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Ubiquitin C-Terminal Hydrolase L1 (UCH-L1) Promotes
Hippocampus-Dependent Memory via Its Deubiquitinating
Effect on TrkB
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Multiple studies have established that brain-derived neurotrophic factor (BDNF) plays a critical role in the regulation of synaptic
plasticity via its receptor, TrkB. In addition to being phosphorylated, TrkB has also been demonstrated to be ubiquitinated. However, the
mechanisms of TrkB ubiquitination and its biological functions remain poorly understood. In this study, we demonstrate that ubiquitin
C-terminal hydrolase L1 (UCH-L1) promotes contextual fear conditioning learning and memory via the regulation of ubiquitination of
TrkB. We provide evidence that UCH-L1 can deubiquitinate TrkB directly. K460 in the juxtamembane domain of TrkB is the primary
ubiquitination site and is regulated by UCH-L1. By using a peptide that competitively inhibits the association between UCH-L1 and TrkB,
we show that the blockade of UCH-L1-regulated TrkB deubiquitination leads to increased BDNF-induced TrkB internalization and
consequently directs the internalized TrkB to the degradation pathway, resulting in increased degradation of surface TrkB and attenua-
tion of TrkB activation and its downstream signaling pathways. Moreover, injection of the peptide into the DG region of mice impairs
hippocampus-dependent memory. Together, our results suggest that the ubiquitination of TrkB is a mechanism that controls its down-
stream signaling pathways via the regulation of its endocytosis and postendocytic trafficking and that UCH-L1 mediates the deubiquiti-
nation of TrkB and could be a potential target for the modulation of hippocampus-dependent memory.
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Ubiquitin C-terminal hydrolase L1 (UCH-L1) has been demonstrated to play important roles in the regulation of synaptic plastic-
ity and learning and memory. TrkB, the receptor for brain-derived neurotrophic factor, has also been shown to be a potent
regulator of synaptic plasticity. In this study, we demonstrate that UCH-LI functions as a deubiquitinase for TrkB. The blockage of
UCH-L1-regulated deubiquitination of TrkB eventually results in the increased degradation of surface TrkB and decreased acti-
vation of TrkB and its downstream signaling pathways. In vivo, UCH-L1-regulated TrkB deubiquitination is necessary for
hippocampus-dependent memory. Overall, our study provides novel insights into the mechanisms of UCH-L1-mediated neuro-
biological functions and suggests that ubiquitination is an important regulatory signal for TrkB functions. j

ignificance Statement

Introduction rons and accounts for 1-2% of total soluble proteins in the brain

Ubiquitin C-terminal hydrolase L1 (UCH-L1), one of the UCH (Wilkinson et al., 1989). As a DUB, UCH-L1 has been demon-

deubiquitinating enzymes (DUBs), is highly expressed in neu-  Strated to remove small adducts of ubiquitin (Larsen etal., 1998).
Recently, more physiological substrates of UCH-L1 were sug-

gested. For example, UCH-L1 has been demonstrated to deubiq-
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ity, UCH-LI has also been shown to exhibit a dimerization-
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dependent ubiquityl ligase activity, which can add ubiquitin
chains to a-synuclein (Liu et al., 2002). It has also been reported
that UCH-L1 stabilizes monoubiquitin, a process that is depen-
dent on its affinity for monoubiquitin rather than hydrolase
activity (Osaka et al., 2003). Given the multiple functions of
UCH-L1, it is apparent that UCH-LI plays a critical role in the
CNS. Indeed, it has been demonstrated that UCH-L1 plays a
significant role in maintaining normal synaptic structures and
synaptic plasticity in hippocampal neurons (Cartier et al., 2009).
Memory in passive avoidance learning and exploratory behavior
are reduced in UCH-L1 deficit mice (Sakurai et al., 2008). Dys-
function or mutation of UCH-L1 has been reported to be associ-
ated with several neurodegenerative diseases. For example, a rare
193M mutation in UCH-L1 has been reported to cause Parkin-
son’s disease (Leroy et al., 1998); recently, an E7A mutation was
reported to lead to an early-onset progressive neurodegenerative
syndrome (Bilguvar et al., 2013). In the brains of Alzheimer’s
disease (AD) patients, UCH-L1 was found to be downregulated
(Choietal.,2004). Overexpression of UCH-L1 has been shown to
improve memory and rescue memory impairments caused by
amyloid B (AB) (Gong et al., 2006; Zhang et al., 2014). However,
how UCH-LI mediates enhanced memory is not fully under-
stood, and the in vivo substrates of UCH-L1 that are involved are
still unknown.

Brain-derived neurotrophic factor (BDNF) is the most abundant
neurotrophic factor in the brain. By activating its downstream recep-
tor, TrkB, it regulates neuronal survival, development, synaptic
plasticity, and learning and memory. By binding with its recep-
tor, TrkB, BDNF activates TrkB, followed by endocytosis and
intracellular postendocytic trafficking of the BDNF/TrkB com-
plex, which is important for the strength and maintenance of the
downstream signaling pathways (Sommerfeld et al., 2000; Huang
et al., 2013). Ubiquitination has been identified as a mechanism
that controls endocytosis and sorting of postendocytic receptors
to degradative or recycling pathways (Haglund and Dikic, 2012).
It has been reported BDNF induces the ubiquitination of TrkB
(Makkerh et al., 2005; Arévalo et al., 2006) and a few studies
suggest that TRAF6, c-Cbl, might be the E3 ligase responsible for
TrkB ubiquitination (Moises et al., 2009; Pandya et al., 2014).
However, the detailed mechanisms of the ubiquitination of TrkB
and the biological functions associated with the ubiquitination of
TrkB remain elusive.

In this study, we found that UCH-L1 binds specifically to
the juxtamembrane 1 (JM1) motif of the TrkB receptor and
regulates its ubiquitination as a deubiquitinase. As a result, UCH-
L1-regulated TrkB deubiquitination affects TrkB endocytosis and
postendocytic traffic, thus regulating the downstream signaling
pathways. This in vitro result was also confirmed in in vivo exper-
iments and we further demonstrated that UCH-L1 contributes to
contextual fear conditioning (CFC) memory by regulating the
deubiquitination of TrkB.

Materials and Methods

Animals

Male C57BL/6 mice, 8 weeks old and weighing 23-25 g, were housed at
22 * 2°C on a 12 h light/dark cycle. Food and water were available ad
libitum. All animal procedures were conducted on the basis of the Na-
tional Institutes of Health’s Guide for the Care and Use of Laboratory
Animals and were approved by the institutional animal care and use
committee of Shandong University.

Reagents and antibodies
Human recombinant BDNF was purchased from PeproTech. Sulfo-
NHS-S-S-biotin and Avidin beads were obtained from Thermo Fisher
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Scientific. We used the peptidomimetic method to block the interaction
between UCH-L1 and TrkB. The peptides were synthesized and purified
by GL Biochem. The peptides contains the 75— 85 aa residues of UCH-L1
(VSPKVYFMKQT, referred to Tat-UCH-L17°7%%) fused to a Tat-like
polyarginine membrane permeability sequence (GRRRRRRRRRRR) to
promote its entrance into the cell and a biotin molecule for detection. A
reversed sequence of the 75-85 aa residues of UCH-L1 was used as a
control peptide with biotin and Tat at the N terminals (biotin-GRRRRR
RRRRRR-TQKMFYVKPSV, named Tat-Con). The restriction enzymes
were purchased from Fermentas.

Antibodies were purchased as follows: rabbit anti c-Myc antibody from
Bethly; rabbit anti-Flag antibody from Thermo Fisher Scientific; rabbit anti-
TrkB antibody from Millipore; mouse anti-ubiquitin (P4D1), mouse anti-
UCH-L1 (13C4), mouse anti-Akt1 (B-1), and mouse anti-pY99 from Santa
Cruz Biotechnology; mouse anti-polyubiquitinylated conjugates (FK1)
from Enzo Life Sciences; mouse anti-phospho-p44/42 (ERK1/2; Thr202/
Tyr204), rabbit anti-p42/44 (ERK1/2), rabbit anti-phospho-TrkA (pY490),
rabbit anti-phospho-Akt (Ser473), and rabbit anti-K48 and k63 polyubiqui-
tin antibodies from Cell Signaling Technology; mouse anti-FLAG (M1, M2)
antibodies from Sigma-Aldrich; horseradish peroxidase-conjugated goat
anti-mouse or rabbit IgG antibodies used for Western blot from Calbiochem;
horseradish peroxidase-conjugated goat anti-mouse IgM antibody used for
Western blot from Jackson ImmunoResearch Laboratories; and rabbit anti-
GFP antibody and Alexa Fluor 488- or 594-conjugated goat anti-mouse or
rabbit IgG heavy and light chains (H+L) used for immunofluorescent stain-
ing from Invitrogen. All the other reagents were from Sigma-Aldrich unless
otherwise indicated.

