56 pA; RNF220 KO, 17.45 + 0.56 pA; Fig. 1F) and fre-
quency (control, 0.42 + 0.04 Hz; RNF220 KO, 0.96 + 0.23 Hz;
Fig. 1G) of AMPAR-mediated mEPSCs were significantly increased
in RNF220 cKO mice compared to the littermate controls, while there
was no difference in the decay time (control, 8.2 + 0.58 ms; RNF220
KO, 7 + 0.82 ms; Fig. 1H). These results suggest that RNF220 is in-
volved in the regulation of basal synaptic transmission.

RNF220 regulates synaptic activity by repressing AMPAR
synaptic expression

As we have identified RNF220 as an E3 ubiquitin ligase regulating
protein turnover in the central nervous system (23, 26, 28, 33), it
leads us to wonder whether the dysregulation of synaptic protein
stability is the reason underlying the above phenotype. To this end, we
used Western blot to examine the expression levels of critical synaptic
proteins, especially the glutamate receptors, from RNF220-depleted
hippocampus (Fig. 2A) and cerebral cortex (fig. S2A). It was found
that in hippocampus homogenates, the protein levels of AMPAR
subunits GluA1l and GluA2 (relative levels: GluAl, 2.99 + 0.10;
GluA2, 3.15 + 0.15; Fig. 2B) were significantly and specifically
increased in RNF220 cKO mice, while there was no difference in
N-methyl-p-aspartate receptor (NMDAR) subunit (relative levels:
GluN1, 1.31 + 0.14; GluN2A, 1.05 + 0.04; GIuN2B, 1.07 + 0.05; Fig. 2B)
expression compared to littermate controls, as well as postsynaptic
PSD-95 (postsynaptic density protein 95; relative level: 1.00 + 0.04;
Fig. 2B) and presynaptic synaptophysin (relative level: 0.99 + 0.07;
Fig. 2B). Moreover, we found that in synaptosomal (relative levels:
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physin, 0.99 + 0.06; Fig. 2C) and postsynaptic density (relative
levels: GluAl, 2.16 + 0.21; GluA2, 2.89 + 0.19; GluN1, 1.07 £ 0.06;
GluN2A4, 1.01 £ 0.05; GluN2B, 1.06 + 0.05; PSD-95, 1.09 + 0.06;
Fig. 2D) fractions, the expression of GluA1l and GluA2 receptors,
but not GluN1, GluN2A, GluN2B, PSD-95, or synaptophysin, was
increased when RNF220 was deleted. Similar results were found in
cerebral cortex tissue (fig. S2, A to D). Moreover, when mRNA levels
of all these genes in the hippocampus and cortex were quantitatively
examined by real-time polymerase chain reaction (PCR) experi-
ments, there was no significant change (fig. S2E).

Given the above data suggesting that the protein levels of GluA1
and GluA2 receptors are regulated by RNF220, we next determined
whether AMPAR-mediated synaptic transmission is affected when
RNF220 is inactivated in neurons. To sparsely knock out RNF220 in
pyramidal neurons, Cre recombinase-expressed adeno-associated
virus (AAV) was stereotactically injected into the hippocampal CA1
region of RNF220"" mice on P0. Then, three weeks later, dual whole-
cell recording was applied to test the evoked EPSCs (eEPSCs) from
Cre/enhanced green fluorescent protein (EGFP) expressing and
neighboring control pyramidal neurons simultaneously (Fig. 3A). It
was found that AMPAR-mediated EPSCs were significantly higher
in RNF220 KO CA1 neurons compared to the respective neighbor-
ing controls (RNF220 KO, 190.48 £ 19.10% control; Fig. 3B), while
the paired-pulse ratio was not significantly changed (control, 1.61 +
0.20; RNF220 KO, 1.47 £ 0.21; Fig. 3C). Moreover, there was also no
significant difference of paired-pulse ratio between the CA1 pyra-
midal neurons from RNF220 cKO mice and control littermates
(control, 1.80 + 0.08; RNF220 KO, 2.02 + 0.09; Fig. 3E). All these
results suggest that the RNF220 loss enhances excitatory synaptic
transmission by regulating the postsynaptic AMPAR expression but
not the presynaptic release probability. We next examined the reg-
ulation of synaptic plasticity by RNF220 by inducing LTP (long-term
potentiation) of the CA1 pyramidal neurons from RNF220 cKO

(9]

I

Total lysate Synaptosomal fraction

*ok *k%

3 f

*k*

®
»

Nn.s. n.s. n.s. n.s. n.s.

o=

n.s. n.s. n.s. n.s.

Relative protein level
(RNF220 KO/control)

iy

SE: GluA2 S0 s e 99kDa

AT T

105kDa
165kDa
166 kDa

GIuN1 e e e e any @D
GIUN2A |9 =5 - -
GlUNZB | s SIS SN SRS
PSD-O5 | s s 4 e SN @ 35 kD2

OB - - - 4102

o

rotein level

+

ive pl

o

PSD fraction
**

*%* g

CJGIluA1 [ GIluA2 [ GIluN1
[ GIuN2A 3 GIuN2B 3 PSD-95
3 Synaptophysin

o

=}

-S. .Nn.s.

8

n.s.ns

8 i

%o

Relati
(RNF220 KOlcontrol)

RNF220 (W - 70kDa

Tubulin | S ————— — 55 kD23

0

Fig. 2. RNF220 regulates synaptic and extrasynaptic AMPAR expression. (A) Western blot analyses of the expression levels of indicated synaptic proteins in the total
lysates and synaptosomal and PSD fractions from hippocampus of Emx1-Cre;RNF220"" mice (n=4) and littermate controls (n =4). a-Tubulin was used as the internal
control. GIluA1 and GIuA2 expression levels with long and short exposure as indicated. (B to D) Bar graphs (mean + SEM), overlaid with the actual data points, show the
relative expression normalized against each respective littermate controls. Statistical analyses are compared to respective controls with unpaired t test. E, long exposure;

SE, short exposure. n.s., P> 0.05; ***P < 0.001; and **P < 0.01.
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Fig. 3. RNF220 regulates excitatory synaptic transmission and plasticity. (A) Schematic cartoon of the experimental workflows on RNF220™" mice. (B and C) Simulta-
neous recordings from a transfected CA1 pyramidal neuron (green trace) and a neighboring control one (black trace) were performed, and the eEPSCs were measured at
—70 mV. (B) Open and filled circles represent amplitudes for single pairs and mean + SEM, respectively. Insets show sample current traces from control (black) and exper-
imental (green) cells. Scale bars, 100 pA/20 ms. Bar graphs (mean + SEM, n=22) show normalized eEPSC amplitudes presented in scatterplots. Statistical analyses are
compared to controls with two-tailed Wilcoxon signed-rank sum test. (C) Paired-pulse ratios from control (n=17) and KO (n = 17) neurons are shown in the bar graph
(mean + SEM) overlaid with the actual data points, and statistical analyses are compared to controls with Mann-Whitney U test with Bonferroni correction. (D) Whole-cell
paired-LTP recordings were performed from CA1 pyramidal neurons of mel-Cre;RNFZZOﬂ/ﬂ mice (green, n=8) and littermate controls (black, n=9), and the data are
shown as the percentage of the respective baseline before LTP induction (mean + SEM). The bar graph (mean + SEM) shows normalized eEPSC amplitudes at 45 min after
LTP induction. Sample traces show EPSCs before (7) and 45 min after LTP (2). Scale bars, 25 pA/25 ms. Statistical analyses are compared to controls with unpaired t test.
(E) Paired-pulse ratios from meI-Cre;RNFZZOﬂ/ﬂ mice (n=14) and littermates (n = 14) are shown in the bar graph (mean + SEM). Statistical analyses are compared to con-

trols with Mann-Whitney U test with Bonferroni correction. n.s., P> 0.05; ***P < 0.001; and **P < 0.01.

mice and control littermates. It was shown that the potentiation of
AMPAR-mediated EPSCs was significantly impaired in RNF220
depletion neurons (RNF220 KO, 239.69 + 22.94% baseline; control,
442.02 + 51.04% baseline; Fig. 3D). Together, all these data indicate
that RNF220 regulates postsynaptic AMPAR expression to affect
excitatory synaptic transmission and plasticity.

