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Abstract Changes in the structure and number of syn-
apses modulate learning, memory and cognitive disorders.
Ubiquitin-mediated protein modification is a key mecha-
nism for regulating synaptic activity, though the precise
control of this process remains poorly understood. RING
finger protein 13 (RNF13) is a recently identified E3
ubiquitin ligase, and its in vivo function remains com-
pletely unknown. We show here that genetic deletion of
RNF13 in mice leads to a significant deficit in spatial
learning as determined by the Morris water maze test and
Y-maze learning test. At the ultrastructral level, the syn-
aptic vesicle density was decreased and the area of the
active zone was increased at hippocampal synapses of
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RNF13-null mice compared with those of wild-type litter-
mates. We found no change in the levels of SNARE
(soluble N-ethylmaleimide-sensitive factor-attachment
protein receptor) complex proteins in the hippocampus of
RNF13-null mice, but impaired SNARE complex assem-
bly. RNF13 directly interacted with snapin, a SNAP-25-
interacting protein. Interestingly, snapin was ubiquitinated
by RNFI13 via the lysine-29 conjugated polyubiquitin
chain, which in turn promoted the association of snapin
with SNAP-25. Consistently, we found an attenuated
interaction between snapin and SNAP-25 in the RNFI3-
null mice. Therefore, these results suggest that RNF13 is
involved in the regulation of the SNARE complex, which
thereby controls synaptic function.
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Introduction

Cognitive impairment can result from synaptic dysfunction
and subsequent deficiency in neuronal communication of
the mammalian central nervous system [l]. During the
process of neuronal communication, synaptic vesicles are
loaded with neurotransmitters and translocate to the plasma
membrane of axon terminals where they selectively dock
close to the active zone [2, 3]. Docked vesicles undergo a
priming step, during which vesicles become fusion-com-
petent. Intracellular calcium binds to calcium sensors,
triggering vesicle fusion and release of neurotransmitters
into the synaptic cleft [4]. Neurotransmitters then bind to
receptors located at sites on the postsynaptic membrane [5].
These processes are mediated by dynamic assembly and
disassociation of several protein complexes [6]. Modula-
tion of the activity of such protein complexes is also
important in the control of synaptic plasticity. However, it
remains unclear how the activity of these synaptic proteins
is regulated.

Recent studies have highlighted the importance of
the ubiquitin pathway in the regulation of synaptic proteins
[7-10]. Targeted ubiquitination of synaptic proteins affects
multiple facets of the synapse, from synaptogenesis and
synapse elimination to activity-dependent synaptic plas-
ticity and remodeling [11]. The F-box protein SCRAPPER
can target active zone protein RIM1 for degradation
through the ubiquitin—proteasome pathway (UPS) [12].
The RING-type ubiquitin ligase staring ubiquitinates and
facilitates the proteasome-dependent degradation of syn-
taxin 1 [13]. In addition, parkin predominantly promotes
monoubiquitination of the PDZ domain-containing protein
PICK1 to regulate ion channel activity [14], while a syn-
apse-associated E3 ubiquitin ligase PDZRN3 promotes
muscle-specific receptor tyrosine kinase (MuSK) ubiquiti-
nation and regulates clustering of nicotinic acetylcholine
receptor [15]. These indicate that both degradative and
non-degradative manners of ubiquitination may also mod-
ulate synaptic vesicle release.

The novel E3 ubiquitin ligase RNF13 belongs to a new
protein family, PA-TM-RING, which is characterized by
an N-terminal protease-associated (PA) domain and a
C-terminal RING finger domain (RING) separated by a
middle transmembrane region (TM) [16, 17]. Our previous
studies confirmed that the transmembrane RING-type
ubiquitin ligase RNF13 is overexpressed in human pan-
creatic cancer and precancerous lesions [18] and regulates
myoblast proliferation [17, 19]. RNF13 protein itself is
tightly regulated at the post-translational level in cells,
including multiple modifications, rapid protein turnover,
proteolytic release of both the N-terminal PA and C-ter-
minal RING finger fragments, as well as the translocation
to the inner nuclear membrane through recycling
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endosomes [20, 21]. Those results suggest that under dif-
ferent cell physiological conditions, RNF13 may exert an
important function by ubiquitinating specific substrate(s) at
different cellular locations.

Interestingly, the functional role of RNF13 has been
suggested to be involved in neuronal development by
different studies. Increased expression of chicken RNF13
(c-RZF) was first reported in the embryonic brain cells in
response to treatment of extracellular matrix protein Ten-
ascin-C [22]. RNF13 was identified as one of five genes in
a screen for proteins whose ectopic expression promotes
neurite outgrowth of PC12 cells in vitro [23]. Recently, a
higher level of RNF13 expression was observed in the adult
mouse brain as compared to the embryonic brain, as well as
during the differentiation of stimulated B35 neuroblastoma
after treatment with an analog of cAMP, dibutyryl-cAMP
[20]. Here in this study, we show that RNF13 functions as a
novel regulator of SNARE complex assembly, and its
genetic disruption leads to a learning and memory defect in
mice.