Plasmid constructs and siRNA
The rat TrkB-FL, TrkB.T1, mutant TrkB constructs (JM1, JM0 and
AJM1), IL2R, and Flag-tagged IL2R-JM1 were kept in our laboratory.
The coding region of rat UCH-L1 was amplified from rat cDNA and
subcloned into pCMV-3tag-7. TrkB and UCH-LI site-directed muta-
tions (K454R, K460R, K464R, K506R, K524R, K533R TrkB; C90S, D30A
UCH-L1) and deletion mutation UCH-L1(A60-75, A75—85, A85-100,
A110-120, A120-147 UCH-L1) were generated by means of two-step
PCR,and subcloned into pcDNA3.1 or pCMV-3tag-7 expression vectors.
The truncated mutation of UCH-L1 (UCH-L1 1-150, UCH-L1 60-223)
was subcloned into pCMV3-tag7 expression vector (Agilent Technolo-
gies). HA-tagged rat UCH-L1 was subcloned into pPCDNA3.1 expression
vector (Invitrogen). GFP-tagged 75—85 of UCH-LI was subcloned into
PEGFPC2 expression vector (Invitrogen). All constructs were confirmed
by DNA sequencing to exclude potential mutations introduced by PCR.
Three small interfering RNA (siRNA) against rat UCH-L1 was de-
signed, synthesized, and purified by RiboBio. The target sequences were
asfollows: 5'-GGATGGATCAGTCCTGAAA-3",5'-GGTAGACGACAA
AGTGAAT-3', and 5'-CCAAGACAAGCTGGAATTT-3'. Scramble
siRNAs were used as a negative control in all RNA interference experiments.

Lentivirus and adeno-associated virus serotype-9

(AAV9) preparation

UCH-L1 sequence was subcloned into the pUltra-hot vector and the
empty pUltra-hot was used as a control. The lentivirus was produced by
transient transfection of the UCH-LI1 construct or control vector into
HEK293T cells using nanofectin with pMDLg/pRR, pMDG-VSVG, and
pRSV-Rev. After ~48-72 h, the supernatant containing lentivirus was
collected and filtered using a 0.45 uM filter. Then, 100 ul of supernatant
containing lentivirus was added into Neurobasal medium to transfect
1 X 10° neurons. The culture medium was changed to Neurobasal
medium containing 2% B27 supplement (Invitrogen) and L-glutamine
(0.5 mm) after ~8—12 h transfection.

The shRNA specific for mouse TrkB kinase domain and an shRNA-
resistant TrkB FL used in previous studies were also used in our study (Jiang
et al,, 2015). The recombinant AAV9 carrying the shRNA, AAV9 encoding
WT and C90S UCH-L1, AAV9 encoding shRNA-resistant TrkB, and empty
AAV9 with a reporter gene were generated at Vigene Biosciences.

Hippocampal neuron culture and transfection
Culture of hippocampal neurons were prepared as described previously.
At ~7-9 dinvitro (DIV) cultured hippocampal neurons were transfected



5980 - J. Neurosci., June 21, 2017 - 37(25):5978 —5995

with plasmids or siRNA using Lipofectamine 2000 or lipofectamine
RNAIMAX (Invitrogen) following the manufacturer’s instructions.
Two to 4 d after transfection, neurons were used for the indicated
experiments.

Coimmunoprecipitation (Co-IP) assay

For Co-IP, HEK293 cells transfected with the indicated constructs, or
cultured hippocampal neurons or mice hippocampi were lysed with TNE
buffer (10 mm Tris, pH 8.0, 150 mm NaCl, 1 mm EDTA, 1% NP-40, 10%
glycerol with protease inhibitor cocktail, Sigma-Aldrich). The lysates
were centrifuged at 14,000 X g for 10 min at 4°C. The supernatant was
incubated with indicated antibodies overnight at 4C, followed by 2 h of
incubation at 4°C with protein A or G-Sepharose beads. Then, after five
washes with TNE bulffer, the beads were eluted by boiling in sample
buffer for SDS-PAGE and further immunoblot analysis was conducted
with the indicated antibodies. Each experiment was repeated at least
three times.

Biotinylation assay to analyze surface TrkB level, surface TrkB
degradation, internalization, and postendocytic recycling

To determine the effects of Tat-UCH-L17°"% on BDNF induced-
degradation of surface TrkB, cell surface biotinylation and degradation
assays were performed as described previously (Huang et al., 2009).
Briefly, cultured hippocampal neurons (7-9 DIV) were serum starved
overnight and, after a 30 min pretreatment of vehicle or the peptide, the
surface proteins were labeled with sulfo-N-hydroxysuccinimide-biotin
at 4°C followed by vehicle or BDNF (50 ng/ml) stimulation at 37°C for 60
min. Subsequently, neurons were chilled on ice and lysed by TNE buffer
(containing 10 mm Tris, pH 8.0, 150 mm NaCl, 1 mm EDTA, 1% NP-40,
10% glycerol with protease inhibitors). The lysate was clarified by cen-
trifugation at 12,000 X g for 10 min and the biotinylated proteins were
isolated by streptavidin-conjugated Sepharose beads. TrkB-FL pulled
down by streptavidin beads, which represents the undegraded TrkB, was
separated by SDS-PAGE and detected using immunoblot.

For assessing the effects of Tat-UCH-L17°~% on BDNF-induced in-
ternalization and recycling of TrkB receptors, cell surface receptor cleav-
able biotinylation, internalization, and recycling assays were conducted
as described previously (Huang et al., 2009). Briefly, after serum starva-
tion overnight, neurons (7-9 DIV) were pretreated with Tat-UCH-
L17°7* for 30 min and labeled with sulfo-NHS-SS-biotin at 4°C. Then
the neurons were treated with vehicle or BDNF (50 ng/ml) for 15 min.
For internalization assay, the remaining surface biotin was removed us-
ing stripping solution (containing 50 mum glutathione, 0.01 g/ml BSA, 75
mm NaOH, 75 mm NaCl, 10 mm EDTA) for strip group and internaliza-
tion group; the biotin was not removed from cell surface in the surface
group in which the biotinylated proteins represents the total surface
biotinylated receptors. Then, the neurons were lysed with TNE buffer,
the lysates were centrifuged, and the biotinylated proteins in the
supernatant, which represent the total surface TrkB (surface group)
or internalized TrkB (internalization group), were isolated using
streptavidin-conjugated Sepharose beads. The precipitated beads were
then washed with TNE buffer and denatured in sample buffer at 98°C for
5 min. The biotinylated TrkB receptors from the various groups were
separated by SDS-PAGE and then detected by immunoblot. The inter-
nalization rate was calculated as follows: (internalized TrkB)/(total sur-
face TrkB) * 100%. For the recycling assay, neurons were pretreated with
proteasome inhibitor MG132 (10 um), lysosomal protease inhibitors
leupeptin/pepstatin A (100 ug/ml) for 90 min, and Tat-UCH-L1 7> % for
30 min. MG132 and leupeptin/pepstatin A were included in all subse-
quent steps to inhibit proteolysis. After being labeled with sulfo-NHS-
SS-biotin as described above, neurons were treated with vehicle or BDNF
treatment at 37°C for 15 min to induce internalization. Subsequently, for
internalization and recycling groups, the remaining surface biotin was
removed with stripping solution on ice, leaving internalized receptor
proteins biotinylated. Then, the neurons of surface, strip and internal-
ization group were lysed with TNE buffer and the neurons of recycling
group were rewarmed in fresh medium at 37°C for 45 min to allow the
recycling of the internalized TrkB back to surface. Then, the recycling
neurons were stripped again to remove the biotin labeling from the re-
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cycled receptors. Afterward, neurons were lysed and the unrecycled re-
ceptors were pulled down with streptavidin beads as described above.
The TrkB from the different groups were detected by anti-TrkB immu-
noblotting. The rate of unrecycled TrkB was calculated directly as fol-
lows: rewarming group/internalization group * 100%, which is inversely
proportional to the recycling rate.