RNF220 directly ubiquitinates AMPARs to regulate
excitatory synaptic activity

To test whether RNF220 regulates GluA1 and GluA2 receptor ex-
pression by modulating their polyubiquitination and then protein
stability, we immunoprecipitated GluA1 or GluA2 from brain ho-
mogenates of RNF220 cKO mice and control littermates, and checked
their ubiquitination levels using a ubiquitin antibody. Both the en-
dogenous GluA1 and GluA2 ubiquitination were markedly decreased
in RNF220 cKO hippocampus (Fig. 4A) and cerebral cortex (fig. S4A),
while their protein level input and immunoprecipitation were ob-
viously increased.

These results lead us to speculate that AMPARs might be direct
ubiquitination substrates of RNF220. To test this idea, we cotrans-
fected Myc-RNF220 with hemagglutinin (HA)-GluA1, HA-GluA2,
or HA-GluK2 into human embryonic kidney (HEK) 293 cells
and first checked their interactions by coimmunoprecipitation assay.
We found that RNF220 and GluA1l or GluA2 were coimmuno-
precipitated when either RNF220 or GluA1/GluA2 was used as

Ma et al., Sci. Adv. 8, eabq4736 (2022) 30 September 2022

immunoprecipitation bait (Fig. 4, B and C). However, there was no
detectable interaction between RNF220 and GluK2 (Fig. 4, B and C),
a KAR subunit of glutamate receptor superfamilies and sharing sim-
ilar topological architecture with AMPARs (34). As no commercial
RNF220 antibody is available for in vivo immunoprecipitation
analysis, we used an RNF220-BAP mouse model, in which RNF220
protein is fused with a biotin-accepting peptide (BAP), to examine
the endogenous interactions between RNF220 and glutamate re-
ceptors in hippocampal (Fig. 4D) and cortical tissues (fig. S4B).
When the BAP antibody was applied for immunoprecipitation,
endogenous RNF220 was successfully immunoprecipitated from brain
homogenates of RNF220-BAP mice but not control littermates. In
addition, we found that only AMPAR subunits GluA1 and GluA2,
but not NMDAR subunits GluN1, GIuN2A, or GluN2B, were coim-
munoprecipitated with RNF220 (Fig. 4D and fig. S4B) from tissue
lysate of RNF220-BAP mice. These results suggest that RNF220
directly interacts with GluAl and GluA2 receptors and regulates
their protein stability.

To further test the idea that RNF220 directly ubiquitinates
AMPARs, Myc-RNF220 was cotransfected with Flag-GluAl or
Flag-GluA2 into HEK293 cells. The polyubiquitination levels of
both GluAl (Fig. 4E) and GluA2 (Fig. 4F) were markedly increased
by RNF220 co-overexpression (OE). Moreover, this kind of modifi-
cation was dependent on its E3 ligase activity (Fig. 4, E and F),
as RNF220-regulated ubiquitination of GluA1 or GluA2 was fully
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Fig. 4. RNF220 directly ubiquitinates AMPARs to regulate the receptor protein stability. (A) Polyubiquitination analyses of endogenous GluA1 and GIuA2 protein in
hippocampus of Emx1-Cre;RNF220"" mice and littermate controls. (B and €) Coimmunoprecipitation analyses of Flag-tagged RNF220 or HA-tagged glutamate receptor
interaction HEK293 cells with transfection as indicated. The whole-cell lysates (WCLs) were immunoprecipitated by Flag or HA antibody, and the WCLs and immunopre-
cipitations (IPs) were immunoblotted by the indicated antibodies. (D) Coimmunoprecipitation analyses of the interaction between RNF220 and glutamate receptors from
RNF220-BAP and littermate mice hippocampus, and the input and IP samples were immunoblotted with the indicated antibodies. (E and F) Polyubiquitination analyses
of GIuA1 and GluA2 by coexpressed RNF220 or E3 ligase-dead mutants in HEK293 cells.

impaired when cotransfecting the ligase activity—diminished mutant
(W539R; fig. S5, A and B). The above results indicate that AMPARs
are direct ubiquitination substrates for RNF220.

To examine whether RNF220 regulates AMPAR-mediated excit-
atory synaptic transmission through such ubiquitination-dependent
manner, wild-type RNF220 or the above ligase-dead mutants were
individually overexpressed in CA1 neurons from rat hippocampal
slice cultures by biolistic transfection (Fig. 5A). We found that AMPAR
EPSCs were significantly decreased (RNF220 OE, 59.41 + 11.29%
WT; Fig. 5B), while the paired-pulse ratio did not change (control,
1.80 + 0.16; RNF220 KO, 1.82 + 0.17; Fig. 5C). However, the
RNF220-mediated repression of synaptic activity was lost, while
its E3 ligase activity was diminished [ RNF220(W539R) OE, 95.39 +
11.15% WT; RNF220(ARING) OE, 98.68 + 18.77% W'T; Fig. 5,
D and E]. Moreover, different from RNF220 depletion (Fig. 3B), the
two ligase-dead mutants failed to enhance AMPAR-mediated EPSCs,
although they maintained the binding affinity with GluA1 and
GluA2 subunits (fig. S4, C and D), suggesting that these two mu-
tants might not have any dominant negative effect against endogenous
RNF220 for the regulation of AMPAR expression. Unexpectedly, when
RNF220 was depleted or overexpressed, we found that NMDAR-
mediated EPSCs were modestly but significantly increased or decreased
(fig. S3, A to D), respectively. Because our biochemical results indicated
that there was no significant change of NMDAR subunit protein levels
when RNF220 was lost (Fig. 2A and fig. S2A) and that, in slice cul-
tures, the number of dendritic spines on CA1 pyramidal neurons was
not changed significantly while depleting or overexpressing RNF220
(fig. S3, E and F), we presume that there might be other unknown
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targets for RNF220 that are involved in NMDAR synaptic regulation.
Furthermore, the lack of direct interaction between RNF220 and
NMDAR subunits further supports that the observed change of
NMDAR EPSCs (fig. S3, A to D) is not attributed to direct modula-
tion of the protein stability of NMDAR subunits by RNF220. To-
gether, these results indicate that RNF220 is an E3 ubiquitin ligase
for AMPARSs to control protein stability and regulate excitatory
synaptic transmission.

RNF220 regulation of synaptic activity involves
ubiquitination of both GluA1 and GIuA2 receptors

It is known that most of the PTMs for AMPAR subunits occur at
the intracellular C-terminal domains (3, 6), and we found that C
termini of AMPARs were required for RNF220-mediated polyubig-
uitination, as truncation of either the GluA1 or GluA2 C terminus
strongly diminished the enhanced ubiquitination level by RNF220
(fig. S5, A and B). We noted that there are four lysine sites (K814,
K820, K823, and K869) or six lysine sites (K816, K822, K825, K828,
K848, and K864) in mouse GluA1l or GluA2 C terminus for poten-
tial ubiquitination (Fig. 6A). To find out the determinant ubiquiti-
nation sites, we mutated these lysines into arginines individually
and then examined RNF220-regulated polyubiquitination of each
mutant. We found that K823/K868 of GluA1 and K825/K848/K864
of GluA2 were involved in each subunit’s polyubiquitination (fig. S5,
C and D). Furthermore, when these lysine sites were simultaneously
mutated into arginines, RNF220 failed to enhance the polyubiquiti-
nation levels of the resulting mutants, GluA1 (2KR) [relative levels:
GIuA1(WT), 4.41 + 0.41; GluA1(2KR), 1.08 + 0.04; Fig. 6B] and
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GluA2 (3KR) [relative levels: GluA2(WT), 4.72 £ 0.35; GluA2(3KR),
1.14 £ 0.01; Fig. 6C], suggesting that these lysines are direct ubiq-
uitination sites.