Materials and methods
Generation of RNF13 knockout mice

Mice were housed in a SPF facility on a 12-h light/12-h
dark schedule with access to food and water ad libitum.
RNF13-null mice were generated with a target construct
with exon 5 flanked by loxP sites (Fig. 1a). RNF13 floxed
mice were then crossed with EIIA-Cre transgenic mice to
produce heterozygous mutant mice. To reduce the variation
caused by different genetic backgrounds, RNFI13'~ mice
were backcrossed to C57BL/6 mice for five to six gener-
ations. Then RNFI3-null mice and WT mice were
produced by crossing RNFI13™~ heterozygous mice. For
genotyping, the genomic DNA of each mouse was
extracted from the tip of the tail. DNA amplification for
genotyping was performed using rTaq (Takara, Dalian).
Three oligonucleotides were used as two sets of PCR
primers to identify the mutant and WT amplified fragments
(8F: 5'-CCAGAGTGCATGGCATTTCT-3/, 8R: 5'-ATCT
GGAGAGCAGCAGTTAG-3’, and 9R: 5-CCTGAG
TTGTGGAAACTAAATTGAC-3'). Fragments of 700 and
432 bp were amplified by using genomic DNA from
RNF13-null mice and WT mice, respectively, while both
fragments were in RNFI13™'~ (Fig. 1a).

Antibodies
Mouse monoclonal RNF13 antibody (1:200) was raised in our

institute. The mouse monoclonal antibodies against SNAP-25
(1:500), syntaxin 1 (1:500), dynamin I (1:500) as well as rabbit
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Fig. 1 Generation of RNF13~/~ mice. a Targeted disruption of
mouse RNFI3 exon 5. Mouse RNFI3 gene structure, RNFI3
conditional knockout construct and primers used for screening and
genotyping. 8F/8R and 9F/9R are used to check the first and second
loxP in the construct, respectively; 13F/Tpcr-L2 and FRT-2/10R are

polyclonal anti-complexin 1/2 (1:500) were obtained from
Santa Cruz Biotechnology. Other antibodies used in this study
included mouse monoclonal anti-synaptotagmin 1 (1:500;
Assay Designs), rabbit polyclonal anti-VAMP-2 and chicken
polyclonal anti-snapin (ab37496) (1:1,000; Abcam), mouse
monoclonal anti-munc18-1 (1:1,000; BD Biosciences), and
mouse monoclonal anti-f—actin and f-tubulin (1:5,000;
Sigma-Aldrich).

Immunohistochemistry and immunofluorescence

Immunostaining was adapted from Schneider Gasser et al.
[24]. Briefly, fresh hippocampal slices trimmed from
coronal brain slices were fixed in 4 % PFA/PBS on ice for
20 min, washed three times in PBS and incubated “free-
floating” in blocking solution (10 % goat serum, 0.1 %
Triton X-100, PBS) for 1 h. RNF13 antibody in blocking
solution was incubated with slices for 16 h under gentle

D

used to screen the targeting cells. b Genomic DNA-PCR and
¢ Western blot analysis of RNF13 gene and proteins. f-Tubulin is a
loading control. d Appearance of RNF13-null (left panel) and WT
(right panel) mice

agitation at 4 °C. Slices were washed three times in PBS
and incubated with secondary antibody for 2 h at room
temperature. Following incubation, slices were washed
three times with PBS, transferred and mounted on to glass
slides with Immun-Mount (Thermo Scientific).

Co-localization of RNF13 and snapin in cultured pri-
mary hippocampal cells and primary chromaffin cells was
identified by using two antibodies for 2 h at room tem-
perature, followed by incubation with FITC- and TRITC-
labeled secondary antibodies. Images were acquired using
a Zeiss LSM 510 confocal microscope.

Immunoprecipitation and in vitro pull-down assay
Immunoprecipitation of mouse hippocampal samples was
performed as described [25]. COS-7 cells were lysed 48 h

after transfection with a solution containing 50 mM Tris-
HCI (pH 7.4), 100 mM NacCl, 1 % (v/v) Triton X-100 and a
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cocktail of protease inhibitors (Complete EDTA-free,
Roche). Cell lysates were incubated with 2 pg of antibody
in 20 pl of protein G-Sepharose beads (Amersham) for 4 h
at 4 °C. Immunoprecipitates were washed four times with
ice-cold lysis buffer and blotted with appropriate antibod-
ies. In vitro binding using GST fusion proteins and
transfected cell extract was performed as described [25].

Ubiquitination assays

The in vitro ubiquitination assay was performed by incu-
bating the GST-fused C-terminal domain of RNF13 with
immunoprecipitated FLAG-snapin, 5 nM yeast E1, 100 nM
UbcH5a (E2) and ubiquitin (or its mutants) in ubiquitination
buffer (50 mM Tris-HCI, pH7.5,4 mM MgCl,, 1 mM DTT,
1 mM ATP, 10 mM creatine phosphate and 16 IU/ml crea-
tine phosphokinase) to a final volume of 40 pl. Samples were
incubated at 30 °C for 1 h and subsequently analyzed by
Western blot. To detect ubiquitination of snapin in cells,
transfected COS-7 cells were harvested in lysis buffer con-
taining 2 % SDS. After incubating at 4 °C for 1 h, samples
were diluted 1:20 using lysis buffer without SDS and FLAG-
tagged snapin was immunoprecipitated and analyzed by
Western blot with an anti-HA antibody (Sigma-Aldrich).