Fluorescence ratio microscopy analysis of the levels of TrkB
receptor internalization and postendocytic recycling

The fluorescence images described below were acquired with an Eclipse
TE2000-U (Nikon) using an HQ2 cooled CCD camera and a 60X objec-
tive lens. Both wild-type and mutants TrkB-FL were Flag tagged and only
Flag-positive images of cultured hippocampal neurons were captured.
The internalization of TrkB-FL was assessed as described previously (Liu
etal,, 2015). Cultured hippocampal neurons (7-9 DIV) were transfected
with Flag-TrkB-FL construct (Flag epitope fused to the extracellular
N-terminal) using Lipofectamine 2000 2 d before the experiment. Next,
neurons were serum starved overnight. Then, the total pool of TrkB-FL
initially present at the cell surface was labeled with Alexa Fluor 594-
conjugated anti-Flag antibody (594-M1) at 20°C for 20 min. Afterward,
neurons were stimulated with BDNF (50 ng/ml) at 37°C for 15 min to
drive internalization of TrkB. Then, neurons were fixed with 4% para-
formaldehyde in PBS (4% PFA), followed by labeling the receptors re-
maining at cell surface with Alexa Fluor 488-conjugated anti-mouse IgG
secondary antibody under nonpermeabilizing conditions. Images were
acquired and the ratio of 488/594 fluorescence was calculated. The mean
488/594 ratio of the internalized group (named A) represented the un-
internalized TrkB-FL. For each experiment, there was a parallel control
group in which neurons were fixed immediately after the 20 min incu-
bation with 594-M1 and labeled with Alexa Fluor 488-conjugated anti-
mouse IgG antibody and the mean 488/594 ratio of this group (named B)
represented the 100% surface TrkB-FL. Therefore, the percentage of in-
ternalized TrkB receptors was calculated using the following formula:
(1 — A/B) X 100.

The level of TrkB recycling was assessed as described previously (Zhao
et al., 2009). In brief, cultured hippocampal neurons (7-9 DIV) trans-
fected with the Flag-TrkB were serum starved overnight and then incu-
bated with anti-Flag antibody (M1, calcium sensitive) conjugated to
Alexa Fluor 594 (594-M1) at 20°C for 20 min to label surface TrkB
receptor. Then, neurons were stimulated with BDNF (50 ng/ml) at 37°C
for 15 min to drive TrkB internalization, followed by quick washes with
cold PBS containing EDTA (1 mm) to dissociate the 594-M1 bound to
un-internalized TrkB receptors. Next, neurons were incubated in fresh
medium containing Alexa Fluor 488-conjugated anti-mouse IgG sec-
ondary antibody at 37°C for 45 min to label recycled receptors with
594-M1 that returned back to the cell surface. Then, neurons were im-
mediately fixed. Images were acquired using epifluorescence micros-
copy. The fluo-488/fluo-594 fluorescence ratio was calculated using
MetaMorph software. For each experiment, there were two parallel con-
trol groups: in the first, neurons were fixed immediately after the 20 min
incubation with 594-M1 and subsequently labeled with Alexa Fluor-488-
conjugated anti-mouse IgG antibody, the 100% surface control. In the
second, neurons were fixed immediately after the EDTA-stripping step
and then labeled with Alexa Fluor 488-conjugated anti-mouse IgG anti-
body, as the 0% recycled control. Therefore, the percentage of recycled
TrkB receptors in individual cells was calculated from the (fluo-488/fluo-
594) fluorescence ratio using the following formula: (E — Z)/(C — Z) X
100, where E is the mean ratio for the experimental coverslip, Z is the
mean ratio for the zero recycle control, and C is the mean ratio for the
100% surface control.

In vitro deubiquitination assays
UCH-LI with His tag was expressed in the BL21 Escherichia coli (DE3
strain; Novagen). Then, BL21 cells were lysed and UCH-L1 was purified
according to the instruction of His Ni-Agarose tag protein purification
kit (CoWin Biotech).

HEK293 cells were transfected with HA-Ub and Flag-TrkB. Forty-
eight hours after transfection, cells were lysed with TNE buffer contain-
ing protease inhibitors and anti-Flag M2-conjugated beads (for TrkB) to
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immunoprecipitated Flag-TrkB, in which a large amount of Flag-TrkB
was ubiquitinated. Immunoprecipitated complexes were washed and in-
cubated with recombinant His-UCH-L1 in deubiquitylation assay buffer
(50 mm HEPES/NaOH, pH 7.8, 0.5 mm EDTA, 1 mm DTT, 0.1 mg/ml
ovalbumin) at 37°C for 1 h. The reaction was terminated by adding SDS
sample buffer followed by 5 min heat denaturation at 95C. The ubiquiti-
nation of TrkB was detected by immunoblotting with the HA antibodies.

In vitro binding assay

HA-UCH-L1 and Flag-TrkB proteins were expressed with a TNT Quick
Coupled Transcription/Translation System (Promega) according to the
instructions of the manufacturer. HA-UCH-L1 and Flag-TrkB were
mixed, followed by immunoprecipitation with Flag antibodies and im-
munoblot with HA antibodies.

Surgical procedure and microinjection
To microinject peptides, after being anesthetized with 5% chloral hydrate
(0.6 ml/100 g, i.p.), the mice were implanted bilaterally with 26-gauge
guide cannulas to the DG. The coordinates were as follows: anteroposte-
rior (AP), —1.75 mm; lateral (L), =1.3 mm; dorsoventral (V), —2.24
mm. A stylus was placed in the guide cannula to prevent clogging. After
surgery, the animals were allowed to recover for 1 week and then TAT-
scramble or Tat-UCH-L17°>~% was injected. For AAV9 virus injection,
after being anesthetized with 5% chloral hydrate (0.6 ml per 100 g, i.p.),
the viruses were injected into bilateral DG without cannula implantation.
For the microinjection, the injection cannula was connected to a mi-
crosyringe driven by a microinfusion pump (KDS310; KD Scientific).
Viruses were microinfused ata rate of 0.1 pl/min and an additional 5 min
was allowed before withdrawal to ensure the infusions’ diffusion. After
AAVY9 injection, the mice were put back in their cages for ~7-10 d until
subsequent experiments.

Drug administration
N-(2-((2-oxo0azepan-3-yl)carbamoyl)phenyl)benzo[b]thiophene-2-
carboxamide (ANA-12), an inhibitor of TrkB receptors, was dissolved in
1% dimethylsulfoxide in physiological saline. Mice were treated with
ANA-12 (0.5 mg/kg) by intraperitoneal injection for 4 d before the ac-
quisition trial and, on the last day, were treated with ANA-12 30 min
before the acquisition trial.

Contextual fear conditioning

On the day of experiment, the mice were put into the conditioning cham-
ber (25 X 25 X 25 cm) and allowed to habituate for 2 min without any
stimulation; then they received 3 consecutive 0.4 or 0.7 mA 2 s foot
shocks through a stainless steel grid floor with an interval of 60 s. After the
last shock, the mice remained in the chamber for additional 60 s and were
then placed back in their home cages. Short-term memory (STM) was
tested 1 h after training. The animals were placed in the chamber in which
the training occurred and the freezing behavior was recorded for 5 min
without foot shock.

Locomotor activity test

The locomotor activity was assessed in the open-field test. The open field
apparatus consists of a 40 X 40 cm area with 35-cm-high walls. A single
mouse was placed in the center of the open-field arena and left free to
explore for 10 min. After each trial, the apparatus was cleaned with a 50%
ethanol solution to prevent olfactory cues. The total distance traveled in
the arena was recorded to test the locomotor activity.

Experimental design and statistical analysis

Experiment 1: UCH-L1 promotes CFC memory by regulating TrkB. To
investigate whether UCH-L1 could promote CFC memory via regulation
of TrkB, the following experiments were performed. First, 8-week-old
male mice were separated into the following groups: control, WT or C90S
UCH-L1 overexpression, TrkB overexpression, TrkB knockdown, and
TrkB knockdown with UCH-L1 overexpression. AAV viruses (AAV9-
UCH-L1 or AAV9-UCH-L1 C90S or AAV9-shTrkB or AAV9-OE TrkB,
specified in Fig. 1D,E) to overexpress UCH-L1 with/without TrkB
knockdown were stereotaxically injected into the DG region. AAV vi-
ruses expressing mCherry only or scramble RNA were used as control.
n = ~10-12 per group. Fifteen days later, the mice were subjected to
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CFC training and STM test. Second, in addition to using shRNA to knock
down TrkB levels, we also applied the TrkB inhibitor-ANA12 to inhibit
TrkB activity with or without UCH-L1 overexpression (see Fig. 1K,L,
n = 8 per group). The inhibitor was intraperitoneally injected for 4 d
before the acquisition trial and, on the last day, mice were treated with
ANA-12 30 min before the CFC training. One hour later, the STM test
was performed. After the STM test, the DG regions from those mice were
separated and proteins were extracted. TrkB activation, ubiquitination of
TrkB, and TrkB and UCH-LI levels were examined by immunoprecipi-
tation and Western blot (n = 4 per group).

Experiment 2: UCH-LI interacts with TrkB. This experiment was to
verify whether UCHLI interacts with TrkB. Co-IPs were performed to
examine the interaction between exogenous or endogenous expressed
UCH-L1 and TrkB. For the endogenous Co-IP assay, the DG regions
from male C57 mice were separated and proteins were extracted. Anti-
TrkB antibody was used to enrich the protein and anti-rabbit IgG was
used as a negative control. In vitro binding assay was performed to con-
firm the interaction between UCH-L1 and TrkB. All of the experiments
were performed at least three times.