Although both GluA1l and GluA2 can be ubiquitinated by
RNF220 through direct protein interaction and this ubiquitination-
dependent modification is involved in AMPAR-mediated synaptic
transmission (Fig. 5), it is unclear whether RNF220 has any prefer-
ence between these two subunits during synaptic regulation in hip-
pocampal CA1 pyramidal neurons through such mechanism, as
they are the two mostly expressed AMPAR subunits in such hippo-
campal cells (35). To address this question, RNF220 was cotrans-
fected with wild-type GluAl or GluA2, as well as GluAl (2KR) or
GluA2 (3KR) mutant, into hippocampal CA1 neurons. Because the
eEPSCs would be rectified by GluA1 or GluA2(Q) homomeric re-
ceptors, if there is any such preference, the overexpressed AMPAR
subunits and mutants would have different effects on the rectifica-
tion index, which can be used as a measure of each receptor’s syn-
aptic trafficking ability. However, it was found that in the presence
of RNF220, overexpression of either wild-type GluA1 or GluA2(Q)
subunit did not rectify the AMPAR EPSCs, while the currents recti-
fied to similar levels by GluA1 (2KR) [GluA1(WT) + RNF220,
103.02 + 2.62% WT; GluA1(2KR) + RNF220, 65.56 + 3.69% WT;
Fig. 6D] and GluA2 (3KR) [GluA2(WT) + RNF220, 106.18 + 2.62%
WT; GluA2(3KR) + RNF220, 65.83 + 2.31% WT; Fig. 6E]. These
results suggest that RNF220 has no preference and degrades both
wild-type GluA1 and GluA2 to the same extent.

RNF220-mediated ubiquitination is involved in AMPAR
neuronal surface expression

To test whether the above ubiquitination-dependent regulatory
mechanism is also involved in AMPAR surface expression, cellular
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surface levels of GluAl and GluA2 subunits from RNF220 cKO
mice were examined through BS3 cross-linking-based immuno-
precipitation analysis (36). We found that in the hippocampus (rel-
ative levels: GluAl, 3.03 + 0.20; GluA2, 2.32 + 0.32; Fig. 7A) and
cerebral cortex (relative levels: GluAl, 2.61 + 0.05; GluA2, 2.00 +
0.22; Fig. 7B), surface expression levels of both GluAl and GluA2
were increased. To further examine AMPAR surface expression,
three guide RNAs (gRNAs) against rat RNF220 were designed and
their KO efficiencies (fig. S6, A and B) were tested by single-strand
annealing (SSA) recombination-based luciferase assay (37). More-
over, reduction of endogenous RNF220 protein level by these
gRNAs in B104 cells, a rat neuroma cell line, was confirmed through
immunoblot assays (fig. S6, C and D). gRNA-1 was then transfected
into rat primary cultured neurons, and surface expression of en-
dogenous GluA1 receptors was examined by membrane-impermeable
immunostaining. We found that the endogenous GluA1 levels
on neuronal surface were increased after RNF220 depletion and
then recovered by cotransfection of gRNA-resistant construct
(EGFP, 100 + 3.90; RNF220 gRNA, 133.98 + 3.48; RNF220
gRNA+RNF220, 79.70 + 3.36; Fig. 7C). In addition, overexpres-
sion of RNF220 suppressed GluAl receptor level on neuronal
surface, while its suppression ability was lost in the ubiquitination
ligase-dead mutant, either RNF220(ARING) or RNF220(W539R)
[relative levels: EGFP, 100 + 7.11; RNF220, 65.80 + 3.80; RNF220
(W539R), 80.08 + 3.42; RNF220(ARING), 78.45 + 3.42; Fig. 7D].
Because these two ligase-dead mutants failed to increase surface
GluAl levels as RNF220 KO, it further indicated that they might
not have any dominant negative effect against endogenous RNF220.
Together, these results indicate that the ubiquitination regulatory
mechanism by RNF220 is also involved in neuronal surface ex-
pression of AMPARSs.
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and **P<0.01.

RNF220 forebrain KO mice show altered learning

and memory behaviors

Our above results suggest that RNF220 is involved in the regulation
of excitatory synaptic activity, and these findings lead us to investi-
gate whether there is any behavioral dysfunction of the RNF220
cKO mice. As forebrain is critical for processing information of
high cognitive functions, we focused on the behaviors related to
learning and memory. Morris water maze test was used to examine
the spatial learning and memory ability. Unexpectedly, it was found
that during the initial training period (day 1: control, 45.73 + 3.78 s
and RNF220 KO, 46.88 + 1.94 s; day 2: control, 34.10 + 6.90 s and
RNF220 KO, 30.18 + 4.99 s; day 3: control, 35.86 + 3.31 s and
RNF220, 28.59 + 2.82 s; day 4: control, 28.34 + 3.41 s and RNF220
KO, 25.31 + 4.08 s; day 5: control, 29.5 + 3.87 s and RNF220 KO,
20.92 + 1.62 s; day 6: control, 27.18 + 3.91 s and RNF220 KO, 16.71 +
1.45's; day 7: control, 19.16 £ 3.13 s and RNF220 KO, 17.57 £ 1.64 s;
day 8: control, 16.89 + 1.52 s and RNF220 KO, 14.63 + 1.37 s;
Fig. 8A), RNF220 cKO mice took a lesser time to find the platform
than did control mice on the fifth and sixth day, suggesting that the
KO mice learn faster on these two days. However, there was no dif-
ference during the later training tests on the seventh and eighth day.
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Then, spatial memory was examined 1 day after the 8-day training,
and it was shown that RNF220-deficient mice spent similar time in
the target zone (control, 15.15 + 1.95 s and RNF220 KO, 18.37 £ 1.70s;
Fig. 8B), suggesting normal spatial memory. In addition, there was
no difference in the total swim distances (control, 1146 + 58.70 cm
and RNF220 KO, 1123 + 33.16 cm; Fig. 8C) and swim speed (con-
trol, 19.78 + 0.77 cm/s and RNF220 KO, 19.06 + 0.56 cm/s; Fig. 8D)
between the cKO and control mice. All these results indicate that
lack of RNF220 affects mice spatial learning, but not memory.