Morris water maze test

The swimming pool was a circular metal tank, 122 cm in
diameter. The hidden platform, 10 cm in diameter, was
clear Plexiglas and submerged 1 cm below the surface of
the water. To make the platform invisible, the water was
colored white by using powdered milk. Adult male mice,
6 months old, were trained on the water maze task for 5
consecutive days, and each training day included four trials
per mouse, separated by 10-min intervals. The starting
points for mouse placement in each training episode were
varied. Mice were allowed to search for the underwater
platform for 120 s. After landing on the hidden platform,
the mice were allowed to remain for 30 s before being
returned to their cage. Mice that failed to land on the
platform by themselves within the time limit were manu-
ally guided to it.

Y-maze test

The maze used was a three-arm Y-maze with equal angles
between all arms. Each mouse was placed in the center of
the “Y” and allowed to explore freely during an 8-min
session. The sequence and total number of arms entered
were recorded. Arm entry was considered to be complete
when the hind paws of the mouse were completely within
the arm. Percentage alternation is defined as the number of
trials containing entries into all three arms divided by the
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maximum possible number of alternations (the total num-
ber of arms entered minus 2) x 100 %.

Electron microscopy

Electron microscopy was performed as described previ-
ously [26]. For hippocampal electron microscopy
examination, 8-week-old mice (three WT and three
RNF13-null mice) under deep pentobarbital anesthesia
were perfused through the heart with 2.5 % glutaraldehyde
and 2 % paraformaldehyde in 0.1 M phosphate buffer, pH
7.4. The brains were removed, and the hippocampus was
sliced transverse to its longitudinal axis at 1 mm thickness.
The blocks were trimmed to contain the hippocampal CAl
pyramidal cell bodies and their apical dendrites in the
stratum radiatum. The blocks were immersed in 4 % glu-
taraldehyde in 0.1 M phosphate buffer, pH 7.4, overnight at
4 °C. Ultrathin sections (~ 60 nm) were stained with ura-
nyl acetate and lead citrate. Only asymmetrical, i.e.,
glutamatergic, synapses with clearly identifiable PSDs
were analyzed. The quantitative analysis was performed
according to the previously published literature [27].

Statistical analysis

Values are given as mean £ SE (standard error). Statistical
significance was determined by Student’s ¢ test.

Results

Targeted disruption of RNF13 in mice impairs learning
function

To investigate the in vivo function of RNF13 in mice, we
genetically targeted RNF13 exon 5 by crossing the RNF13-
floxed mice with EIIA-Cre transgenic mice (Fig. 1a), which
leads to exon 5 deletion at past zygote stage during devel-
opment. RNF[3-null mice were generated with deletion of
exon 5 by introducing frame-shift mutated RNF13 mRNA
(Fig. 1a). PCR genotyping and Western blot were per-
formed to verify the efficiency of RNF13 deletion (Fig. 1b,
¢). RNF13-null mice were born with expected Mendelian
frequency and showed normal growth, fertility and lifespan,
with no overt physiological abnormality (Fig. 1d). As
RNF13 has been implicated in neuronal development in
vitro [20, 22, 23] and its expression could be detected in
hippocampal neurons (Fig. S1 A-D), we first sought to
investigate whether animals lacking RNF13 exhibit sub-
optimal neuronal phenotypes and behavioral defects.

To minimize behavioral variation caused by different
genetic backgrounds, RNF13-null mice were backcrossed
into the C57BL/6 background. The RNFI3-null mutants do
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not display abnormalities in open field, swimming and tail
suspension tests (Fig. 2 a—e), which indicates that RNF13
deletion has no effect on mouse spontaneous activity, as
well as anxiety and depression-like behaviors. To further
examine hippocampal-dependent learning and memory
functions, we performed the Morris water maze (MWM)
test and the Y maze test. In the MWM test, both RNF13-
null and WT mice showed a reduction of escape latency
during the five sessions of the acquisition phase. However,
the escape latency of RNFI3-null mice differed signifi-
cantly from that of the wild-type in the second and third
sessions (Fig. 3a WT n = 16, 54.67 + 6.42 s; KO n = 19,
81.14 £ 6.39 s; p = 0.0065 for the second session, and
WT 43.27 £ 5.47 s; KO 65.44 £ 6.43 s; p = 0.0148 for
the third session). To test memory retention, each trained
mouse was tested in probe trials 1 and 7 days after training.
Both WT and RNFI3-null mice performed well in the
probe trial 1 day after training. Although RNFI3-null mice
showed a slightly decreased time spent in the quadrant
containing the platform relative to WT mice, the difference
did not reach statistical significance (Fig. 3b). To assess
long-term memory, the probe trial was performed 7 days
after training. There was no difference between the two
groups (Fig. 3c). Moreover, we carried out the Y maze to
assess the working memory (without food deprivation or
other aversive procedures). RNF13-null mice exhibited a
lower rate of alternation compared with WT mice, indi-
cating that mice lacking RNF13 were unable to remember
the last arm entered (Fig. 3d WT n = 20, 67.65 + 2.11 %;
KO n =17, 60.94 & 2.24 %; p = 0.0433). Additionally,
although RNF'13-null mice were more anxious than WT in
terms of the percentage of time spent in the elevated plus-
maze (EPM) open arms, but not the number of entries into
those arms (Fig. 3e, f; WT n = 19, 37.02 &+ 1.80 %; KO
n =16, 29.79 + 2.59 %; p = 0.0272), neither RNFI3-
null mice nor WT mice exhibited any alteration in loco-
motor activity or central tendency in the open-field test
(Fig. 2a—c; p > 0.05 in each case). Taken together, our
findings from the behavioral studies indicate that RNFI3-
null mice have deficiencies in spatial learning in the tasks
examined.