Experiment 3: Mapping the TrkB/UCH-LI interaction domain. To find
the specific interaction domains in UCH-L1 and TrkB, several truncated
mutants or deletion mutants of UCH-L1 and TrkB were constructed and
Co-IP assays were performed. More detailed information can be found in
the Results section describing Figures 3 and 4. All of the experiments were
performed at least three times.

Experiment 4: UCH-LI regulates TrkB ubiquitination as a deubiquiti-
nating enzyme. To investigate whether UCHLI1 could regulate TrkB de-
ubiquitination via its deubiquitinating enzyme activity, we cotransfected
HEK293 cells with HA-Ub, Flag-TrkB together with WT UCH-L1, or
mutant UCH-L1 lacking deubiquitinating activity (C90S or D30A UCH-
L1) and examined the ubiquitination of TrkB. To exclude artifact caused
by exogenous expression of UCH-L1 and TrkB, we used the siRNA to
knock down the UCH-L1 (3 siRNAs against UCH-L1 were used and
scramble siRNA was used as control) or overexpress WT UCH-L1 or
C90S/D30A UCH-L1 with lentivirus in cultured primary neurons and
detected the endogenous TrkB ubiquitination level. To further validate
the above results, we performed in vitro deubiquitination assays. More
detailed information can be found in the Results section describing
Figure 5. All of the experiments were performed at least three times.

Experiment 5: Study of the ubiquitination site in TrkB regulated by
UCH-LI. To investigate the ubiquitination sites in TrkB regulated by
UCH-L1, we constructed several point mutants of TrkB, the mutation
sites of which were near the UCHL1/TrkB interaction area, and the
amino acid sites were mutated from lysine (K) to arginine (R): K454R,
K460R, K464R, K506R, K524R, K533R, KJMR (all of the lysine in the J]M
region of TrkB mutated to arginine) and R460K (all of the lysine in the
JM region of TrkB but K460 mutated to arginine) TrkB. We cotrans-
fected HA-Ub, Flag-WT TrkB, or mutant TrkB together with UCHL1
into HEK293 cells and the ubiquitination of TrkB was examined. All of
the experiments were performed at least three times.

Experiment 6: Effects of Tat-UCH-L17>"% on ubiquitination of TrkB,
TrkB degradation, and intracellular trafficking. To explore the effects of
the peptide on TrkB ubiquitination, the cultured primary hippocampal
neurons (DIV = 7) were pretreated with Tat-con or Tat-UCHL1”>~*° for
30 min followed by BDNF stimulation. The ubiquitination of TrkB was
examined. The effects of the peptides on surface TrkB degradation were
measured by surface biotin assay. More detailed information can be
found in the Results section describing Figure 7.

To study the effects of Tat-UCH-L17>7®> on TrkB endocytosis and
postendocytic recycling, fluorescence-based internalization and recy-
cling assays were performed. For each experiment at least 30 successfully
transfected neurons per group were selected. At the same time, surface
biotinylation internalization and recycling assays were also performed.
More detailed information can be found in the Results section. All of the
experiments were performed at least three times.

Experiment 7: Effects of Tat-UCH-L17> "> on TrkB and its downstream
signaling pathways. To determine whether Tat-UCH-L17>"% has any
effects on TrkB signaling pathways, cultured primary hippocampal neu-
rons were pretreated with Tat-Con or Tat-UCH-L17>%° for 30 min,
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Figure 1.

& ANA12

UCH-L1 promotes hippocampus-dependent learning and memory via requlating TrkB. A, Representative images of the DG region injected with AAV9 viruses. The immunofluorescence

of GFP or mCherry represents AAV9-infected cells. 200 .um. B, Overexpression of UCH-LTand the knockdown of TrkB in the DG of hippocampus, other parts of hippocampus, cortex, and striatum were
examined by Western blot. €, Schematic representation of the experimental schedule to investigate the effects of UCH-L1 and TrkB on STM. D, E, CFC (Figure legend continues.)
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followed by BDNF stimulation for the indicated times. Then, pTrkB,
pERK1/2, and pAkt were examined by Western blot. All of the experi-
ments were performed at least three times.

Experiment 8: Effects of Tat-UCH-L1”>% on CFC learning and
memory. This experiment was to investigate the effects of the Tat-UCH-
L17°7% on CFC learning and memory. The Tat-scramble or Tat-UCH-
L17°7% was injected into the DG region of mice (for more details, plese
see the “Surgical procedure and microinjection” section) Thirty minutes
later, the mice were subjected to CFC training followed by the STM test
(n = 12 for each group). Then, the mice were killed and the DG regions
were separated and proteins were extracted to detect the indicated pro-
tein levels. More detailed information can be found in the Results section
describing Figure 10.

Statistical analysis

All statistical analyses were performed using SPSS software. Compari-
sons of multiple groups were performed using one-way ANOVA fol-
lowed by post hoc tests. When equal variances were assumed, an LSD test
was used to compare the differences between groups. If not, a Dunnett’s
T3 test was used. Comparisons of two groups were performed using a
two-tailed ¢ test. Data are presented as the mean * SEM and the signifi-
cance was set at p << 0.05.

Results

UCH-L1 promotes hippocampus-dependent memory by
regulating TrkB

Ithasbeen demonstrated that UCH-L1 plays an important role in
maintaining learning and memory abilities (Sakurai et al., 2008;
Zhang et al., 2014). BDNF-TrkB signaling pathways have also
been shown to be critical in regulating learning and memory
(Minichiello et al., 1999). First, an AAV virus that expressed
UCH-L1 (AAV9-UCH-L1) or knocked down TrkB (AAV9-
shTrkB) was stereotaxically injected into the DG region of mice.
Many GFP- or mCherry-positive cells were observed in the DG
region of AAV-virus infected mice (Fig. 1A), which demon-
strated that the viruses successfully infected the cells in vivo. The
efficacy of UCH-L1 overexpression and TrkB knockdown in the
DG region of the hippocampus was also examined by Western
blot. As shown in Figure 1B, the overexpression of UCH-L1 or the
knockdown of TrkB was only limited to the DG region of the
hippocampus. Ten days after the virus injection, CFC training
and STM test (1 h after training) were performed. To avoid a
ceiling effect, a lower current of 0.4 mA was used. We found that
neither the overexpression of UCH-L1 nor the knockdown of
TrkB could interfere with the CFC training process (Fig. 1D).
Overexpression of WT UCH-L1 but not C90S UCH-L1 (Fig. 1F),
which lacks deubiquitinating activity, significantly increased the
freezing time (from 45.46 * 1.45% to 67.26 = 3.68%, Fig. 1E,
Flo6) = 35.842, p < 0.001; p < 0.001, WT UCH-L1 vs control;
p = 0.588, C90S UCH-L1 vs control, one-way ANOVA), indicat-
ing that UCH-L1 promotes STM and this effect is dependent on

