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Ubiquitin ligase RNF167 regulates AMPA
receptor-mediated synaptic transmission
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Health, Bethesda, MD 20892; and bDepartments of Cellular and Molecular Pharmacology and Physiology, University of California, San Francisco, CA 94143

Contributed by Roger A. Nicoll, October 8, 2012 (sent for review August 31, 2012)

AMPA receptors (AMPARs) mediate the majority of fast excitatory
neurotransmission, and their density at postsynaptic sites deter-
mines synaptic strength. Ubiquitination is a posttranslational mod-
ification that dynamically regulates the synaptic expression ofmany
proteins. However, very few of the ubiquitinating enzymes impli-
cated in the process have been identified. In a screen to identify
transmembrane RING domain-containing E3 ubiquitin ligases that
regulate surface expression of AMPARs, we identified RNF167. Pre-
dominantly lysosomal, a subpopulation of RNF167 is located on the
surface of cultured neurons. Using a RINGmutant RNF167 or a specific
shRNA to eliminate endogenous RNF167, we demonstrate that
AMPAR surface expression increases in hippocampal neurons with
disrupted RNF167 activity and that RNF167 is involved in activity-
dependent ubiquitination of AMPARs. In addition, RNF167 regulates
synaptic AMPAR currents, whereas synaptic NMDAR currents are
unaffected. Therefore, our study identifies RNF167 as a selective reg-
ulator of AMPAR-mediated neurotransmission and expands our un-
derstanding of how ubiquitination dynamically regulates excitatory
synapses.

hippocampus | glutamate receptor | GluA2

AMPA receptors (AMPARs) mediate most fast excitatory
synaptic transmission in the mammalian brain, and alter-

ations in excitatory synaptic strength are believed to be the cel-
lular basis for learning and memory. AMPARs are tetrameric
glutamate-gated ion channels composed of homologous subunits
(GluA1-4). The subunit composition of AMPARs varies in dif-
ferent brain regions, and in hippocampal pyramidal neurons,
they predominantly form GluA1A2 or GluA2A3 complexes (1,
2). AMPAR localization at the postsynaptic density (PSD) is
highly regulated by trafficking events such as lateral diffusion,
endocytosis, and exocytosis. The dynamic regulation of synaptic
AMPARs is implicated in paradigms of learning and memory
and in pathologic conditions.
Posttranslational modifications such as phosphorylation and

ubiquitination dynamically regulate protein trafficking and syn-
aptic function. However, our limited knowledge regarding the
molecular players regulating synaptic protein ubiquitination is
particularly striking and contrasts sharply with the extensive lit-
erature identifying kinases and scaffolding proteins that regulate
synaptic function. Ubiquitination, first shown more than 30 y ago
(3), is a multistep ATP-dependent enzymatic process, which co-
valently attaches the 76-aa protein ubiquitin to target protein. It
requires the coordinated and sequential action of the E1 activating
enzyme, an E2 conjugating enzyme, and finally an E3 ubiquitin
ligase that confers substrate specificity. E3 ubiquitin ligases fall
into two classes: HECT- or RINGdomain containing proteins and
are commonly found in the cytosol, nucleus, or are peripherally
associated with membrane. There are more than 600 RING do-
main E3 ligases, which are largely uncharacterized (4). The known
functions of ubiquitin moieties are diverse, and their biological
roles have nowmoved beyond the simple notion of being a marker
for destruction. Ubiquitination is increasingly recognized as a
key mechanism underlying various cellular processes, including
protein quality control, membrane protein trafficking, receptor

internalization, and down-regulation (5–11). By regulating many
basic cell biological processes, ubiquitination has a major potential
impact on health and disease.
Recently, the ubiquitination of the AMPAR subunits GluA1