We next examined contextual fear memory of RNF220 cKO
mice. During the fear conditioning, no difference was observed in
the freezing time between control and KO mice (before shock: con-
trol, 2.50 + 1.39% and RNF220 KO, 2.76 + 0.95%; first: control, 15.11 +
4.14% and RNF220 KO, 17.32 + 4.28%; second: control, 38.54 +
6.77% and RNF220 KO, 43.63 + 5.46%; third: control, 67.54 + 5.58%
and RNF220 KO, 65.22 + 4.84%; fourth: control, 81.30 + 5.13% and
RNF220 KO, 72.68 + 6.10%; fifth: control, 87.05 + 3.60% and
RNF220 KO, 84.15 + 3.18%; Fig. 8E). Compared to control litter-
mates, freezing levels of forebrain RNF220 cKO mice were reduced
when tested 30 min after the conditioning (control, 62.55 + 7.20%
and RNF220 KO, 46.00 + 4.23%; Fig. 8F), while both mouse lines
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showed comparable freeze during the test on the first (control, However, the cKO mice had a significant lower preference for the
38.30 + 4.61% and RNF220 KO, 36.47 + 4.97%; Fig. 8G) or seventh  new strangers over the familiar strangers compared to the controls
(control, 26.40 + 3.59% and RNF220 KO, 34.81 + 4.12%; Fig. 8H) [preference: control, 23.99 + 2.21% (Strl) and 76.01 + 2.21% (Str2);
day after conditioning. These data suggest that the short-term fear ~RNF220 KO, 45.20 + 2.95% (Str1) and 54.80 + 2.95% (Str2); Fig. 8M;
memory of RNF220 cKO mice is impaired, while the remote fear  social ratio: control, 1.66 + 0.04 and RNF220 KO, 0.24 + 0.09; Fig. 8N],
memory is intact. Furthermore, the novel object recognition test indicating a defect of the social memory. Together, all these results
was used as another paradigm to examine the short-term memory suggest that RNF220-deficient mice display altered behaviors of
in nonaversive condition. Consistently, while there was no signifi- learning and memory.
cant difference of their exploring time (control, 37.66 + 6.01 s and
RNF220 KO, 32.00 + 3.30 s; Fig. 81), RNF220 cKO mice showed less Human pathogenic mutations impair RNF220
preference to novel object than control ones (control, 1.37 £+ 0.21 and  regulation of AMPARs
RNF220 KO, 0.25 + 0.16; Fig. 8]). The patients harboring RNF220 substitutional mutations (R363Q
In addition, we used the three-chamber social interaction test to  and R365Q) exhibit symptoms of intellectual disability and seizures
examine social memory, which requires the ability of distinguishing  (31), which are related to malfunction of synaptic transmission.
familiar mice and stranger in a short interval. RNF220 cKO mice Therefore, we next investigated their effect on AMPAR ubiquitina-
showed a significant preference for the animated strangers over the  tion and excitatory synaptic transmission. First, coimmunoprecip-
inanimate balls to the same extent as the control littermates (Fig. 8K, itation assay was used to test the interaction between the two
preference: Control: Ball: 28.21 + 2.59% and Strl: 71.79 + 2.59%; RNF220 mutants and GluAl1 [relative levels: RNF220(R363Q), 0.22 +
RNF220 KO: Ball: 29.39 + 2.88% and Strl: 70.61 + 2.87%; Fig. 8L,  0.05; RNF220(R365Q), 0.11 + 0.02; Fig. 9A] or GluA2 (fig. S7A),
social ratio: Control: 1.33 £ 0.05 and RNF220 KO: 1.24 £ 0.07). and it was found that the binding affinity between RNF220 and
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Fig. 8. RNF220 forebrain KO mice show altered learning and memory behaviors. (A to D) Behavior analyses of Morris water maze test for Emx1-Cre;RNF220™" mice
(n=17) and littermate controls (n=11). (A) Escape latencies (mean + SEM) to find the platform throughout the 8-day learning trials. (B to D) Spatial memory retrieval of
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moving velocity (D). (E to H) Contextual fear conditioning analyses of Emx1-Cre;RNF220"" mice (n=16) and littermate controls (n = 11) by foot shock. (E) Percentage of
freezing behavior (mean + SEM) across fear conditioning sessions. (F to H) Fear memory of these mice used in (E) was tested by exposure to the environment only. Bar
graphs (mean + SEM) show percentage of freezing behavior 30 min (F), 1 day (G), and 7 days (H) after the contextual fear conditioning. (I and J) Novel object recognition
test of Emx1-Cre;RNF220"" mice (n=17) and littermate controls (n = 15). Bar graphs (mean = SEM) show total exploring time for new object (1) and logarithm of discrimi-
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AMPARSs was strongly decreased by either R363Q or R365Q mutation. RNF220(R365Q) OE, 103.08 + 11.14% WT; Fig. 9, D and E]. To-
Consistently, these two missense variants showed markedly reduced  gether, these results indicate that the two neuropathological muta-
ability to polyubiquitinate GluA1 [relative levels: RNF220(R363Q), tions of RNF220 are involved in regulating ubiquitination of AMPARs
0.34 £ 0.05; RNF220(R365Q), 0.30 + 0.02; Fig. 9B] and GluA2 re-  and their expression on neuronal surface and synapse.

ceptors (fig. S7B). In addition, in primary cultured neurons, unlike

wild-type RNF220, the enhanced surface expression of endogenous

GluA1 receptors by CRISPR-mediated deletion of RNF220 could not DISCUSSION

be reversed by R363Q or R365Q RNF220 mutants [relative levels: In this study, we find that RNF220 is an E3 ubiquitin ligase for
EGFP, 100 + 3.78; RNF220 KO, 142.37 + 4.61; RNF220 KO + RNF220, AMPARS to repress their expression on neuronal surface and syn-
82.26 + 3.39; RNF220 KO + RNF220(R363Q), 131.44 + 4.21; apse. After RNF220 is depleted in forebrain neurons, the protein
RNF220 KO + RNF220(R365Q), 147.36 + 3.42; Fig. 9C]. Last, in  levels of GluA1 and GluA2 are increased and AMPAR-mediated
contrast to the wild-type RNF220 (Fig. 4G), the AMPAR-mediated  synaptic activity is enhanced, while the cKO mice exhibit al-
EPSCs were not enhanced by overexpressing either mutant in CA1  tered neural behaviors of learning and memory. Moreover,
neurons in slice cultures [RNF220(R363Q) OE, 97.15 + 19.44% WT; RNF220 with neuropathological-associated mutations loses its
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RNF220(R363Q), or RNF220(R365Q). The WCLs were immunoprecipitated by Flag antibody, and the WCLs and IPs were immunoblotted by the indicated antibodies. Each
input level of GluA1 in WCL was used for normalization of respective coimmunoprecipitated GluA1 level. The bar graph (mean + SEM, n = 3) shows relative coimmunopre-
cipitated GluA1 levels normalized against the control levels in wild-type RNF220 immunoprecipitation. (B) Polyubiquitination analyses of GluA1 mediated by RNF220,
RNF220(R363Q), or RNF220(R365Q). Each input level of immunoprecipitated GluA1 was used for normalization of respective GIuA1 ubiquitination level. The bar graph
(mean £ SEM, n = 3) shows relative GIuA1 ubiquitination levels normalized against the control levels in wild-type RNF220 transfection. (C) Surface GluA1 trafficking regu-
lated by RNF220 pathogenic mutants in primary cultured rat cortical neurons with indicated transfection. The bar graph (mean + SEM) shows relative surface GIuA1 in-
tensity normalized against only EGFP transfection control [EGFP, n=22; RNF220 gRNA, n=27; RNF220 gRNA + RNF220, n = 26; RNF220 gRNA + RNF220(R363Q), n = 30;
RNF220 gRNA + RNF220(R365Q), n = 23]. Scale bar, 2.35 um. All these above statistical analyses are compared between indicated treatments with unpaired t test. (D and
E) Regulation of AMPAR EPSCs by RNF220(R363Q) (n = 18) and RNF220(R365Q) (n = 18) overexpression in cultured hippocampal slices. The scale bars for representative
eEPSC traces are 100 pA/20 ms. Bar graphs (mean + SEM) show normalized eEPSC amplitudes presented in scatterplots. Statistical analyses are compared to respective

controls with two-tailed Wilcoxon signed-rank sum test. n.s., P> 0.05; ***P < 0.001; and **P < 0.01.

ability to regulate AMPAR ubiquitination and the excitatory syn-
aptic transmission.