RNF13-null mice show structural alteration of synapses
in hippocampus

Learning and memory deficiency has been shown to depend
primarily upon hippocampal function (HF) [28]. Abnormal
behavior, like spatial learning deficits, of RNF13-null mice
may be attributed to abnormal hippocampal structure or
defective neurotransmitter release in hippocampi. We there-
fore examined whether the morphological structure of the
RNF 13-null hippocampal formation was altered. Hematoxylin
and eosin staining revealed no obvious histopathological

changes in the HF of RNFI13-null mice (Fig. S2 A-H).
However, as determined by transmission electron micros-
copy (TEM), abnormalities in the asymmetry of excitatory
synapses of the hippocampal CA1l region were observed in
mutant mice as compared with WT mice (Fig. 4a). First,
in an attempt to investigate changes in the vesicle pool in
RNF13-null mice, we observed decreased synaptic vesicle
density in the RNF13-null mice (n = 3, WT, 319.6 &+ 28.3/
umz; KO, 2524 + 25.4/um2), while total vesicle number
and the number of docked vesicles (~50 nm next to the
active zone membrane) remained unchanged (Fig. 4b, c).
The decrease in synaptic vesicle density would cause a sig-
nificant reduction in synaptic activity in RNFI3-null mice.
Interestingly, quantitative analysis also revealed that the
absence of RNF13 was correlated with increased size of
synaptic active zones (n = 3, WT, 186.23 £ 17.52 nm; KO,
264.12 £ 20.67 nm) (Fig. 4d). In contrast, the postsynaptic
density (PSD) (n = 3, WT, 48.6 + 3.5 nm; KO, 46.3 &+
4.2 nm), the synapse number (n = 3, WT, 26.43 + 3.86;
KO, 2327 +£2.45) and cleft width (n =3, WT,
24.3 + 2.5 nm; KO, 24.9 £ 1.8 nm) remained unchanged
(Fig. 4e—g). Collectively, these results indicate that a lack of
RNF13 leads to a lower synaptic vesicle density, which may
be structurally correlated with learning impairments in
RNF13-null mice.

RNF13-null mice exhibit decreased SNARE complex
assembly

As RNF13 is an E3 ubiquitin ligase and may target specific
protein substrates for degradation, we then investigated
whether the steady-state levels of key proteins in the syn-
aptic vesicle release machinery were affected in RNFI3-
null mice. We analyzed the protein levels in the hippo-
campus homogenates by immunoblot and found that the
absence of RNF13 had no effect on the overall abundance
of t-SNARE proteins (SNAP-25 and syntaxin 1), vesicle
membrane protein VAMP-2, calcium sensor protein syn-
aptotagmin 1 and vesicle-associated proteins (Munc18 and
complexinl/2) (Fig. 5a). We also performed co-immuno-
precipitation (Co-IP) experiments to corroborate whether
RNF13 depletion affected SNARE complex assembly. We
examined the interaction of SNAP-25 with VAMP-2, two
core SNARE complex proteins and the association of
synaptotagmin 1 with this complex, in the hippocampal
lysates from RNFI3-null and WT mice. Decreased levels
of VAMP-2 protein were detected in the immunoprecipi-
tates pulled down by SNAP-25 antibody in RNFI3-null
mice (Fig. 5b). In addition, synaptotagmin 1 also exhibited
an attenuated interaction with SNAP-25 (Fig. 5b). Con-
sistently, use of the VAMP-2 antibody for reciprocal
immunoprecipitation in RNF3-null mice showed reduced
levels of immunoprecipitated SNAP-25 and synaptotagmin
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1 (Fig. 5¢). More hippocampal samples from independent

mice were examined to detect synaptic protein levels and
associations, and the experiments showed consistent
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reduced alternation rates, p < 0.05. e The percentage of time spent in
open arms in the elevated-plus maze for anxiety-like behaviors
(RNF13-null mice (n = 16) and WT (n = 19), p < 0.05). f Number
of open arm entries in the elevated-plus maze. There was no
significant difference between groups. Data are shown as mean + SE.
*p < 0.05, **p < 0.01, Student’s ¢ test

results. Furthermore, we quantified the binding affinity of
SNARE complex proteins between wild-type and mutant
and found several-fold reduction of the affinity in all
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examined samples when RNF13 is depleted (Fig. 5d).
Therefore, our findings revealed that ubiquitin ligase
RNF13 modulated the assembly of SNARE complex in
Vivo.