and GluA2 was reported (11–13); however, little is known about
the specific E3 ligases, whichmight be involved in the regulation of
AMPARs. Therefore, a better understanding of the molecular
determinants and the dynamics of ubiquitin signaling is of partic-
ular importance for a better understanding of synaptic plasticity
and function. In the current study, we have screened a subset of
transmembrane RING E3 ligases for effects on AMPARs. We
now report that an endosomal/lysosomal E3 ligase, RNF167,
regulates AMPAR surface expression. We show that a fraction
of RNF167 is expressed on the cell surface of cultured neurons.
In addition, inactivation of RNF167, by expressing a dominant
negative or a specific shRNA, increases surface AMPARs in
neurons and is involved in activity-dependent ubiquitination. We
also find that RNF167 regulates synaptic AMPAR currents,
whereas NMDAR currents are unaffected. Thus, our study iden-
tifies RNF167 as an endosomal ubiquitin ligase that regulates
AMPAR-mediated synaptic transmission.

Results
RING domain E3 ubiquitin ligases are characterized by their
highly conserved zinc-coordinating region, which serves as the
docking site for E2 ubiquitin-conjugating enzymes and recruits
them to a specific substrate. To identify E3 ligases that might
regulate targeting of integral membrane proteins into particular
subcellular compartments, we screened the human genome for
transmembrane RING domain E3 ligases (14). Of the 49 non-
redundant transmembrane RING-domain containing proteins
identified, a subset of 5 was localized at the plasma membrane or
endosomes (Fig. 1A). Because AMPARs are highly mobile and
traffic through many endosomal compartments (7, 15, 16), we
tested whether any of these ligases might modulate the traf-
ficking or surface expression of AMPARs.
Specifically, we screened AMPAR surface expression by us-

ing live cell FACS analysis, which allowed us to evaluate sur-
face receptors within a heterogenous population of transfected
HEK293T cells coexpressing YFP-tagged E3 ligases while ex-
cluding cells without an intact plasma membrane (DAPI positive).
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We compared WT E3 ligases with loss-of-function RING mu-
tants, in which at least one conserved histidine residue within the
RING domain was substituted for tryptophan, preventing zinc
coordination and, thereby, generating a protein with possible
dominant-negative effects (17). We evaluated GluA2 surface
expression, because it is a constituent of most endogenous
AMPARs. We found that GluA2 surface expression was signif-
icantly increased in cells expressing mutant RNF112 (134 ± 4%
of WT; *P = 0.016), mutant RNF144 (118 ± 3% of WT; *P =
0.020), and mutant RNF167 (173 ± 14% of WT; *P = 0.034)
(Fig. 1A). The mitochondrial E3 ligase MARCH5 (18) was used
as a negative control in this assay and showed no effect on GluA2
surface expression.
Among the E3 ligases screened by FACS analysis, the expres-

sion of mutant RNF167 showed the most dramatic increase in
surface GluA2, suggesting a critical role in regulating AMPARs,
leading us to focus on RNF167. To evaluate whether GluA2 is
ubiquitinated by RNF167, we coexpressed GluA2 with WT or
mutant RNF167 in HEK293T cells and immunoprecipitated
GluA2. By immunoblotting for ubiquitin, we found that GluA2 is
ubiquitinated by WT but not mutant RNF167 (Fig. 1C). This result
establishes that RNF167 is an E3 ligase and GluA2 is a substrate.
In addition, the mutations generated in the RNF167 RING do-
main blocked the ability of RNF167 to ubiquitinate GluA2, vali-
dating that mutant RNF167 acts as a loss-of-function construct.
Bioinformatic analysis predicts that RNF167 is a type I trans-