The abundance of AMPARs at the synapse is crucial for synaptic
efficiency and communication between neurons. AMPARs dynam-
ically shuttle between the synapse and the extrasynaptic surface and
cycle into and out of the neuronal plasma membrane (1-3). Numer-
ous studies have revealed that PTMs on the intracellular C-tail do-
mains of AMPAR subunits play crucial roles in these processes, and
UPS-regulated AMPAR protein stability is involved in synaptic ac-
tivity and plasticity (3, 6, 7). For AMPARs, four specific E3 ubiqui-
tin ligases, named Nedd4, Nedd4L, APC®¥", and RNF167, have
been identified to regulate receptor surface and synaptic expression
in primary cultured neurons (13, 19-22). However, it is still
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unknown whether these ligases exert such regulation in the brain.
Using a KO mice model, we have found that RNF220 is an E3
ubiquitin ligase for AMPARs and regulates endogenous AMPAR
protein stability and synaptic expression in forebrain excitatory
neurons. As AMPARs are widely expressed in the brain and the
subunit composition of the tetrameric complex is different among
different brain regions (4, 38), it would be interesting to determine
whether these ligases have any brain region specificity to regulate
AMPAR ubiquitination and function. From the Allen Brain Atlas, it
is shown that, in the adult mice, the genes of Nedd4, Fizzy-related
protein 1 (FZR1; encoding APC®™), and RNF220 are expressed
broadly in the brain, while the expression levels of Nedd4L and
RNF167 are higher in the forebrain region (30). Here, we used
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Emx1-Cre to specifically knock out RNF220 in the forebrain and
found that RNF220 depletion leads to deregulated protein stability
of AMPAR subunits GluA1 and GluA2 and caused alteration of
learning and memory behaviors, suggesting that the loss of RNF220 in
the forebrain neurons could not be compensated by the other E3
ligases. However, it is unknown whether the other E3 ligases have
any redundancy or specificity for the regulation of AMPAR expres-
sion and related physiological functions when they are expressed in
the same brain region. Further efforts are also needed to dissect their
endogenous substrates of the AMPAR subunits in the brain and
their involvement in neural behaviors.

The four GluA1-GluA4 subunits of AMPAR have diverse lengths
and sequences of the C-terminal domains, and the corresponding
PTMs are also quite different (7). Although it is reported that all the
four subunits can be ubiquitinated at the C-terminal domains, only
the specific E3 ubiquitin ligases for GluA1 and GluA2 have been
identified (18). Nedd4, Nedd4L, and ApCCdn! regulate GluA1 ubiq-
uitination (13, 19-21), while RNF167 regulates GluA2 ubiquitina-
tion (22). Moreover, it is still unknown whether these E3 ligases
have any preference or specificity for these two subunits. For exam-
ple, although RNF167 regulates surface expression of both GluA1l
and GluA2 in neurons, only GluA2 ubiquitination has been exam-
ined (22). In this study, we have found that RNF220 interacts with
both GluA1 and GluAz2, and regulates both subunit ubiquitination
and protein stability. Electrophysiological results showed that RNF220
modulates the synaptic expression of GluA1 and GluA2(Q) homo-
meric receptors to a similar extent. Therefore, we conclude that
RNF220 is a specific E3 ubiquitin ligase for both GluA1 and GluA2
receptors and has no preference for the two subunits.

UPS-dependent protein stability regulation is an important way
to remodel the postsynaptic components and is implicated in syn-
aptic activity and plasticity. The proper control of postsynaptic pro-
tein quality is required for brain physiological procedures such as
learning and memory, and dysfunction of the ubiquitination pro-
cesses is known to be correlated with neuropsychiatric and neuro-
degenerative disorders (9, 10, 39). It has been estimated that 600 to
700 E3 ubiquitin ligase genes are present in the genome, and among
them, 83 genes have been implicated in 70 different types of brain
diseases (40). However, except for the extensively studied ones, such
as PARKIN and UBE3A, the substrates of most of these E3 ubiqui-
tin ligases, letting along the regulated biological processes, have re-
mained elusive. Patients with the loss-of-function variants of the
FZRI gene have developmental and epileptic encephalopathies as-
sociated with a spectrum of neonatal to childhood-onset seizure
types, intellectual disability, developmental delay, and mild ataxia
(41, 42). However, the biological mechanisms underlying these symp-
toms and whether APC“™"-mediated deregulation of AMPAR pro-
tein stability is involved in these pathological processes remain elusive.
NEDDA4L missense variants were identified in patients with periven-
tricular nodular heterotopia, polymicrogyria, and developmental de-
lay, and most have epilepsy (43-47). In addition, it has been revealed
that the epilepsy-associated missense mutations impair Nedd4L-
regulated GluA1 ubiquitination, thereby contributing to neuronal
hyperactivity and seizures (20). RNF220 has been added to this list by
a recent study showing that patients harboring two kinds of site muta-
tion, R363Q and R365Q, exhibit several brain abnormalities, includ-
ing leukodystrophy, ataxia, sensorineural deafness, corpus callosum
agenesis, intellectual disability, and seizures (31). Note that these ab-
normalities are related to different brain regions and cell types, and
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RNF220 should regulate the respective biological processes through
different ubiquitination targets and corresponding mechanisms. In
this study, we have found that RNF220 in mice forebrain is required
for the learning and memory performance, and AMPAR subunits
GluA1 and GluA2 are direct ubiquitination substrates of RNF220.
This UPS-dependent regulation is involved in the excitatory synaptic
transmission and plasticity of hippocampal CA1 pyramidal neurons,
and these disease mutations impair RNF220-regulated AMPAR ubiq-
uitination and excitatory synaptic transmission. As malfunction of
learning and memory is a major symptom and hippocampal function-
al connectivity is aberrant in intellectual disability individuals (48, 49),
the molecular mechanism that we revealed here might contribute to
intellectual disability symptom of the above patients (31). However,
more effort is required to dissect how the two mutations of RNF220
contribute to other symptoms of these patients. For example, white
matter abnormality is another important clinical feature, and it would
be interesting to study its function in oligodendrocyte cells or the mo-
lecular mechanism underlying its regulation of myelination.

MATERIALS AND METHODS

Ethics statement

All the protocols and procedures for the mice and rat studies were
approved by the Animal Care and Use Committee of Kunming Insti-
tute of Zoology, Chinese Academy of Sciences (SMKX-20180523-129).

Animal procedures

All mice and rats were kept in individual ventilated cages in specific
pathogen-free environment. All mice were maintained on a C57BL/6
background. Analysis was performed only after lines were crossed
to C57BL/6 for at least three generations. RNF220"" and Emx1-Cre
mouse lines were described in our previous studies (23, 50).

The stage of mouse or rat embryos was determined by taking the
morning when the copulation plug was seen as embryonic day 0.5
(E0.5). All genotypes described were confirmed by PCR using genome
DNAs prepared from tail tips as described previously (23, 50). PCR-
amplified DNA was analyzed on a 2% tris-borate EDTA agarose gel.

Plasmid construction
Flag- or Myc-tagged mouse wild-type or mutated RNF220 con-
structs were used as previously described (24). HA-tagged wild-type
ubiquitin was a gift from C. Chen’s laboratory of Kunming Institute
of Zoology, China Academy of Sciences. pPCAGGS-mRNF220-IRES-
EGFP plasmids were used as previously described (28). HA-tagged
mouse GluAl and GluA2 mutants were subcloned into pCS2-N-
HA vectors. Site mutation (lysine to arginine) of GluA1 and GluA2
mutants, gRNA-resistant RNF220 construct, and RNF220 mutations
(R363Q and R365Q) were created through a site-directed mutation
with PCR-driven overlap extension as previously described (24).
For RNF220 KO in primary cultured rat neurons, gRNAs against
rat RNF220 were synthesized and cloned into pSpCas9(BB)-2A-GFP
(PX458) vectors (Addgene, plasmid #48138). The three gRNA se-
quences used were as follows: gRNF220-1#, 5'-GCGAGTTGCAGGA-
ACATATG-3'; gRNF220-2#, 5'-AGCGAGTTGCAGGAACATAT-3';
and gRNF220-3#, 5'-TCCCCGGCCAGGTAAGAAGA-3'.