<«

(Figure legend continued.) training and STM test were performed in the indicated mice. **p <
0.01 versus control or scramble group, ##p << 0.01, indicated groups, one-way ANOVA. All
valuesare presented as mean == SEM, n = 1012 per group. F, G, Representative immunoblot
images of the overexpression of WT UCH-L1 or C90S UCH-L1 (F) and the knockdown of TrkB
levels (G). H—J, Representative immunoblot images (H) and densitometric analysis of TrkB
ubiquitination (/) and protein levels (J) in the DG of mice. The control group consisted of naive
mice injected with vehicle. n = 4 per group. **p << 0.01 versus control, #p << 0.05, indicated
groups, one-way ANOVA. K, L, CFC training and STM test were performed in mice with TrkB
inhibition (ANA12) or/and UCH-L1 overexpression. **p << 0.01 versus control group. #p <
0.05, indicated groups, one-way ANOVA. All values are presented as mean = SEM, n = 8 per
group. M, N, Representative immunoblot images (M) and densitometric analysis of TrkB acti-
vation (N) in the DG of mice. The control group consisted of naive mice injected with vehicle.
n = 4 per group. **p << 0.01 versus control, one-way ANOVA.
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its deubiquitinating activity. Decreased TrkB expression with
shRNA led to a significant reduction in freezing time (from
41.85*2.97%1t023.79 = 1.41%), and overexpression of sShRNA-
resistant TrkB-FL in shRNA expressing brains to restore the level
of TrkB-FL (Fig. 1G) could lead to a significant increase in the
freezing time compared to shRNA TrkB group (from 23.79 =
1.41% to 37.48 *+ 1.15%, Fig. 1E, F(q 55, = 35.842, p < 0.001; p =
0.007, shTrkB vs Scr; p = 0.002, shTrkB and TrkB vs shTrkB,
one-way ANOVA). These results consistently suggested that
TrkB is critical in regulating hippocampus-dependent memory.
Next, we investigated the relationship between UCH-L1 and
TrkB. To find out, AAV9-UCH-L1 and AAV9-shTrkB viruses
were simultaneously injected into the DG of mice and STM was
performed. It is interesting that the freezing time of mice in the
UCH-L1+ shTrkB group increased compared with the mice in
the TrkB knockdown group (35.2 = 2.93% vs 23.79 = 1.41%),
but the freezing time was still lower than in the vehicle control
group and even much lower than in the UCH-L1 overexpression
group (67.26 = 3.68% vs 35.2 = 2.93%, Fig. 1E, F 75y = 35.842,
p < 0.001; p = 0.004, UCH-L1+ shTrkB vs shTrkB; p < 0.001,
UCH-L1+ shTrkB vs WT UCH-LI, one-way ANOVA). These
results indicated that the knockdown of TrkB prevents UCH-L1
induced improvements in STM. Therefore, TrkB is likely down-
stream of UCH-L1 in the regulation of STM. To further confirm
this hypothesis, we applied the TrkB inhibitor ANA-12 and ex-
amined its effects on STM. ANA12 dramatically decreased the
activation of TrkB in the DG of mice, as shown in Figure 1, M and N
(Fi38) = 331,963, p < 0.001; p < 0.001, control vs ANA-12,
one-way ANOVA). In addition, the results of the behavior test
were consistent with the knockdown of TrkB by shRNA. The
inhibition of TrkB also led to a significant decrease in freezing
time and impairing their STM (from 50.33 * 4.28% to 24.82 =
1.66%). This effect could not be reversed by the overexpression of
UCH-L1 (24.82 * 1.66% vs 31.05 * 0.99%, Fig. 1L, F(5 5 =
40.450, p < 0.001; p = 0.005, control vs ANA-12; p = 0.181,
ANA-12 vs OE UCH-L1 and ANA-12, one-way ANOVA). All
of these results suggest that UCH-L1 regulates hippocampus-
dependent memory via TrkB signaling pathways. Because UCH-LI
is a member of the deubiquitinase family and promotes STM
dependent on its hydrolase activity, we speculated that it could
regulate the ubiquitination of TrkB. Indeed, we found that the
overexpression of UCH-LI in the DG led to a decrease in the
ubiquitination of TrkB (Fig. 1H,1, F; 5y = 18.082, p < 0.001;
p = 0.002, control vs UCH-L1 OE, one-way ANOVA) and the
content of TrkB significantly increased compared with controls
(Fig. 1H,J, F5,3) = 39.103, p < 0.001; p = 0.020, control vs
UCH-L1 OE, one-way ANOVA), which suggests that UCH-L1
may regulate TrkB ubiquitination as a deubiquitinase during the
CFC process and thus alter TrkB protein levels.

UCH-L1 interacts with TrkB independent of TrkB

kinase activity

To further investigate whether UCH-L1 could regulate TrkB
ubiquitination as a deubiquitinase, we first tested whether UCH-L1
could associate with TrkB in an exogenous Co-IP assay. Flag-
tagged TrkB-FL or TrkB.T1 with Myc-tagged UCH-L1 was trans-
fected into HEK293 cells. After the immunoprecipitation of TrkB
with Flag antibodies, an association between TrkB and UCH-L1
was observed by immunoblotting with myc antibodies (Fig. 2A).
The complex that formed between TrkB-FL and UCH-L1 was
also confirmed after immunoprecipitation with myc antibodies
and immunoblotting with Flag antibodies (Fig. 2B). To exclude
any artifacts caused by overexpression and to determine whether
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Figure 2.  UCH-L1 associates with TrkB-FL independently of TrkB kinase activity. 4, Co-IP

was performed in lysates of HEK293 cells expressing Flag-tagged TrkB-FL (FL) or TrkB.T1 (T1) and

Myc-tagged UCH-L1. Cell lysates were immunoprecipitated (IP) with anti-Flag antibodies. B, Co-IP was performed in lysates of HEK293 cells expressing Flag-tagged TrkB-FL and Myc-tagged UCH-L1.
Cell lysates were immunoprecipitated with anti-Myc antibodies. €, Endogenous association of UCH-L1 and TrkB receptors was detected by Co-IP in (57 mice brain tissues. Brain lysates were
immunoprecipitated with anti-TrkB antibodies. A preimmunized IgG (rabbit) was used as a negative control. D, In vitro binding assay to investigate the interaction between TrkB and UCH-L1.

Flag-TrkB FL and HA-UCH-L1 were obtained by in vitro transcription and translation. Interactio
by immunoprecipitation with Flag antibodies. E, Co-IP was performed in lysates of HEK293 cell

n between TrkB and UCH-L1 was assayed by mixing Flag-TrkB FL and HA-UCH-L1 together, followed
s expressing Myc-tagged UCH-L1 and Flag-tagged TrkB-FL or TrkB KD. Cell lysates were immunopre-

cipitated with anti-Flag antibodies. F, Quantification of the affinity between UCH-L1 and TrkB FL or TrkB KD. Data are shown as the mean == SEM. p > 0.05, Student’s ¢ test. Each Co-IP experiment

was repeated three times and representative data are shown.

this interaction occurs in physiological conditions, we performed
an endogenous Co-IP assay with rat brain lysate. The lysate was
immunoprecipitated with anti-TrkB antibodies and immuno-
blotted with anti-UCH-LI antibodies. We found an association
between endogenous UCH-L1 and TrkB (Fig. 2C). Therefore, we
determined that TrkB and UCH-L1 could interact with each
other and form a complex both in vitro and in vivo. To investigate
whether UCH-LI interacts directly with TrkB, we performed the
in vitro binding assay with purified UCHLI1 and TrkB and the
result demonstrated that UCHLI associates with TrkB directly
(Fig. 2D).

We have shown that both TrkB-FL and TrkB.T1 interact with
UCH-L1 with similar affinities (Fig. 1A) and TrkB.T1 is a trun-
cated TrkB with no intracellular kinase domain (Fig. 3A). It is
likely that the association between TrkB and UCH-L1 is indepen-
dent of TrkB kinase activity. To further confirm this, wild-type
Flag-tagged TrkB-FL or TrkB-Kinase dead construct (TrkB-KD)
(Zhao et al., 2009) were transfected into HEK293 cells with Myc-
tagged UCH-L1. We found that UCH-L1 interacted with both
TrkB-FL and TrkB-KD at comparable levels (Fig. 2EF, ' =
0.294, p = 0.807, two-tailed t test), indicating that the association
is independent of the kinase activity of TrkB.

Mapping the TrkB/UCH-L1 interaction domain

Because TrkB and UCH-L1 form a complex, we next mapped the
domain involved in their interaction. Our results showed that
both TrkB-FL and TrkB.T1 could interact with UCH-L1 (Fig.
2A). As shown in Figure 3A, TrkB.T1 shares with TrkB-FL a
consensus 12 aa (K454—G465, JM1) in the intracellular JM do-
main. To address whether these 12 aa play an important role in

their interaction, several TrkB mutant constructs were used as
previously reported: TrkB-JM1 that retained the 12 aa in the TrkB
intracellular domain, TrkB-JMO with the entire TrkB intracellu-
lar domain deletion, and TrkBAJM1 with the 12 aa deletion in the
TrkB intracellular domain (Fig. 3A; Huang et al., 2011). The
Co-IP assay revealed that TrkB-JM1, but not TrkBAJM1 or TrkB-
JMO, could still interact with UCH-L1 (Fig. 3B), suggesting that
the JM1 domain is necessary for TrkB/UCH-L1 interaction. To
further investigate whether the JM1 domain is sufficient for the
TrkB/UCH-LI interaction, we transplanted JM1 to the C-terminal
of IL2R, which has a short cytoplasmic tail (Fig. 3C). We found that
IL2R itself could not interact with UCH-LI and the JM1 transplan-
tation could confer its binding ability with UCH-L1 (Fig. 3D), sug-
gesting that the JM1 domain in TrkB is not only necessary but also
sufficient for the TrkB/UCH-L1 interaction.