RNF13 directly interacts with the SNARE complex-
associated protein snapin

Identification of RNF13 substrates is crucial for decipher-
ing its function in the brain. To further elucidate the
molecular relationship between RNF13 and spatial learn-
ing, we screened a human fetal brain cDNA library via a
yeast two-hybrid system to identify RNF13-interacting
proteins. Since RNF13 may target substrates for degrada-
tion in yeast and produce false negatives, we utilized the
ligase-deficient RING domain mutant (C258A/H260A)
RNF13 as the bait protein. A clone encoding snapin, the
SNARE complex-associated protein, was identified as a
potential RNF13 interaction protein by our yeast two-
hybrid screen (Fig. S3). Snapin is a 17-kD protein con-
taining an N-terminal hydrophobic domain (HD) and two
coiled-coil domains [29]. Snapin has been verified to
interact with SNAP-25 and facilitate the association of
SNAP-25 with synaptotagmin 1 to regulate synaptic vesicle
fusion [29, 30]. Snapin knockout mice were reported to
exhibit impaired exocytosis in chromaffin cells and cortical
neurons [31, 32]. Decreased levels of snapin protein in
dysbindin-1 spontaneous mutant mice (Sandy mice) are
also associated with cognitive deficits [33].

Subsequently, we evaluated the specificity of the
interaction between RNF13 and snapin both in vitro and in
vivo. As shown in Fig. 6a, the interaction between RNF13
and snapin was verified by a GST pull-down assay. In
addition, FLAG-snapin was able to co-immunoprecipitate
myc-RNF13 in COS-7 cells whereas SNAP-25 failed to
bind RNF13 in the co-IP assay (Fig. 6b). In order to verify
the interaction of RNFI13 and snapin in vivo, we per-
formed a co-IP assay with hippocampal lysates from both
RNF13-null and WT mice. As expected, endogenous
RNF13 and snapin only co-immunoprecipitated in WT
mice (Fig. 6¢), indicating that snapin is a binding partner
for RNF13. Consistent with these findings, RNF13 par-
tially colocalized with snapin in primary hippocampal
neurons in culture, in both cell bodies and vesicles of
neurites (Fig. 6d, e). In primary chromaffin cells of the
peripheral nervous system, RNF13 also showed colocal-
ization with snapin in vesicles (Fig. S4). Next, we purified
different deletion mutants of GST-RNF13 and GST-sna-
pin. We then performed an in vitro GST pull-down assay
and observed that amino acids 281-381 of RNF13 were
responsible for interaction with snapin (Fig. 6f). Further,
the C-terminus including the second coiled-coil domain
(a.a. 69-136) of snapin was involved in its interaction
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with RNF13 (Fig. 6g). Taken together, these findings
indicate that RNF13 associates with snapin in vitro and in
vivo.

RNF13 catalyzes the formation of K29-polyubiquitin
chains for snapin

Next we examined whether the interaction of snapin and
RNF13 led to ubiquitination of snapin in vitro. Snapin was
incubated with recombinant WT or RING domain mutant
(C258 A/H260A) RNF13 at 30 °C for 1 h in an in vitro
ubiquitination system (ubiquitin, E1, UbcH5a). Snapin was
modified into a polyubiquitinated, high-molecular-weight
species when incubated with WT RNF13, but not with
RNF13 RING finger domain mutant and deletion mutant
(without snapin binding region) (Fig. 7a). Moreover,
FLAG-tagged snapin was co-expressed with WT or RING
mutant Myc-tagged RNF13 in COS-7 cells. FLAG-snapin
present in the cell lysate was precipitated by anti-FLAG
beads, solubilized and analyzed via Western blot using
anti-HA antibodies to detect ubiquitinated snapin. As
shown in lane 3 in Fig. 7b, snapin was found to undergo
polyubiquitination in the presence of WT rather than
ubiquitin ligase-mutated (C258A/H260A) RNF13. SNAP-
25 was used as a negative control, and no ubiquitinated
SNAP-25 was observed in this assay.

To further analyze the type of isopeptide linkage cata-
lyzed by RNF13, we simultaneously mutated ubiquitin at
six of seven of the lysine residues, leaving only one lysine
residue intact. As a result, only a single type of poly-
ubiquitin chain would form for a given mutant. When
immunoprecipitated FLAG-tagged snapin was incubated
with three kinds of ubiquitin lysine mutants (K29, K48 and
K63) in the in vitro ubiquitination assay, ubiquitination of
snapin was predominantly detected when ubiquitin (Ub)
K29 (lane 2) was included as compared to Ub K48 or K63
(lanes 3, 4) (Fig. 7¢). By using additional ubiquitin mutants
in which only one lysine was mutated to an arginine resi-
due (K29R, K48R or K63R), thus blocking only one type
of chain to be polymerized, we were able to consistently
observe preferential ubiquitination of snapin through K29
chains (Fig. 7d). Therefore, these results demonstrate that
snapin is a substrate of RNF13 for ubiquitination in a
lysine-29 isopeptide form.