Cell culture and transfection
Human HEK293 and rat neuroblastoma B104 cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
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10% fetal bovine serum, penicillin (100 U/ml), and streptomycin
(100 mg/ml) and transfected by Lipofectamine 2000 (Invitrogen,
catalog no. 11668019) according to the manufacturer’s instructions.

Primary cultured cortical neurons were prepared from Sprague-
Dawley rat embryos (E16.5 to E18.5). The heads of the embryos
were immersed in ice-cold Hanks’ buffered salt solution (HBSS;
Gibco, catalog no. 14170112), and cortical tissue was isolated and
digested with papain (1 mg/ml; Worthington, catalog no. LS003119)
and deoxyribonuclease I (Sigma-Aldrich, catalog no. D4527) for
18 min at 37°C. Afterward, cortical tissues were homogenized and
dissociated by trituration using a glass pipette and filter with 40-um
cell strainer. Neurons were plated in Neurobasal medium (Thermo
Fisher Scientific, catalog no. 12348017) supplemented with 2% B27
(Thermo Fisher Scientific, catalog no. 12587010) and 1% Gluta-
MAX (Gibco, catalog no. 35050061) on 25-mm glass coverslips pre-
coated with poly-p-lysine (Sigma-Aldrich, catalog no. P6407) and
laminin (Sigma-Aldrich, catalog no. L2020). The cells were cultured
in six-well plates, once every 4 days, and 700 pl of culture medium
per well was replaced by 1000 pl of fresh medium. Neurons were
transfected at DIV (days in vitro) 14 to DIV15 with Lipofectamine
3000 (Invitrogen, catalog no. L3000015) according to the manufac-
turer’s instructions and fixed then stained 3 days after transfection.

The SSA recombination-based luciferase activity recovery assay
was performed as previously described (37). Briefly, the luciferase
SSA reporter, driven by the cytomegalovirus promoter, is com-
posed of two truncated luciferase fragments, separated by recombi-
nation fragment with a homologous arm of 870 base pairs (bp)
following a stop codon and a target exon around 500 bp, including
the designed gRNA sequence in the middle. When double-strand
break generated by Cas9/gRNA was repaired, the luciferase activity
could be recovered (fig. S6A1). The cotransfection of plasmid ex-
pressing spCas9 and gRNA, SSA luciferase construct, and Renilla
reporter into HEK293 cells was carried out in 24-well plates. Each
experiment was repeated three times. Forty-eight hours after trans-
fection, the cell lysate was obtained with luciferase cell lysis buffer
and the relative luciferase activity was measured using a dual-
luciferase assay system (Promega, catalog no. E1910) according to
the manufacturer’s instructions. The target sequence included the
SSA luciferase reporter that was amplified by the following PCR
primers using rat genome DNA as template: forward, 5'-GAATG-
TTTGTTGAATGACTGTAG-3' and reverse, 5'-CAGACCCTG-
TACCTGCTTCTGTC-3".

Hematoxylin and eosin staining, immunochemistry,
and immunofluorescence assays
For hematoxylin and eosin staining assays, brains of Emx1-Cre;
RNF220"" mice and littermate controls were carefully dissected and
fixed in 4% paraformaldehyde (PFA) for at least 2 days. Cryostat
sections were prepared as previously described (23). Fixed sections
were used for hematoxylin and eosin staining by a kit from Solarbio
(catalog no. G1120) according to the manufacturer’s instructions.
For cell surface AMPAR staining, primary cultured cortical and
hippocampal neurons were fixed in 4% PFA and blocked in 10%
bovine serum albumin. Cells were then incubated with rabbit anti-
GluA1 (Invitrogen, catalog no. 32-0300, 1:200) antibody at 4°C
overnight and incubated with goat anti-mouse immunoglobulin G
(IgG) Alexa Fluor 594 (1:400; Invitrogen, A11005) for 3 hours at room
temperature. Immunoreactive signals were visualized, and images
were obtained with a confocal microscope (FV1000, Olympus). To
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quantify positive immunostaining signals, traces were drawn using
the Sholl analysis tool in Image] software. Then, immunoreactive
signals (n > 35 for each group from three cultures) were counted
and destined for statistical analysis.

Immunochemistry and immunofluorescence on brain sections
were carried out as previously described (23). For immunostaining on
tissue cryosections, transverse sections of 12 um thickness were pre-
pared. Sections were incubated with primary antibody at 4°C over-
night, following the appropriate secondary antibody for 3 hours at
room temperature. The sections were then processed using a VECTA-
STAIN Elite ABC kit (Vector Laboratories, catalog no. PK-6100) for
1 hour, and immunoreactivity was visualized by incubation with diam-
inobenzidine and H,0,. Sections were observed, and images were cap-
tured using an epifluorescence microscope (IX83, Olympus). The
primary antibodies used in this study were anti- (1:200; Abcam, catalog
no. ab18465), anti-Satb2 (1:200; Abcam, catalog no. ab69995), and
anti-RNF220 (1:200; Sigma-Aldrich, catalog no. HPA027578).

Real-time PCR analysis

Cortex or hippocampus of Emx1-Cre;RNF220"" mice and litter-
mate controls was homogenized, and total RNA was isolated using
TRIzol reagent (TTANGEN, catalog no. DP424) according to the
manufacturer’s instructions. cDNA was synthesized using the First-
Strand cDNA Synthesis Kit (Fermentas, catalog no. K1632) with
random hexamers. Real-time reverse transcription PCR was per-
formed using a Roche 480 Real-Time LightCycler system and Light-
Cycler 480 SYBR Green I Master reagent (Roche, catalog no.
04707516001) with the following primers: mouse GluAl, 5-AGG-
GATCGACATCCAGAGAG-3" and 5'-TGCACATTTCCTGT-
CAAACC-3;mouseGluA2,5-CAGTTTCGCAGTCACCAATG-3’
and 5'-ACCCAAAAATCGCATAGACG-3'; mouse GluN1,
5'-GGATACCAGATGTCCACCAGACTAAAG-3' and 5'-AACG-
CAGAAGCCATAACAGCAC-3";mouseGluN2A,5-CGGGTCTCATTTC-
AGTCTCTTACG-3' and 5'-GGTTGTCATCTGGCTCACAGTCAG-3';
mouse GluN2B, 5'-GCGATTTGGTTACTCTGGGGTC-3’ and
5-GTCTCTGGAACTTCTTGTCACTCAGG-3'; mouse B-actin,
5'-GCCAACCGTGAAAAGATGAC-3" and 5'-GAGGCATACAG-
GGACAGCAC-3’; mouse PSD-95, 5'-CAAGGATGGCAGGTTG-
CAGATCGGA-3"and 5-TCCTCATGCATGACATCCTCTAG-3';
and mouse synaptophysin, 5'-GCAGCTACACCGGAGAGCTTC-
GGCT-3’ and 5'-GTACACTTGGTGCAGCCTGAATG-3'. B-Actin
was used as the internal control.