membrane protein containing a signal peptide, a central mem-
brane-spanning region, a C-terminal RING domain, and two
putative N-terminal glycosylation sites. If RNF167 is glycosylated,
this posttranslational modification might explain why RNF167
migrates diffusely at a larger molecular mass than its predicted
38 kDa (Fig. 1C). Therefore, we examined whether RNF167 is
glycosylated by immunoprecipitating RNF167 from transfected
HEK293T cells and treating with endoglycosydase H (endo H) or
peptide-N-glycosydase F (PNGaseF). The smear was eliminated,
resulting in a sharper lower molecular mass band (Fig. 1D),
demonstrating that the diffuse pattern resulted from glycosylation
of RNF167. We next generated mutations into the consensus
glycosylation sites of RNF167, creating single (N33Q or N79Q)
and double mutants (N33Q, N79Q). Specific immunoblotting of
HEK293T cells lysates showed these mutations change RNF167
mobility on SDS/PAGE (Fig. 1E). Each single mutation created
resulted in a mobility shift compared with WT RNF167, but only
the double mutant (N33Q, N79Q) results in a pattern compara-
ble to the PNGase F treated, deglycosylated RNF167 (Fig. 1D).
To examine the expression of endogenous RNF167, we first

performed a PCR-based gene expression analysis by using a hu-
manmultiple tissue cDNA panel.We found ubiquitous expression
of RNF167 (Fig. 2A). Although the actin expression is similar
between tissues, RNF167 expression is high in the liver, pancreas,
and testis and lower in the brain. We next analyzed the RNF167
expression profile in the brain by using a specific RNF167 anti-
body. As expected from the PCR analysis (Fig. 2A), we found that
RNF167 protein is expressed in the adult rat brain and at similar
levels in the cortex and hippocampus (Fig. 2B).
As we mentioned previously, RNF167 was initially characterized

as a vesicular endosomal protein. To examine the subcellular lo-
calization of RNF167, we cotransfected HeLa cells with HA-tagged
RNF167 and GFP-tagged Rab proteins (GFP-Rab5, GFP-Rab7,
GFP-Rab9) and used immunofluorescence microscopy. RNF167
does not colocalize with the early-endosome marker GFP-Rab5
(Fig. 2C), but only modestly overlaps with the late endosomal
markers Rab7 and Rab9, suggesting that RNF167 is predominantly
localized in late endocytic compartments (Fig. 2 D and E). This
partial colocalization might be explained by the fact that Rab
GTPases are relatively small proteins cycling between active and
inactives states, which also regulate their association with endo-
somalmembranes (19). Therefore, to better resolve the intracellular
localization of the membrane protein RNF167, we transfected

Fig. 1. RNF167 is an E3 ligase that ubiquitinates GluA2 and regulates its
surface expression. (A) Schematic representation of the subset of RING-
domain E3 ubiquitin ligases that localize to endosomes. Signal peptide,
transmembrane domains, and RING domains are indicated. (B) Surface ex-
pression of GluA2 was evaluated by using FACS analysis of HEK293T cells
coexpressing Flag-GluA2 and WT or RING domain mutant E3 ligases. Data
are presented as the mean of GluA2 surface expression relative to WT (% ±
SEM, n = 3 independent experiments). (C) WT, but not mutant, RNF167
ubiquitinates GluA2. HEK293T cells expressing Flag-GluA2 and RNF167
were lysed, and Flag-GluA2 was immunoprecipitated and immunoblotted
for the presence of ubiquitin. The asterisk (*) represents a nonspecific band
found in total cell lysates. (D) Immunoprecipitated HA-tagged WT RNF167
expressed in HEK293T cells was deglycosylated by using endoglycosydase
H (endo H) or peptide-N-glycosydase F (PNGaseF) and immunoblotted by
using RNF167 antibody. (E) Mobility profiles of RNF167 glycosylation
mutants. Thirty micrograms of total proteins from HEK293T cells expressing
RNF167 WT or mutants were analyzed by immunoblotting for RNF167. See
also Fig. S1 A–C.
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HeLa cells with YFP-tagged RNF167 and immunostained for the
endogenous integral lysosomal membrane protein Lamp-1. We
found an extensive overlapping of RNF167 and Lamp-1, consistent
with RNF167 being localized in lysosomes at steady state (Fig. 2F).
The subcellular localization of RNF167 expressed in hippocampal
neurons also displayed a robust colocalization with the lysosomal
marker Lamp-2 (Fig. 2G), demonstrating its enrichment in lyso-
somes, consistent with the findings in HeLa cells.
Because RNF167 ubiquitinates GluA2 in HEK293T cells, we