The non-canonical lysine-29 polyubiquitin chains have
been verified to both promote protein substrate for degra-
dation [34] and regulate protein activity [35]. To further
reveal the fate of K29 polyubiquitination chain linked
snapin by RNF13, snapin was co-transfected with different
amounts of wild-type or RING domain mutant RNF13. We
surprisingly found that more snapin protein was correlated
with higher wild-type RNF13 expression, while snapin
protein was unaffected by ubiquitin ligase activity-deficient
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Fig. 6 RNF13 associates with SNARE complex-associated protein
snapin. a GST pull-down experiment shows a direct interaction between
RNF13 and snapin. Purified GST-RNF13 or GST was incubated with
293T cell lysate expressing Myc-snapin. The samples were washed and
blotted with Myc antibody. b Immunoblots of immunoprecipitates from
COS-7 cells co-transfected with myc-tagged RNF13 and FLAG-tagged
snapin. As negative controls, COS-7 cells were transfected with FLAG-
snapin or RNF13-myc, respectively. In addition, FLAG-SNAP-25 was
also used as a negative control. TCL, total cell lysate. ¢ Interaction of
endogenous RNF13 and snapin in mouse hippocampal lysates. Total
brain lysates of WT and RNF13-null mice were immunoprecipitated
with RNF13 antibody, and immunoprecipitates were assayed by snapin

RNF13 (Fig. 7e). The expression levels of the two proteins
demonstrated a linear relationship (Fig. 7f). Then we
sought to examine the steady-state level of snapin protein

antibody. Immunoprecipitates were generated using the non-specific
IgG as negative control. d Immunostaining pattern of endogenous
RNF13 (red) and snapin (green) in primary hippocampal neurons (scale
bars, 30 pm). e Colocalization of endogenous RNF13 (red) and snapin
(green) in the neurites of primary hippocampal neuron. Arrows indicate
overlapping signals (scale bars, 10 um). f, g Mapping of interaction
domains responsible for the interaction of RNF13 and snapin. Different
deletion mutants of RNF13 or snapin were fused to GST. FLAG-snapin
or RNF13-myc was transfected into COS-7 cells and pulled down by
different GST fusion proteins. SP signal peptide, PA protease-
associated domain, RING RING finger domain, LC low complexity,
HC hydrophobic domain H/(2) helical region 1(2)

in hippocampal lysates of RNFI3-null and WT mice.
Intriguingly, we found that the snapin protein level did not
differ significantly between RNFI3-null and WT mice
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Fig. 7 RNF13 ubiquitinates snapin through ubiquitin lysine-29.
a RNFI3 ubiquitinates snapin in vitro. Recombinant wild-type,
RING domain mutant and C-terminal deletion mutant (without snapin
binding region) RNF13 incubated with FLAG-tagged snapin immu-
noprecipitate together with ubiquitin, E1 and E2 (UbcHS5a). Samples
were then immunoprecipitated under denatured condition with 2 pg
FLAG antibodies and blotted with ubiquitin antibody (P4D1).
b RNF13 ubiquitinates snapin in vivo. COS-7 cells were cotrans-
fected with FLAG-snapin, HA-ubiquitin and RNF13-Myc. After
immunoprecipitation with FLAG antibody, the immunoprecipitates
were denatured with boiling water and re-immunoprecipitated by
FLAG antibody. The second immunoprecipitates were blotted with
HA antibody. SNAP-25 was used as a negative control. ¢ Ubiquitin
lysine-29 was responsible for the ubiquitination of snapin by RNF13.
In vitro ubiquitination assay for snapin and RNF13 was carried out
with FLAG-snapin immunoprecipitates, GST-RNF13, E1, UbcH5a
and HA-tagged ubiquitins with different ubiqutin mutations (K29,
K48, K63). The reaction mixture was detected with HA antibody on
Western blot. d The same in vitro ubiquitination assay as (c¢) except