Western blot and coimmunoprecipitation assays

Western blot and coimmunoprecipitation assays were carried out
as previously described (23). The following primary antibodies were
used: anti-Flag (1:5000; Sigma-Aldrich, catalog no. F7425), anti-Myc
(1:5000; Proteintech, catalog no. 16286-1-AP), anti-HA (1:5000;
Sigma-Aldrich, H3663), anti-RNF220 (1:1000; Sigma-Aldrich, cata-
log no. HPA027578), anti-GluA1 (1:1000; Cell Signaling Technology,
catalog no. 13185S), anti-GluA2 (1:1000; Proteintech, catalog no.
11994-1-AP), anti-GluN1 (1:1000; Proteintech, catalog no. 27676-
1-AP), anti-GluN2A (1:1000; Proteintech, catalog no. 19953-1-AP),
anti-GluN2B (1:1000; Proteintech, catalog no. 21920-1-AP), anti-
PSD-95 (1:1000; Proteintech, catalog no. 20665-1-AP), anti-synaptophysin
(1:1000; Proteintech, catalog no. 17785-1-AP), anti-BAP (1:1000;
Abcam, catalog no. AB97083), and anti-o-tubulin (1:5000; Proteintech, cat-
alog no. 66031-1-1g). Horseradish peroxidase-coupled goat anti-
mouse or rabbit antibodies were used as secondary antibody.
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Total cell lysate and synaptosomal and PSD fractions were ex-
tracted from mouse cortex or hippocampus as described (51). Briefly,
cortical or hippocampal tissues of Emx1 -Cre;RNF220™" mice and lit-
termate controls were dissected and homogenized on ice in 10 vol-
umes of cold sucrose buffer [0.32 M sucrose and 25 mM Hepes
(pH 7.4)] with protease inhibitors. Homogenates were centrifuged at
710g for 10 min at 4°C to isolate supernatant from large debris and
nuclei. The supernatant fraction was centrifuged at 10,000¢ for 15 min
at 4°G; then, the supernatant containing light membrane and cytoso-
lic fraction was discarded, and the pellets were washed twice with
cold sucrose buffer and resuspended in cold Hepes-buffered saline
(HBS) containing 25 mM Hepes and 150 mM NaCl (pH 7.4) to ob-
tain synaptosome fractions. PSD-enriched fractions were prepared
by solubilizing synaptosomes in 1% Triton X-100 (HBS) at 4°C for
30 min and, subsequently, centrifuging at 10,000g for 20 min. The pellet
was resuspended in 3% SDS in HBS to yield PSD-enriched fractions.

Total protein concentration in brain homogenates or cell lysates
was measured using a bicinchoninic acid assay (BCA) system
(Thermo Fisher Scientific, catalog no. 23227). Protein lysates were
boiled in SDS loading buffer, and equivalent protein quantities (30
to 100 ug) were resolved by SDS-polyacrylamide gel electrophore-
sis (SDS-PAGE) and Western blotting, whereby blots were probed
with primary antibodies and immunoreactive bands were quanti-
fied using Image] software.

BS3 cross-linking assay

BS3 cross-linking assay was carried out as previously described
(36). Mouse brain slices of 250 pm thickness from Emx1-Cre;
RNF220™" mice and littermate controls were prepared in ice-cold
solution bubbled with 95% O,/5% CO; consisting of the following:
2.5 mM KCl, 1.25 mM NaH,POy4, 10 mM MgSOy, 0.5 mM CaCl,,
26 mM NaHCO3, 11 mM glucose, and 234 mM sucrose. Then, the
cell membrane-impermeable BS3 cross-linker [Thermo Fisher Sci-
entific, catalog no. 21580; 52 mM stock solution in 5 mM sodium
citrate buffer (pH 5)] was added onto mouse brain slices at a final
concentration of 2 mM and incubated for 30 min at 4°C with gentle
agitation. Glycine (100 mM) was then added for 10 min at 4°C to
quench the remaining unbound BS3. Cortex and hippocampus
were isolated from those slices and then homogenized in lysis buffer
[50 mM tris-HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% SDS,
and protease inhibitor cocktail] for 1 hour at room temperature.
After sonication and centrifugation at 16,000 for 15 min, protein
concentration was measured using the BCA protein assay. Proteins
were resolved on 6% acrylamide SDS-PAGE gels and blotted for
GluA1 and GluA2. Internal control o-tubulin was included for blot-
ting to ensure that intracellular proteins were not BS3 cross-linked.
Bands were quantified using Image] software. A surface/intracellular
ratio was performed to analyze the levels of surface GluAl and
GluA2 expression.

Electrophysiological recording using acute and culture slices
Acute hippocampal slices were prepared from Emx1-Cre;RNF220™"
mice and littermate controls of P18 to P21 as previously described
(52). Briefly, mice were anesthetized with isoflurane and 300-um
transverse hippocampal slices were cut using the Leica VT1200 Vi-
bratome in chilled high-sucrose cutting solution consisting of the
following: 2.5 mM KCl, 0.5 mM CaCl,, 7 mM MgCl,, 1.25 mM
NaH,POy, 25 mM NaHCO3, 7 mM p-glucose, 210 mM sucrose, and
1.3 mM ascorbic acid. The slices were then incubated for 30 min at
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34°C in artificial cerebrospinal fluid (ACSF) containing the fol-
lowing: 119 mM NaCl, 2.5 mM KCl, 26.2 mM NaHCO3;, 1 mM
NaH,POy, and 11 mM p-glucose. For acute slices, 2.5 mM CaCl,
and 1.3 mM MgSO, were added into the ACSF, which was bubbled
with 95% O,/5% CO; to maintain pH, and the slices were allowed
to recover at room temperature for 30 min to 1 hour before record-
ing at room temperature. Organotypic hippocampal culture slices
were obtained from P6 to P8 rats as previously described (52). Bi-
olistic transfections were accomplished on DIV2 by Helios Gene
Gun (Bio-Rad) with 1-um DNA-coated gold particles. Slices were
cultured at 34°C with medium, including 49% MEM (Gibco, catalog
no. 12360-038), 25% HBSS (Gibco, catalog no. 14170-112), 25% donor
equine serum (HyClone, catalog no. SH30074), 1% penicillin-
streptomycin (Gibco, catalog no. 15140122), and 200 mM L-glutamine
(Gibco, catalog no. 25030-149). On DIV8 before recording, organo-
typic hippocampal culture slices were transferred to ACSF supple-
mented with 4 mM CaCl, and 4 mM MgSO, and bubbled with 95%
CO,/5% Oo.