To verify which region in UCH-L1 is involved in the UCH-
L1/TrkB interaction, we constructed several deletion mutants of
UCH-L1 with N-terminal myc tags (Fig. 4A) and performed
Co-IP assays. TrkB was found to interact with aa 1-150 and 60—
223 in UCH-L1 (Fig. 4B), indicating that TrkB interacts with a
region within aa 60—150 of UCH-L1. To define more precisely
the region required for TrkB binding, a series of mutants of
UCH-L1 with corresponding amino acid deletions were con-
structed based on its tertiary structure: A60-75, A75-85, A85—
100, A110-125, and A125-147 (Fig. 4C). The Co-IP was
performed and the result showed that TrkB interacts with A60—
75, A85-100, A110-125, and A125-147 UCH-L1, but not with
A75-85 UCH-LI1 (Fig. 4D), which indicated that aa 75-85 of
UCH-L1 are necessary for the association between UCH-LI and
TrkB. To further investigate whether aa 75-85 of UCH-LI are
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ubiquitination of TrkB, as detected with
the P4D1, but not with FK1 (Fig. 5A). To
confirm the fidelity of the FK1 antibody,
the state of ubiquitination of B-catenin,
1 which has been reported to be polyubiq-
uitinated (Dimitrovaetal., 2010), was also

Mo C—7/—m Flag-TrkBFL -+ - - analyzed in neurons. The polyubiquiti-
AIM1 I:/’:EI-:';C-J Fla _'I:E%I‘lj‘l\zﬁ o T N nated B-catenin was effectively detected
c ngC-UCH-L1 o+ 44 by both FK1 and P4D1 antibodies (Fig.
35kD = = Myc 5B). We also found that anti-K48 or K63
Flag-TkBFL -+ - - - 145kD-{ - polyubiquitin antibodies could not detect
Flag-JM1 - -+ - - . IP:Flag  BDNF-induced ubiquitination of TrkB
Flag-JMO - - - + - Flag . 1 d ori Fig. 5C
FlagAJM1 - - - - + in cultured primary neurons ( ig. ).
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Figure 3.

sufficient for the TrkB/UCH-LI interaction, we transplanted aa
75—85 of UCH-L1 to a pEGFP-C2 vector. We found that pPEGFP-C2
itself could not interact with TrkB and aa 75-85 transplantation
confers its binding ability with TrkB (Fig. 4E). The above results
suggest that aa 75-85 in UCH-L1 are not only necessary but also
sufficient for the TrkB/UCH-L1 interaction.

Our previous studies have shown that the TrkB/UCH-L1 in-
teraction does not depend on TrkB kinase activity and we further
investigated whether the interaction depends on the hydrolase
activity of UCH-LI. We cotransfected HEK293 cells with a Flag-
tagged TrkB-FL and a Myc-tagged WT or C90S or D30A UCH-
L1. The C90S mutation abolishes its enzymatic hydrolase activity
and maintains ubiquitin binding affinity, whereas the D30A mu-
tation causes a loss of ubiquitin-binding ability (Larsen et al.,
1996; Osaka et al., 2003). The Co-IP results showed that both WT
and mutant UCH-L1 interacted with TrkB-FL; the C90S muta-
tion results in a weaker association (Fig. 4G), but D30A did not
(Fig. 4F, G, F5,5) = 10.981, p = 0.010; p = 0.015, C90S vs WT;
p = 0.294, D30A vs WT, one-way ANOVA), suggesting that
UCH-L1 hydrolase activity plays an important role in the regu-
lation of their interaction.

UCH-L1 regulates TrkB ubiquitination as a

deubiquitinating enzyme

Because UCH-L1 and TrkB interact with each other and the over-
expression of UCH-LL1 led to a reduction in TrkB ubiquitination
in vivo, we hypothesized that UCH-L1 regulates TrkB ubiquiti-
nation as a deubiquitinase. To study our hypothesis, first we ex-
amined TrkB ubiquitination. Primary hippocampal neurons at
DIV7 were stimulated with BDNF (50 ng/ml) for 15 min and the
cell extracts were subjected to immunoprecipitation with TrkB
antibodies and blotted in parallel with antibodies that recognize
both multimonoubiquitination and polyubiquitination (P4D1)
or only polyubiquitination (FK1) as described previously (Arévalo etal.,
2006). Consistent with the results of previous study (Arévalo et al.,
2006), BDNF induced a rapid and significant increase in the

JM1 of TrkB is both necessary and sufficient for the association between TrkB and UCH-L1. A, Schematic presentation
of TrkB-FL, TrkB-T1, JM1,JMO, and AJM1 used in this study. B, Co-IP was performed in HEK293 cell lysates expressing Myc-UCH-L1
and Flag-TrkB FL or other TrkB mutants: JM1, JMO, or AJM1. Cell lysates were immunoprecipitated (IP) using anti-Flag antibodies.
€, Schematic presentation of IL-2R and IL-2R JM1 used in this study. D, Co-IP was performed in HEK293 cell lysates expressing
Myc-UCH-L1 and Flag-TrkB FL or IL-2R or IL-2R JM1. Cell lysates were immunoprecipitated using anti-Flag antibodies.

aptic structures, and functions (Zhao et
al., 2009; Huang et al., 2013) and we fo-
cused on studying the effects of UCH-L1
on TrkB FL in the following studies. To
further confirm that UCH-LI regulates
the ubiquitination of TrkB, we examined
endogenous BDNF-induced TrkB ubig-
uitination in primary hippocampal neurons via the overexpres-
sion or knockdown of UCH-L1. As shown in Figure 5D, the
reduction of UCH-LI by three different siRNAs led to increased
ubiquitination of TrkB. In addition, the ubiquitination level of
TrkB decreased with the overexpression of WT UCH-LI1, but
C90S UCH-L1 (Fig. 5E), which lacks hydrolase activity, could not
reduce the ubiquitination of TrkB. These results suggested that
UCH-L1 could regulate the deubiquitination of TrkB and this
regulation is dependent on its hydrolase activity. This also oc-
curred in HEK293 cells with TrkB and WT or mutant UCH-L1
expression. In HEK293 cells, the level of TrkB ubiquitination
decreased significantly with WT UCH-L1 overexpression and
C90S or the D30A mutant UCH-L1, both of which lack the hy-
drolase activity, failed to decrease the ubiquitination of TrkB (Fig.
5G), also suggesting that UCH-LI regulates TrkB ubiquitination
mainly via its hydrolase activity. In addition, an in vitro deubiqui-
tination assay was performed. As expected, recombinant UCH-L1
protein was able to potently deubiquitinate TrkB (Fig. 5H),
strongly suggesting UCH-L1 as a deubiquitinating enzyme that
regulates TrkB ubiquitination. We also found that binding be-
tween UCH-L1 and TrkB increased after BDNF treatment (Fig.
5E,F), suggesting that the affinity between UCH-L1 and TrkB
could be regulated by BDNF.

UCH-L1 mainly deubiquitinates TrkB at K460

There are ~20 potential ubiquitin lysine loci in the intracellular
domain of TrkB-FL and we next investigated which sites could be
the major ubiquitination sites regulated by UCH-LI. Consider-
ing that the JM1 region of TrkB is important for the interaction
between TrkB and UCH-L1, we speculated that the TrkB ubiq-
uitination sites regulated by UCH-L 1 were mainly located near
the JM area. To test the hypothesis, several TrkB mutants were
constructed in which each of the lysines in JM region was mu-
tated to arginine (K454R, K460R, K464R, K506R, K524R, and
K533R). We cotransfected Flag-tagged TrkB-FL or TrkB mutants
with or without UCH-L1 in HEK293 cells and the ubiquitination
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Figure 4.

The 75— 85 aa region of UCH-L1 is necessary and sufficient for the interaction between UCH-L1and TrkB. 4, Schematic presentation of UCH-L1-FL, UCH-L1 1150, and UCH-L1 60223

used in this study. B, Co-IP was performed in HEK293 cell lysates expressing Myc UCH-L1 or UCH-L1 1150 or UCH-L1 60 —223 and Flag-TrkB FL. Cell lysates were immunoprecipitated using anti-Myc
antibodies and analyzed by immunoblotting with Flag antibodies. €, Schematic presentation of UCH-L1-FL and its deletion mutats. D, Co-IP was performed in HEK293 cell lysates expressing Myc
UCH-L1 or its deletion mutants and Flag-TrkB. Cell lysates were immunoprecipitated (IP) using anti-Myc antibodies and analyzed by immunoblotting with Flag antibodies. E, Co-IP was performed
in HEK293 cell lysates expressing pEGFPC2 (GFP) or pEGFPC2-UCH-L175~8% (GFP-75— 85) and Flag-TrkB FL. Cell lysates were IP using an anti-Flag antibodies and analyzed by immunoblotting with
GFP antibodies. F, Co-IP was performed in HEK293 cell lysates expressing Myc UCH-L1 or its mutants and Flag-TrkB. Cell lysates were IP using an anti-Flag antibodies and analyzed by immunoblotting
with Myc antibodies. G, Quantification of the affinity between TrkB FL and UCH-L1 or mutants of UCH-L1. *p < 0.05 versus WT UCH-L1, one-way ANOVA.