(Fig. 7g). These results suggest that ubiquitinated snapin
mediated by RNF13 is not subject to proteasomal degra-
dation. Since snapin is a direct binding partner of SNAP-25
in vivo, we next investigated whether the association of
snapin and SNAP-25 was altered in mice lacking RNF13.
To this end, hippocampal lysates from RNF3-null and WT
mice were subjected to immunoprecipitation with an anti-
body against SNAP-25, and the precipitates were
immunoblotted with anti-snapin antibody. As shown in
Fig. 7h, i, snapin protein was decreased in precipitates
from the hippocampal lysates of RNF13-null mice relative
to WT mice, indicating that RNF13 may regulate the
binding affinity of snapin to the SNARE complex. In
addition, ubiquitinated snapin mediated by RNF13 enhan-
ces its ability to interact with SNAP-25 in vitro (Fig. 7)),
which indicated that RNF13 directly and positively affec-
ted the association of snapin and SNARE proteins. Thus,
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that the ubiquitin mutants (K29R, K48R, K63R) carried only one
lysine mutant site, respectively. e The expression level of ectopically
expressed RNF13 and snapin in COS-7 cells. COS-7 cells were co-
transfected with FLAG-snapin and different amounts of wild-type and
RING domain mutant RNF13. Snapin protein level was analyzed by
FLAG antibody. f Quantitative analysis shows a linear relationship of
protein levels between ectopically expressed RNF13 and snapin.
R = 0.9108 g Snapin expression level in hippocampi from WT and
RNF13-null mice. h Immunoblot of snapin in immunoprecipitates
from hippocampi of WT and RNFI3-null mice using SNAP-25
antibody. When the amount of snapin associated with SNAP-25 was
quantitated, decreased snapin protein levels were shown in RNF13-
null mice compared with WT mice (i). j In vitro binding assay of
snapin or ubiquitinated snapin with SNAP-25. HA-SNAP-25 was first
immunoprecipitated with HA antibody in transfected COS-7 and
eluted by HA peptide. The purified HA-SNAP-25 was then incubated
with FLAG-snapin or ubiquitinated FLAG-snapin (in vitro ubiquiti-
nated snapin by RNF13) at 4 °C for 4 h. Co-immunoprecipitated
HA-SNAP-25 was detected by using HA antibody

we provide evidence both in vivo and in vitro to support the
involvement of RNF13 in assisting snapin-SNARE com-
plex interaction.

Discussion

In this study, we show that ablation of RNF13 in mice leads
to spatial learning defects, alterations in synaptic structure
and impaired SNARE complex assembly in the hippo-
campus. The hippocampus is the primary region of the
brain, which controls learning behavior and memory [36,
37] and has been implicated in both spatial and contextual
learning in rodents [38]. The “hidden platform”-based
method we performed in the MWM test addresses abnor-
malities of spatial learning/memory and has proven useful
to detect hippocampal-dependent cognitive deficits in mice
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[39]. In the learning phase of the MWM test, RNF13-null
mice showed reduced efficiency in the execution of a
standard spatial learning task, revealed by their decreased
ability to reach the platform at days 2 and 3 (Fig. 3a). In
the less stressful Y maze test, which reflects the working
memory of mice, RNFI13-null mice demonstrated reduced
alteration in exploratory behavior (Fig. 3d). These defects
are likely related to impairment of the hippocampus, as
revealed by the fact that RNFI3-null mice exhibited the
decreased density of synaptic vesicles, which may possibly
contribute to the reduced release of vesicles in synaptic
boutons. Interestingly, we also observed a simultaneously
increased size of the active zone in RNF13-null mice. The
proposed model suggests that, by limiting the number of
docked synaptic vesicles, the increased size of the active
zone is potentially advantageous for synaptic transmission
[40, 41]. We should theoretically predict that the increased
size of the synapse causes an elevated synaptic activity.
However, the reduced synaptic vesicle density may have a
more profound effect on neurotransmitter release. On the
basis of our results, it is conceivable that the two ultra-
structural alterations may contribute in concert with each
other to the behavior defects. The decrease in synaptic
vesicle density in the presynaptic bouton also suggests the
possibility that synaptic vesicles might not be transported
and/or formed properly to synaptic terminals in RNF13-
null mice. Further electrophysiological studies and exocy-
tosis analysis are needed to underpin the molecular role of
RNF13 in regulation of synaptic vesicle pools. In addition,
as RNF13 is a ubiquitously expressed protein, depletion of
RNF13 in areas of the brain other than the hippocampus
(e.g., hypothalamus, amygdale and cortex) may also con-
tribute to the behavior abnormality, as we also observed
increased anxiety in RNFI3-null mice in the elevated plus
maze test.

We demonstrate that RNF13 binds to snapin in vitro and
in vivo, indicating that the essential role of RNF13 for
SNARE complex assembly may, at least in part, be
achieved through snapin, as snapin has been shown to
interact with SNAP-25 and potentiate the interaction
between synaptotagmin I and SNAP-25 [29, 32]. This
assumption is supported by our observation of the
decreased interaction of SNAP-25 and synaptotagmin I in
RNF13-null mice. In the synapses of snapin-null mice,
reduced densities of total and active presynaptic vesicles
and reduced numbers of docked vesicles at active zones
were observed [31], which is also partly consistent with the
reduced synaptic vesicle density in RNF3-null mice in this
report. The impaired interaction of core SNARE complex
proteins SNAP-25 and VAMP-2 is detected in RNF13-null
mice, whereas the interaction is not affected in snapin-
deficient mice. The possible explanations for the partial