For recording, individual slices were transferred to a chamber
mounted in an Olympus BX51WTI upright microscope and perfused
with ACSF (2.5 ml/min) supplemented with 100 uM picrotoxin and
4 uM 2-chloroadenosine. Simultaneous dual whole-cell recordings
were made between EGFP-positive experimental cells as identified
by epifluorescence and neighboring nontransfected control cells.
Pyramidal neurons were identified by morphology and location.
The internal recording solution contained the following:135 mM
CsMeSOy, 8 mM NaCl, 10 mM Hepes, 0.3 mM EGTA, 5 mM
QX314-Cl, 4 mM Mg-adenosine triphosphate, 0.3 Na-guanosine
triphosphate, and 0.1 spermine. Osmolarity was adjusted to 290 to
295 mOsm, and pH was buffered at 7.3 to 7.4. AMPAR-mediated
responses were isolated by voltage-clamping the cell at =70 mV,
whereas NMDAR-mediated responses were recorded at +40 mV,
with amplitudes measured 100 ms after stimulation to avoid con-
tamination by AMPAR current. A bipolar stimulation electrode
was placed in stratum radiatum, and responses were evoked at
0.2 Hz. mEPSCs were recorded at =70 mV with 100 uM picrotoxin
and 0.5 pM tetrodotoxin in the ACSF. LTP was induced by stimu-
lating at 2 Hz for 90 s while clamping the cell at 0 mV, after record-
ing a stable 3- to 5-min baseline, but not more than 6 min after
breaking into the cell. To minimize run-up of baseline responses
during LTP, slices were stimulated for ~10 min before breaking in,
and both cells were held as cell-attached for 2 to 5 min before break-
ing into the whole-cell mode. Before breaking in, stimulation intensity
was calibrated just below the threshold required to elicit an action
potential from the recorded neurons. To ensure stable recording,
membrane holding current, pipette series resistance, and input re-
sistance were monitored throughout the recording. Whole-cell
electrophysiological signals were collected with a MultiClamp 700B
amplifier (Axon Instruments), filtered at 2 kHz, and digitized at
10 kHz. Data were analyzed offline with custom software (Igor Pro).
AAV injection
Newborn mouse pups (P0) were anesthetized on ice for 5 min and
then mounted in a custom ceramic mold to make the head level in
the x and y axes. Lambda was set as (x, y) = (0, 0). Zero point of
z axis was the position that the injecting needle penetrated the skin.
About 30 nl of viral solution was injected at each of the seven sites,
(x,y,2) =(1.2,1.2,1.4/1.0/0.6) and (1.5, 1.0, 1.7/1.3/0.9/0.5), where
the hippocampus was targeted at each cerebral hemisphere with
microsyringe (Sutter Instrument) and a beveled glass injection pipette.
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Injected pups were returned to home cage and used for acute
slice preparation and electrophysiological recording 18 to 21 days
afterward.

Mouse behavioral analyses

All the neural behavioral experiments were approved by the Animal
Care and Use Committee of Kunming Institute of Zoology, Chinese
Academy of Sciences. All behavioral experiments were performed in
the light phase (9:00 a.m. to 6:00 p.m.) in a soundproof room with a
neutral environment, and individual tests were performed in rela-
tively fixed time. Male mice from seven litters were used for behavior
analyses over the age of 2 months, and there were 2 or 3 days for rest-
ing between different tests. All mice were given a 60-min habituation
after transferring to the behavioral test room. The experimenter was
blind to the group identity of the tested mice, and the inner surfaces
of instruments were cleaned with 75% alcohol after each test. Mice
with different genotypes were conducted in random order. For all
animals, each behavior was tested in the following order with a 7-day
break in between: new object recognition, three-chamber social inter-
action, Morris water maze, and contextual fear conditioning.
Novel object recognition

The novel object recognition test was performed at P40 to P45. The
test consisted of three phases: habituation, training, and test. In the
habituation phase, the animals were allowed to explore an empty
arena (a Plexiglas arena measuring 40 cm x 40 cm x 40 cm) for
5 min. Then, 24 hours later, on the training trial, each mouse was
individually placed into the arena containing two identical objects
(A1 and A2), equidistant from each other, and allowed to explore
the objects for 10 min. After 1 hour, during the test phase, one copy
of the familiar object (A3) and a novel object (B) was placed in the
same location as during the training trial. The exploring time was
recorded when the mouse touched the object with the tip of its nose
or the front paws in a total time of 5 min. The discrimination index
was calculated as the difference in time exploring the novel and the
familiar objects, expressed as the percentage ratio of the total time
spent exploring both objects.

Three-chamber social interaction

Sociability and social novelty tests were performed on mice as pre-
viously described with minor modifications (53). Both strangers
used were wild-type C57BL/6 mice with matched age, body weight,
and sex to the mice being tested. The social test apparatus was made
of a clear glass box (90 cm x 50 cm x 30 cm, L x W x H) with three
equally divided chambers (30 cm x 50 cm x 30 cm each). The cham-
bers were interconnected with 5 cm x 5 cm openings, which could
be opened or closed manually. The inverted cylindrical wire cups,
which contain the stranger mouse or an object (ping-pong ball),
were 10 cm in height and contained a 10-cm floor with the metal
bars spaced 0.8 cm apart. The day before the test, each of the strang-
er mice was habituated inside the inverted wire cups, and each of
the test mice was habituated to the apparatus with two empty wire
cups inside the box for 15 min. On the test day, during the habitua-
tion phase, an empty wire cup was placed into the left and right
chamber, and the tested mouse was placed into the center chamber
and allowed to explore for 10 min, with all doors open between
chambers. During the sociability test phase, an unfamiliar mouse
(S1) was placed inside the inverted wire cup in one of the side cham-
bers, an object (O) was placed inside the inverted wire cup on an-
other side chamber, and the test mouse was introduced to the center
chamber with the doors to both side chambers closed. A weighted

Ma et al., Sci. Adv. 8, eabq4736 (2022) 30 September 2022

water bottle was placed on each top of the inverted wire cup to pre-
vent the mice from escaping. Note that an identical water bottle was
also placed on the wire cup containing the object. Then, the doors
between chambers were lifted simultaneously, and the test mouse
was allowed to explore all three chambers for 10 min. During the
social novelty test phase, the test mouse was placed in the central
chamber with all doors closed between chambers. After a novel
mouse (S2) was introduced in the inverted wired cup, replacing the
object (O) in one of the side chambers, the doors between chambers
were lifted simultaneously, and the test mouse was allowed to ex-
plore all three chambers for an additional 10 min. Time spent in
close proximity to the empty cup (E1 and E2) or the stranger mice
(S1 and S2) or object (O) was analyzed.

Morris water maze

To assess spatial learning and memory, the Morris water maze test
was performed as described previously (54). Briefly, the blue circu-
lar pool was 120 cm in diameter and was divided into four equal
quadrants with two hypothetical crossed lines. The hidden circular
platform located in the middle of the target quadrant was 10 cm in
diameter and submerged 1 cm below the water surface. During the
training period, mice were trained to find the hidden platform over
eight consecutive days with four trials everyday using a semiran-
dom set of start locations, with the restriction that one trial each day
was from each of the four different starting positions. If a mouse
failed to find the platform within 60 s, it was picked up and placed
on the platform for 20 s. On the ninth day, 24 hours after the last
training session, the platform was removed, and 60 s was given to
each mouse to search for the platform in the pool, with the starting
location opposite to the previous position. The movement of the
mice was monitored using Noldus software (EthoVision XT 8.0,
Noldus Technology). Escape latency to find the platform, total dis-
tance moved, average velocity, total distance to platform, and dura-
tion in platform zone were automatically analyzed by the software.
Contextual fear conditioning

The contextual fear conditioning test was conducted as previously
described with minor modifications (54). Mice were placed in a box
and received five foot shocks (1.2 mA, 2 s) with 2-min intershock
intervals by FreezeFrame (Coulbourn Instruments). Freezing be-
havior was measured by the amount of time mice exhibited freezing
behavior during each intershock interval. Then, mice were placed
back in the box (fear context) 30 min, 1 day, and 7 days after fear
conditioning, and their contextual freezing behavior was measured
for 11 min without any foot shocks applied.

Statistical analysis

For biochemical analysis, all experiments were repeated at least
three times and differences between two treatments were assessed
by unpaired ¢ test. Significance of the difference between dual whole
cell-recorded EPSCs from the experimental and control cells was
determined using two-tailed Wilcoxon signed-rank sum test. For
the experiments involving unpaired data, including the mEPSC pa-
rameters, paired-pulse ratios, and spine density, Mann-Whitney U
test with Bonferroni correction for multiple comparisons was used.
For animal neural behaviors, differences between experimental and
control mice were assessed by unpaired t test. Data analysis was car-
ried out in Igor Pro (WaveMetrics), Excel (Microsoft), and GraphPad
Prism (GraphPad Software). Unless otherwise specified, there is no
sample or data point excluded or omitted for the analysis reported
in this study.
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