investigated whether RNF167 activity might regulate the total
protein expression of AMPARs in neurons. Neither the expression
of WT nor mutant RNF167 in hippocampal neurons changed the
total expression of endogenous GluA1, GluA2, or the NMDAR
subunit GluN1 (Fig. S2). Similarly,WT ormutant RNF167 did not
affect AMPAR subunits expression in HEK293T cells. Therefore,

we next examined whether the expression of mutant RNF167 in
hippocampal neurons would affect endogenous AMPAR surface
expression. Hippocampal neurons were infected with lentiviruses
expressing WT or mutant HA-tagged RNF167, and an antibody-
based confocal imaging assay was performed. We found that
mutant RNF167 significantly increased GluA2 surface expression
compared withWTRNF167 or uninfected cultures (133.5± 7.9%,
109.4 ± 4.8%, and 100.0 ± 3.9%, respectively; Fig. 3 A and B).
These results are consistent with our FACS screen analysis
showing that mutant RNF167 increases GluA2 surface expression
(Fig. 1B).
We next examined the functional effect of RNF167. We made

dual whole-cell recordings from rat organotypic hippocampal
slice cultures biolistically transfected with exogenous RNF167-
HA and GFP. This strategy allowed us to simultaneously com-
pare evoked excitatory postsynaptic currents (EPSCs) at Schaffer
collateral/CA1 synapses in transfected and nearby control cells.
Expression of mutant RNF167 significantly increased evoked
AMPAREPSC amplitude by 77% (Fig. 3C), whereas WT RNF167
had no effect (Fig. 3D). In contrast, NMDAR EPSCs were un-
affected by mutant or WT RNF167 expression (Fig. 3 E and F).
Expression of mutant or WT RNF167 did not affect paired-pulse
facilitation (Fig. 3 G and H), indicating that presynaptic function
is unaltered by RNF167 expression. Taken together, our meas-
urements of synaptic currents show that RNF167 specifically
regulates AMPARs, not NMDARs.
Our data thus far demonstrated that mutant RNF167 greatly

increases AMPAR surface and synaptic expression. Because WT,
but not mutant, RNF167 promotes GluA2 ubiquitination in
HEK293T cells (Fig. 1C), we investigated the possibility that
RNF167 regulates ubiquitination of endogenous AMPARs. In
neurons, endogenous AMPAR ubiquitination is low at steady
state unlike ubiquitination of exogenous AMPARs expressed in
HEK293T cells (Fig. 1C). However, recent reports demonstrate
that endogenous AMPARs, GluA1 and GluA2, undergo activity-
dependent ubiquitination (11, 13). Specifically, we found that the
GluA2 subunit is rapidly and selectively ubiquitinated upon
bicuculline treatment (13). To evaluate the importance of en-
dogenous RNF167 in activity-dependent AMPAR ubiquitination,
we used lentiviruses harboring shRNAs for RNF167 to knock
down endogenous RNF167. Cultured cortical neurons expressing
control or RNF167-specific shRNA (shRNF167) were shortly
treated with bicuculline, lysed, GluA2 immunoprecipitated, and
immunoblotted for ubiquitin. Although bicuculline induced robust
GluA2 ubiquitination in control neurons, we found that RNF167
knockdown cultures show reduced GluA2 ubiquitination (Fig.
4A). In addition, a control experiment showed that RNF167
knockdown doesn’t promote bicuculline-induced GluA1 ubiquiti-
nation (Fig. S3). Therefore, RNF167 appears to be involved in
activity-dependent GluA2 ubiquitination.
Based on the findings that RNF167 knockdown affects bicucul-