of TrkB was examined. As shown in Figure 6, A and B, the K460R
mutation led to a significant reduction in TrkB ubiquitination
(F1328) = 7.869, p < 0.001; p = 0.003, K460R TrkB vs WT TrkB
FL, one-way ANOVA) and the ubiquitination level of other mu-
tant TrkB receptors remained at a comparable level as WT TrkB-
FL; UCH-LI overexpression failed to deubiquitinate TrkB when
K460 was changed to arginine, however, UCH-LI could still deu-
biquitinate the other mutant TrkB receptors. These results sug-
gest that K460 may be the major ubiquitination site of TrkB and
may also be the major ubiquitination site regulated by UCH-LI.
However, this could not exclude the possibility that the ubiquiti-
nation of K460R TrkB has reached the lowest level, so that over-
expression of UCH-LI could not lead to further reduction of
ubiquitination. To confirm that UCH-L1 deubiquitinates TrkB
at K460, we constructed two other constructs: in one construct,
all lysines in the JM region were mutated to arginine (KJMR) and,
in the other construct, all lysines but K460 in the JM region were
mutated to arginine (R460K). The ubiquitination level of these
two constructs was detected with or without UCH-L1 overex-
pression. We found that the ubiquitination level of KJMR TrkB

decreased significantly, as expected, and UCH-LI had no effects
on its ubiquitination; however, the ubiquitination of R460K
TrkB was at a comparable level as WT TrkB and UCH-L1 could
still deubiquitinate R460K TrkB (Fig. 6C,D, F5 ;,, = 46.461,p <
0.001; p = 0.004 KJMR TrkB vs TrkB FL; p = 0.667,
KJMR+UCH-L1 vs KJMR, p = 0.670, R460K TrkB vs TrkB FL,
p = 0.001, R460K TrkB vs R460K TrkB+UCH-L1, one-way
ANOVA). All of the above data suggested that K460 in TrkB is the
major site of ubiquitination and also the primary site regulated by
UCH-LI.

Blockade of UCH-L1-regulated TrkB deubiquitination by
Tat-UCH-L17>"®* promotes TrkB degradation

Ubiquitination of surface receptors has been demonstrated to
regulate their biological functions, such as intracellular sorting
and degradation (Haglund et al., 2003; Widagdo et al., 2015), so
we further explored the effects of UCH-L1-regulated TrkB deubi-
quitination on TrkB degradation and intracellular trafficking. To
this end, a specific peptide, aa 75-85 of UCH-LI fused with
biotin and the membrane permeability domain (Tat) at the
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Figure5. UCH-L1 regulates TrkB deubiquitination. A, TrkB undergoes multimonoubiquitination in response to BDNF. Primary neurons were serum starved for 8 —12 h before stimulation with
BDNF (50 ng/ml) for 15 min. The ubiquitination of TrkB was examined by immunoprecipitation with anti-TrkB antibodies followed by immunoblotting with P4D1 antibodies, which recognize both
multimonoubiquitinated and polyubiquitinated substrates, and FK1 antibodies, which recognize only polyubiquitinated substrates. B, 3-catenin was polyubiquitinated. Primary neurons were
serum starved for 8 —12 hand the ubiquitination of 3-catenin was examined by both P4D1and FK1 antibodies. C, TrkB is not ubiquitinated by K48 or K63 polyubiquitin chains. Primary neurons were
serum starved for 8—12 h before stimulation with BDNF (50 ng/ml) for 15 min. The ubiquitination of TrkB was examined by immunoprecipitation with anti TrkB antibodies followed by immuno-
blotting with P4D1, anti-K48, and anti-K63 antibodies. D, UCH-L1 was knocked down with three siRNAs in primary neurons and the ubiqutination of TrkB was examined. E, UCH-LT was
overexpressed with lenti-WT UCH-L1 or C90S UCH-L1 in primary neurons and the ubiquitination of TrkB and the binding between UCH-L1 and TrkB were examined. F, Quantification of UCH-L1 and
TrkB in cultured primary neurons before and after BDNF application. *Significant difference with p << 0.05, Student’s ¢ test. G, UCH-L1 deubiquitinates TrkB dependent on its hydrolase activity.
HEK293 cells were transfected with Myc-UCH-L1, C90S, or D30A mutants together with Flag-TrkB FL and HA-Ub. Cell lysates were immunoprecipitated using anti-Flag antibodies and analyzed by
immunoblotting with HA antibodies. H, UCH-L1 deubiquitinates TrkB in an in vitro deubiquitination assay. HEK293 cells were transiently transfected with Flag-TrkB and HA-Ub and ubiquitinated
TrkB was enriched with anti-Flag antibodies. Purified UCH-L1 was incubated together with ubiquitinated TrkB in deubiquitylation assay bufferat 37°Cfor 1 h. The ubiquitination of TrkB was analyzed
by immunoblotting.

N-terminal (Tat-UCH-L17>~®%), which specifically blocks UCH-
L1/TrkB interaction in a competitive manner, was used instead of
the UCH-L1 inhibitor LDN57444 or the knockdown of UCH-LI1.
In addition to inhibiting the activity of UCH-L1, the inhibitor
also alters proteasome activity (Tan et al., 2008). UCH-L1 is a
multifunctional proteins (Larsen et al., 1996; Liu et al., 2002;
Osaka et al., 2003; Kabuta et al., 2013) and the knockdown of
UCH-LI has broader effects in addition to its effects on TrkB.
Therefore, the peptide could be a better tool with which to inves-

tigate the specific effects of UCH-L1-regulated TrkB. We first
tested the efficiency of Tat-UCH-L17>~%, HEK293 cells trans-
fected with TrkB and UCH-LI were treated with Tat-UCH-
L17°7% (10 pm) for 30 min and a Co-IP assay was performed. As
shown in Figure 7A, the association between UCH-L1 and TrkB
was efficiently inhibited by the peptide. We next investigated
whether this inhibition affects ubiquitination of TrkB. As ex-
pected, the deubiquitination of TrkB regulated by UCH-L1 was
significantly inhibited by Tat-UCH-L17°>"® (Fig. 7B). A similar
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Figure 6.  UCH-L1 mainly deubiquitinates TrkB at K460 site. A, K460 is the major site of ubiquitination of TrkB. HEK293 cells were transiently transfected with Flag-TrkB FL o its site mutants
together with Myc-UCH-L1 and HA-Ub. Cell lysates were immunoprecipitated using anti-Flag antibodies and the ubiquitination of TrkB was analyzed by immunoblotting with HA antibodies.
B, Quantification of the ubiquitination level of WT or the site mutant TrkB FL. *p << 0.05, **p << 0.01 versus no UCH-L1 control, ##p << 0.01 versus WT TrkB-FL control, one-way ANOVA. €, UCH-L1
requlates TrkB ubiquitination at the K460 site. HEK293 cells were transfected with Flag-TrkB, Flag-TrkB KIMR, or Flag-TrkB R460K together with Myc-UCH-L1 and HA-Ub. Cell lysates were
immunoprecipitated (IP) using anti-Flag antibodies and the level of ubiquitination of WT or mutant TrkB was analyzed by immunoblotting with HA antibodies. Statistical results are shown in D.
**p <0.01 versus no UCH-L1-expressing control, ##p << 0.01 versus WT TrkB-FL control, one-way ANOVA. All data are presented as mean = SEM.

result was also observed in cultured primary hippocampal neu-
rons, in which the addition of Tat-UCH-L17>"® efficiently in-
creased BDNF-induced TrkB ubiquitination (Fig. 7C). These
results suggest that the inhibition of the association between
UCH-L1 and TrkB by Tat-UCH-L17>7®> promotes the ubiquiti-
nation of TrkB. It has been demonstrated that UCH-L1 could
also deubiquitinate other proteins such as Hif-la and NOXA
(Brinkmann et al., 2013; Goto et al., 2015). To confirm the spec-
ificity of the peptide, we investigated whether Tat-UCH-L1 had
any effects on UCH-L1-mediated deubiquitination of Hif-1a. As
shown in Figure 7D, UCH-LI successfully reduced the ubiquiti-
nation of Hif-1a; however, Tat-UCH-L17>"% failed to block
UCH-L1-mediated deubiquitination of Hif-1a. All of these re-
sutls suggest that Tat-UCH-L17>"*> could specifically inhibit
UCH-L1-mediated TrkB deubiquitination.