discrepancy between these two genetic targeting mice
include (1) RNFI13 regulates SNAP-25 and VAMP-2
interaction in a snapin-independent manner; (2) RNFI3-
null mice demonstrate some alterations that snapin
knockout mice do not display, such as the alteration of the
size of active zone (no change in snapin_/_ mice). The
active zone is the region where t-SNARE (SNAP-25,
syntaxin) and v-SNARE (VAMP-2) mediate synaptic ves-
icle exocytosis. The increased size of the active zone in
RNF13-null mice may lead to the impaired binding of
SNAP-25 and VAMP-2 at the molecular level. Therefore,
we cannot currently rule out the possibility that RNF13
targets other proteins in its regulation of SNARE complex
assembly. In addition, we found an attenuated binding of
snapin to SNAP-25 in RNFI3-null mice (Fig. 7h). Con-
sistently, in vitro assay suggested the increased binding of
ubiquitinated snapin to SNAP-25 (Fig. 7j). It is possible
that the interaction of RNF13 and snapin in vivo may lead
to the increased binding affinity of snapin to SNAP-25, as
we failed to find the difference of snapin protein level
(Fig. 7g) and snapin ubiquitination in the hippocampus
between RNF13-null mice and WT mice. Post-translational
modifications of snapin, both C66-mediated dimerization
and S50 phosphorylation by PKA, have been reported to
significantly enhance its interaction with SNAP-25 [30, 31,
42]. Here, we show that RNFI13 catalyzed snapin K29
polyubiquitination is a novel post-translational modifica-
tion of the regulation of snapin association with SNARE
complex proteins.

Recent studies from Erickson’s group indicated PKC
agonist PMA treatment caused RNF13 protein to translo-
cate on the inner nuclear membrane through recycling
endosomes [21]. INM-anchored RNF13 would have its
RING finger domain facing the nucleoplasm, which sug-
gests RNF13 potentially ubiquitinates substrates inside the
nucleus. Therefore, other RNF13 unknown substrates
beyond snapin may also contribute to the deficits of
RNF13-null mice. On the other hand, RNF13 belongs to
PA-TM-RING protein family and has eight paralogs [17].
In RNF13-null mice, there is a possibility that some defi-
ciency could be compensated by its one or more paralogs,
which might rescue some deficits in synaptic formation and
behavior in mice lacking RNF13.

It is notable that, in addition to regulating SNARE
proteins, snapin binds to a plethora of cellular proteins,
such as receptors and channel proteins. Further studies are
needed to examine the possible role of RNF13 in regu-
lating other snapin-binding partners. In addition, snapin
has also been demonstrated as one of eight known sub-
units of the biogenesis of lysosome-related organelle
complex (BLOC)-1 [43]. BLOC-1 is essential for normal
biogenesis of specialized organelles, such as melanosomes
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and platelet-dense granules [44]. It is possible that RNF13
has potential function to regulate BLOC-1 under certain
physiological and pathological conditions.

By using different ubiquitin mutants, our study con-
firmed that lysine-29 of ubiquitin provides the linkage site
for snapin by RNF13 in vitro. The isopeptide linkage of a
polyubiquitin chain is an important determinant for a cer-
tain fate of protein substrate. All seven lysines of ubiquitin
have been verified to participate in the ubiquitin modifi-
cation of proteins [45]. It is generally considered that K48-
linked polyubiquitin chains target protein substrates for
proteasomal degradation, while proteins modified by non-
canical polyubiquitin chains are involved in various cel-
lular functions. K63-linked chains regulate protein
trafficking, signal transduction and transcriptional regula-
tion [46]. K11 chains have been reported to modulate
mitotic protein degradation by the ubiquitin ligase ana-
phase-promoting complex (APC/C) and are involved in
endoplasmic reticulum-associated degradation (ERAD)
[45, 47]. Linear ubiquitin chain-assembly complex (LU-
BAC) catalyzes the formation of head-to-tail polyubiquitin
chains to activate the nuclear factor-xkB (NF-xB) pathway
[48]. To date, little is known about the consequences of
K29 ubiquitin chains on protein function or stability. It has
been reported that HECT domain-containing ubiquitin
ligase AIP4 directs polyubiquitination and degradation
through a linkage involving residue K29, both on itself and
on a heterologous substrate, DTX [34]. AMPK-related
kinases can form atypical Lys29/Lys33-linked polyubiqu-
itin chains through an unknown ubiquitin ligase that
regulates its kinase activities [35]. Here, we show that
RNF13 ubiquitinates snapin by forming K29-linked chains
in vitro, which seems not to mediate snapin degradation, as
we observed the comparable snapin protein levels in
RNF13-null mice and WT mice and increased snapin levels
when co-transfected with RNF13 in cells (Fig. 7e). In
addition, we applied proteasome inhibitors, MG-132 and
AdaAhx(3)L(3)VS, to detect snapin protein levels in cul-
tured primary hippocampal neurons and did not observe
any difference. Interestingly, another PA-TM-RING family
member GRAIL (gene related to anergy in lymphocytes)
promotes stabilization of its substrate Rho guanine disso-
ciation inhibitor via K63-linked ubiquitin chains [49].
Whether RNF13-mediated snapin K29 chains occur in vivo
and its role for snapin remain to be elucidated.

In summary, we have highlighted the potential impor-
tance of E3 ubiquitin ligase RNF13 for its role in learning/
memory and SNARE complex assembly. We provide
experimental evidence for aiming the elucidation of
RNF13 molecular mechanisms in these events. Other key
targets of RNF13 involved in the regulation of SNARE
complex assembly remain to be identified. Further studies
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may provide more evidence for RNF13 as a potential drug
target for neuronal disease.
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