line-induced GluA2 ubiquitination and that expression of mutant
RNF167 increases surface and synaptic AMPAR, it is conceivable
that a small but significant subpopulation of RNF167 is expressed
at the plasma membrane. We reasoned that RNF167 is positioned
to recruit the E2 ubiquitin-conjugating enzymes involved in the
ubiquitination of surface AMPARs and then regulates their com-
mitment to the endosomal/lysosomal pathway. Therefore, we in-
vestigated the possibility that RNF167 might also be expressed at
the cell surface by using a cell surface biotination assay on cultured
cortical neurons.We found that a substantial fraction of RNF167 is
surface-expressed, consistent with a role in the regulation of sur-
face-expressed proteins (Fig. 4B). The immunoblot analysis of the
RNF167 knockdown shows the specificity of the RNF167 signal in
both surface and total fractions. Our data are consistent with both
a surface and an endosomal pool of RNF167 that regulate surface/
synaptic AMPARs through ubiquitination.
Ubiquitination is a posttranslational modification that can

modify the composition of the PSD, consequently altering

Fig. 2. RNF167 is broadly expressed in vivo and localizes to lysosomes. (A) PCR
analysis of human RNF167 mRNA tissue expression. Shown are the expression
profile of RNF167 (Upper) and β-actin (Lower). (B) Crude synaptosomes from
adult female rat brain tissues were immunoblotted with specific antibodies as
indicated. A typical result is shown. (C–G) Subcellular distribution of RNF167
was analyzed by using confocal microscopy. HeLa cells expressing HA-tagged
RNF167 were stained for RNF167 (red) and the early endosome marker GFP-
Rab5 (C, green), late endosome markers GFP-Rab7 (D, green), or GFP-Rab9
(E, green). (Scale bar: 10 μm.) Boxed areas are shown at higher magnification
and colocalization in yellow. (F) HeLa cells expressing RNF167-YFP (green)
counterstained for endogenous Lamp-1 (red). Colocalization is shown (yellow)
in the merge image. Boxed areas are shown at higher magnification. (G) (Left)
A representative image of a hippocampal neuron (DIV15) expressing HA-tag-
ged RNF167 (green) and stained for endogenous Lamp-2 (red) and the neu-
ronalmarkerMAP2 (blue). (Scale bar: 10 μm.) Theboxedarea is shownat higher
magnification (Right). Colocalization between HA-RNF167 and the lysosomal
marker Lamp-2 is shown (yellow) in the merge image. (Scale bar: 5 μm.)
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plasticity and synaptic activity (20). Because our results demon-
strate that GluA2 ubiquitination is reduced by RNF167 knock-
down under intense synaptic activity (Fig. 4A), we evaluated the
consequence of reducing endogenous RNF167 expression on the
surface expression of AMPARs. Hippocampal neurons trans-
fected with a construct expressing EGFP and a control (shCTL)
or RNF167 specific (shRNF167) shRNA were subjected to an
antibody-based confocal imaging assay. We found that endoge-
nous surface expression of GluA1 and GluA2 AMPAR subunits
was significantly increased in hippocampal neurons trans-
fected with RNF167 shRNA compared with shCTL (Fig. 4 C and
D). These results were confirmed in a second assay in which
Flag-tagged AMPAR subunits were transfected in hippocampal
neurons previously infected with lentiviruses expressing a control
(shCTL) or RNF167-specific (shRNF167) shRNAs. We found
that surface and total expression of the three AMPAR subunits
showed a small but significant increase in RNF167 knocked-
down hippocampal neurons compared with shCTL (Fig. 4 E–G).
Finally, to determine the functional effect of endogenous

RNF167, we performed dual whole-cell recordings from rat orga-
notypic hippocampal slice cultures biolistically transfected with
shRNF167. We found that evoked excitatory postsynaptic currents
(EPSCs) at Schaffer collateral/CA1 synapses in shRNF167-expressing
cells, like mutant RNF167 (Fig. 3C), resulted in an enhancement
of synaptic AMPAR, but not NMDAR, function (Fig. 5 A and C).
Importantly, expressing shRNF167 with a resistant RNF167
construct rescues the AMPA-mediated current to an amplitude
comparable to a control cell, and had no effect on NMDAR
EPSCs (Fig. 5 B and D).

Discussion
Ubiquitination is an important regulator of synaptic activity and
plasticity (20–22); however, many synaptic substrates and their
specific E3 ubiquitin ligases remain undefined. Identifying the
relevant E3 enzymes that target synaptic proteins is particularly
difficult because of the sheer number of E3 ubiquitin ligases.

Therefore, we reasoned that transmembrane E3 ligases might be
specifically positioned to regulate transmembrane proteins in var-
ious organelles (i.e., mitochondria, endoplasmic reticulum, Golgi,
endosome). By combining an extensive bioinformatic analysis with
molecular and cell biology approaches, 49 transmembrane RING
domain E3 ligases have been localized to discrete subcellular
compartments (14). We then performed a screen from a pool of
endosomal E3 candidates for potential modulators of trafficking or
surface expression of AMPARs. In the current study, we found that
the endosomal/lysosomal E3 ligase RNF167 modulates AMPAR
surface expression. Here, we show that RNF167 influences the
activity-dependent ubiquitination of neuronal AMPARs and reg-
ulates AMPA receptor-mediated synaptic transmission.
Ubiquitination can regulate both the internalization and the

postendocytic sorting of plasma membrane receptors. Indeed,
ubiquitination of plasma membrane proteins has been reported to
trigger endocytosis (23), but has also been shown to be amolecular
signal to sort proteins from endosomes into the multivesicular-
body/lysosomal degradative pathway (24, 25). Although multiple
studies report that ubiquitination is an important process regu-
lating AMPAR turnover (26–29), it is only recently that mam-
malian AMPARs were shown to be directly ubiquitinated through
an activity-dependent process (11, 13).
We now show that RNF167 is an E3 ubiquitin ligase involved

in AMPAR ubiquitination (Figs. 1C and 4A). Because RING-
type E3 ubiquitin ligases transiently interact with the E2 ubiq-
uitin-conjugating enzymes through their RING domains, cata-
lyzing the ubiquitin transfer from the E2 to the substrate (30), it is
possible that the mutations in the RNF167 RING domain reduce
the capability of RNF167 to recruit E2s. RNF167 is reported to
interact with many E2 ubiquitin-conjugating enzymes, but the
function of these interactions has yet to be elucidated (31, 32).
In their study, Yamada and Gorbsky (31) demonstrated

that RNF167/RING105 interacts with and ubiquitinates TSSC5/
SLC22A1L, a poorly understood transmembrane protein. As with
our findings, multiple species of RNF167 were revealed by using

Fig. 3. RNF167 regulates synaptic AMPARs. (A and B) Hippocampal neurons were transduced with WT or mutant RNF167 lentiviruses and the surface ex-
pression of AMPARs was evaluated by using confocal microscopy. Surface-expressed endogenous GluA2 was labeled under nonpermeabilized conditions. (A)
Representative images are shown. (Scale bar: 5 μm.) (B) Quantitation of GluA2 surface expression in A. Bar graph shows that mutant but not WT RNF167
increases surface expression of GluA2 and is presented as mean ± SEM. Each group contains 30 cells from three independent experiments (*P < 0.05 and
***P < 0.005 using ANOVA one-way analysis and Tukey’s multiple comparison test). See also Fig. S2. (C–F) Scatter plots show amplitude of EPSCs for single pair
(○) and mean (●). Representative superimposed traces are shown [black, control (CTL); green, WT or mutant RNF167]. (Scale bars: C and D, 20 pA and 10 ms;
E and F, 20 pA and 50 ms.) Bar graphs show that expression of mutant RNF167 affects AMPAR currents (C; 77% increase, n = 10, *P = 0.037) but not NMDAR
currents (E; 14.5% increase, n = 10, P = 0.80), and that WT RNF167 expression neither affects AMPAR (D; 5.4% increase, n = 10, P = 1.0) nor NMDAR currents
(F; 1.6% increase, n = 10, P = 0.91). Paired-pulse ratios (PPR) show no differences whenWT (G; P = 0.22) or mutant RNF167 (H; P = 0.65) is expressed. Errors bars
represent mean ± SEM.
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immunoblotting. Interestingly, they found that only the fast mi-
grating species of RNF167 coimmunoprecipitated with TSSC5.
Importantly, we found that RNF167 is expressed at the surface of
neurons, and in endosomes, consistent with a role in trafficking.
Interestingly, surface RNF167 in neurons also has a smaller ap-
parent molecular mass than the migration pattern found in the
total cell lysate (Fig. 4B). Therefore, the best interpretation of the
data is that the fast migrating species of RNF167 is specific to
surface RNF167 and may be RNF167 associated with AMPARs.
However, the transient nature of E3 ubiquitin ligase interactions
with substrates makes it difficult to study in neurons.
Our study demonstrates that RNF167 E3 ligase activity regulates

AMPAR surface/synaptic expression. Indeed, the expression of
mutant RNF167 greatly increases surface expression of AMPARs,
which is unaffected by WT-RNF167 (Fig. 3B). This result contrasts
with recent reports showing that the expression of the HECT-do-
main ubiquitin ligase Nedd4-1 reduces GluA1 surface expression
through ubiquitination (11, 12). Therefore, our findings suggest
that endogenous RNF167 in neurons is not rate limiting, but has
a profound effect in regulating the trafficking of surface/synaptic
receptors with specificity for AMPARs over NMDARs (Figs. 3–5).
Additionally, knocking down RNF167 expression results in in-
creased AMPAR surface expression and synaptic strength (Figs. 4

and 5), the latter being rescued by the expression of a shRNF167-
resistant RNF167 construct. Taken altogether, our results show
that RNF167 is an important regulator of the synaptic expression
of AMPARs.
Lysosomes are seen as the end point of the endocytic pathway

and localize predominantly in the soma of neurons. Lysosomal
proteins typically traffic through many compartments within the
secretory pathway before accumulating at steady state in lyso-
somes. It is likely that RNF167, which shares many characteristics
with resident lysosomal proteins such as the presence of N-glycan
and at least one transmembrane domain, also uses a similar route
as it traffics to lysosomes. In addition, N-glycans have been shown
to protect integral lysosomal membrane proteins such as Lamp-1
and Lamp-2 from proteolysis (33). Therefore, it is plausible that
the glycosylation state of RNF167 offers a similar protective
mechanism against lysosomal degradation and might be a regu-
latory mechanism for its sorting and proper intracellular traf-
ficking and localization. Thus, it is quite possible that the effect
of RNF167 on AMPARs take place in another compartment of
the endocytic pathway rather than in the lysosome itself where
RNF167 accumulates.
Our results show that RNF167 also colocalizes with late

endosomal/lysosomal markers (Fig. 2 D–G), but how do we explain

Fig. 4. Reduced RNF167 expression in cultured neurons decreases the activity-dependent ubiquitination of GluA2 and increases surface expression of AMPARs
subunits. (A) DIV17 cortical neurons expressing shCTL or shRNF167 were treated with bicuculline (Bic; 40 μM, 7 min) or its control (CTL, DMSO). GluA2 was
immunoprecipitated from cell lysate and immunoblotted for ubiquitin. Total expression of GluA2 and RNF167 were monitored by using specific antibodies as
indicated. The asterisk (*) represents a nonspecific band found in total cell lysate. See also Fig. S3. (B) At DIV17, cortical neurons expressing shCTL or shRNF167
were incubated with NHS-SS-biotin to label surface-expressed proteins. Biotinated proteins were precipitated from cell lysate and immunoblotted by using
specific antibodies as indicated. Lysate represents 25% of input used for streptavidin precipitation. (C) Hippocampal neurons were transfected with shCTL or
shRNF167 and stained live for endogenous surface GluA1 and GluA2 under nonpermeabilized conditions before being evaluated using confocal microscopy.
Representative images show AMPAR surface expression and EGFP from transfected cells. (Scale bar: 5 μm.) (D) Quantitation of AMPAR surface expression in C.
Bar graph shows that shRNF167 but not shCTL increases surface expression of GluA1 and GluA2 and is presented as mean ± SEM. Each group contains 44–45 cells
from three independent experiments (*P < 0.0001 using Student’s unpaired t test). (E) Hippocampal neurons were transduced with shCTL or shRNF167 len-
tiviruses, transfected with Flag-AMPAR subunits, stained under nonpermeabilized (surface) and permeabilized (intracellular) conditions, and the expression of
Flag-AMPARs was evaluated by using confocal microscopy. Representative images show surface and intracellular expression of AMPARs. (Scale bar: 5 μm.)
Quantitation of AMPAR surface (F) and intracellular (G) expression. Bar graphs show that shRNF167 but not shCTL increases surface expression of Flag-AMPARs
and are presented as mean ± SEM (each group contains 30–40 cells from three to four independent experiments, *P < 0.0001 using Student’s unpaired t test).
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RNF167 localization and its function on synaptic AMPARs? We
believe that the explanation is provided by the discovery of a pool
of RNF167 localized at plasma membrane (Fig. 4B). We have
shown that expressing a specific shRNA not only increases the
surface/synaptic expression of AMPARs (Figs. 4 and 5) but also

reduces bicuculline/activity-induced GluA2 ubiquitination (Fig.
4A). Although a reduction of lysosomal degradation might explain
the increase in AMPARs observed in both surface and intracellular
compartments (Figs. 3–5), an exclusive lysosomal localization of
RNF167 will not explain the difference detected by using an acute
bicuculline treatment promoting GluA2 ubiquitination. Conse-
quently, our current model is that surface RNF167 controls surface
AMPARs and their commitment to the endosomal/lysosomal
path, either through direct ubiquitination or possibly as a scaffold
accessory protein. Further studies are required to clarify the
RNF167-dependent mechanism regulating synaptic expression of
AMPARs. Importantly, our study extends the repertoire of pro-
teins regulating AMPAR function and illuminates the importance
of expanding our understanding of the ubiquitin enzymes and the
sorting pathways regulating synaptic AMPARs.

Materials and Methods
Dissociated cultured neurons were prepared from embryonic day 18 Spra-
gue–Dawley rats (Harlan) by following the guidelines of the National Insti-
tutes of Health Animal Research Advisory Committee. When required,
transfections were performed at day in vitro (DIV)11 for 3 d by using Lip-
ofectAMINE 2000 (Invitrogen), or lentiviruses were added for 3–7 d to the
cultures. Organotypical hippocampal slice cultures were prepared from
postnatal days 6–8 rat, transfected biolistically after 3–4 d in culture, and
kept for a total of 7 d in culture. Immunocytochemistry was used to study
expression of endogenous and Flag-tagged AMPAR subunits in dissociated
hippocampal cultures, and for RNF167 localization in HeLa cells and hippo-
campal neurons. Details for constructs, antibody production, biochemical
experiments, immunostaining, and electrophysiological recordings are pro-
vided in SI Materials and Methods.
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Fig. 5. RNF167 knockdown affects AMPAR but not NMDAR currents in
hippocampal neurons. Scatter plots show amplitude of EPSCs for single pairs
(○) and the mean (●). Representative superimposed traces are shown [black,
control (CTL); green, shRNF167 or shRNF167 + RNF167*]. (Scale bars: A and B,
20 pA and 20 ms; C and D, 20 pA and 50 ms.) Bar graphs show that ex-
pression of shRNF167 affects AMPAR currents (A; 105% increase, n = 8, *P =
0.04) but not NMDAR currents (C; 22.5% increase, n = 9, P = 0.91). The ex-
pression of shRNF167 and RNF167 resistant (RNF167*) rescued AMPAR cur-
rents to level similar to control (B; 29.1% increase, n = 9, P = 0.43) without
affecting NMDAR currents (D; 12.2% increase, n = 9, P = 0.69). Errors bars
represent mean ± SEM. See also Fig. S1D for rescue construct expression.
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