The Tat-UCH-L17>"% was used to investigate the effects of
UCH-L1-regulated deubiquitination of TrkB-FL. First, we per-
formed a surface biotin assay to study its effects on BDNF-mediated
surface TrkB-FL degradation. Cultured hippocampal neurons were
pretreated with 10 M Tat-Con or Tat-UCH-L17>~® for 30 min and
then the surface proteins were biotinylated, followed by BDNF (50
ng/ml) exposure for 60 min to allow for the degradation of endocytic
TrkB-FL. The biotin-labeled TrkB-FL, which represented the unde-
graded TrkB-FL, was pulled down by avidin-agarose and detected by
immunoblot with TrkB antibodies. The quantification of data re-
vealed that, in the Tat-Con group, after BDNF stimulation, 54.4 =
0.68% of surface TrkB-FL was degraded, in contrast to 70.9 * 2.40%

of surface TrkB-FL degraded in Tat-UCH-L17>*>-treated neurons
(Fig. 7E,F, F(s ) = 46.057, p = 0.001; p = 0.001, Tat-Con + BDNF
vs Tat UCH-L17>"* + BDNF, one-way ANOVA). These results
suggest that the blockage of the interaction of UCH-L1 and TrkB
with Tat-UCH-L17>~® increases the ubiquitination of TrkB and
promotes BDNF-induced surface TrkB-FL degradation. The pep-
tide caused an increase of ubiquitination of TrkB-FL and the K460R
mutation caused a reduction of ubiquitination of TrkB-FL. There-
fore, to better understand the effects of TrkB-FL ubiquitination on
its degradation, we also investigated the BDNF-induced degradation
of surface K460R TrkB. As shown in Figure 7, G and H, BDNF led to
a significant reduction of WT TrkB-FL; however, the K460R muta-
tion made TrkB-FL more resistant to degradation (Fig. 7G,H,
F.4) = 10.186, p = 0.024; p = 0.011, TrkB-FL vs TrkB-FL +
BDNE, p = 0.565, TrkB K460R vs TrkB K460R + BDNF, one-way
ANOVA). These results indicate that the ubiquitination of TrkB-FL
could promote degradation of surface TrkB-FL receptors.

Ubiquitination of TrkB-FL results in the enhanced
internalization of the TrkB-FL receptor

We hypothesized that the increased degradation of surface
TrkB-FL is caused by the altered intracellular trafficking steps
after BDNF stimulation, which includes the initial internalization
process and the postendocytic recycling or degradation path-
ways. To determine whether the endocytosis of TrkB-FL could be
influenced by Tat-UCH-L17>"%, a live-cell ratiometric fluorescence-
based internalization assay was performed (see detailed protocol
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Figure7.  Ubiquitination of TrkB-FL promotes surface TrkB-FL degradation. 4, Tat-UCH-L175~ inhibits the interaction between UCH-L1 and TrkB. HEK293 cells were transfected with Flag-TrkB

FLand Myc-UCH-L1. Cells were treated with Tat-Con or Tat-UCH-L17>~ 8 before lysis. The interaction between UCH-L1and TrkB was analyzed by immunoprecipitation (IP) using anti-Flag antibodies
followed by immunoblotting with myc antibodies. B, Tat-UCH-L175~3 inhibits UCH-L1-requlated TrkB-FL deubiquitination in HKE293 cells. HEK293 cells were transfected with Flag-TrkB-FL
together with Myc UCH-L1 and HA-Ub and then treated with Tat-Con or Tat-UCH-L17>~%%, TrkB ubiquitination was examined by immunoprecipitation using anti-Flag antibodies followed by
immunoblotting with HA antibodies. €, Tat-UCH-L17%8 inhibits UCH-L1-requlated TrkB deubiquitination in neurons. Primary neurons were pretreated with Tat-UCH-L17>~% followed by
stimulation with BDNF (50 ng/ml) for 15 min. The ubiquitination of endogenous TrkB was assessed by immunoprecipitation with TrkB antibodies followed by immunoblotting with P4D1 antibodies.
D, Tat-UCH-L17>~® could not block UCH-L1-mediated deubiquitination of Hif-1ce. HEEK293 cells transfected with Hif-1cx, together with UCH-LT and HA-Ub, were pretreated with Tat-UCH-
L17°-% and the ubiquitination of Hif-1cr was examined. E, Representative immunoblot images from the cleavable surface biotinylation assay (see Materials and Methods for details). Neuronal
surface TrkB receptors were biotinylated, followed by BDNF stimulating for 60 min. The remaining biotinylated surface TrkB under different conditions were examined. F, Statistical results of surface
TrkB level. **p << 0.01 versus no BDNF treatment group. ##p << 0.01 versus BDNF group treated with Tat-Con, one-way ANOVA. G, Representative immunoblot images from the cleavable surface
biotinylation assay. HEK293 cells were transfected with WT or K460R TrkB FL. Then, surface TrkB receptors were biotinylated, followed by BDNF stimulating for 60 min. The remaining biotinylated
TrkB-FL under different conditions were examined. H, Statistical results of surface TrkB-FL levels. *p << 0.05, **p << 0.01 versus control group or the indicated group, one-way ANOVA. All data are

presented as mean == SEM from three independent experiments.

in Material and Methods). We found that, after stimulation with
BDNEF, significantly fewer TrkB-FL receptors remained on the
cell surface in Tat-UCH-L17>~%-pretreated neurons compared
with the control group (Fig. 8A), suggesting that blocking the
UCH-L1/TrkB interaction with Tat-UCH-L17>"® facilitates the
endocytosis of surface TrkB (from 40.62 = 2.99% to 60.04 =
1.96%, Fig. 8B, n = 30, t = —5.803, p < 0.001, two-tailed  test).
To eliminate any artifacts caused by overexpression, a cleavable
surface biotinylation internalization assay was applied to mea-
sure endogenous surface TrkB internalization. We also found
that more surface TrkB-FL was internalized in respond to BDNF
in the Tat-UCH-L17°~®-treated neurons (from 41.89 * 5.22%
t0 63.80 * 1.89%, Fig. 8C,D, t = —3.944, p = 0.017, two-tailed ¢
test). We also investigated BDNF-induced internalization of
K460R TrkB-FL, which shows less ubiquitination, with a live-cell
ratiometric fluorescence-based internalization assay. The results
revealed that the K460R mutation inhibits the endocytosis of
surface TrkB (from 38.547 % 2.98% to 25.04 * 1.96%, Fig. 8E,

n = 30, t = 3.362, p < 0.001, two-tailed ¢ test). These results
suggest that the ubiquitination of TrkB promotes BDNF-mediated sur-
face TrkB-FL endocytosis.

Next, we investigated the effects of Tat-UCH-L1 75-85 on
the postendocytic recycling of TrkB-FL. A live-cell ratiometric
fluorescence-based recycling assay was applied to measure the
recycling level of TrkB (see detailed protocol in Materials and
Methods), which has been used in our previous studies (Zhao et
al., 2009; Huang et al., 2013). Quantification of these results by
ratiometric fluorescence analysis revealed that, when the UCH-
L1/TrkB interaction was blocked by Tat-UCH-L17>~%, the levels
of BDNF-dependent TrkB-FL recycling were significantly re-
duced (from 43.7 = 1.68% to 25.9 = 0.99%, Fig. 8F,G, n = 30,
' =9.055, p < 0.001, two-tailed # test), suggesting that the block-
ade of UCH-L1/TrkB association by Tat-UCH-L17°" induces
less internalized TrkB-FL to be recycled back to the cell surface. A
cleavable surface biotinylation recycling assay was also applied to
measure endogenous BDNF-dependent postendocytic recycling
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Figure 8.  Ubiquitination of TrkB facilitates BDNF-induced TrkB-FL internalization. A, Representative epifluorescence images from the TrkB-FL internalization assay. Scale bar, 20 um.
B, Quantification of internalized TrkB levels in A was performed as described in the Materials and Methods. All data are presented as mean = SEM determined from analysis of more than three
independent experiments (n = 30 cells for each condition per independent experiment). **p << 0.01, Student’s t test. C, Representative images from the cleavable surface biotinylation assay (see
Materials and Methods for details). Lane 1 shows the efficiency of the stripping procedure; lane 2 shows the total biotinylated TrkB-FL receptors at the neuronal surface; lane 3 shows the internalized
biotinylated TrkB receptors. D, Quantification of internalized TrkB levels in € was performed as described in the Materials and Methods. All data are presented as mean = SEM determined from
analysis of more than three independent experiments. *p << 0.05, Student’s ¢ test. £, Quantification of internalized K460R TrkB-FL levels performed by epifluorescence internalization assay. All data
are presented as mean == SEM from three independent experiments (n = 30 cells for each condition per independent experiment). **p << 0.01, Student’s ¢ test. F, Representative epifluorescence
images from the TrkB-FL postendocytic recycling assay. Scale bar, 20 wm. G, Quantitative analysis of recycled TrkB receptors as described in E. Graphs represent mean == SEM determined from results
of more than three independent experiments (n = 30 cells for each condition per independent experiment). **p < 0.01, Student's t test. H, Representative data from the cleavable surface
biotinylation assay (see Materials and Methods for details). Lane 1shows the total biotinylated TrkB receptors at neuronal surface; lane 2 shows the efficiency of the stripping procedure; lane 3 shows
the internalized biotinylated TrkB receptors; lane 4 shows the un-recycled TrkB receptors during the rewarming period. /, Densitometric quantitation of un-recycled biotinylated TrkB receptor levels
in G. Bar graphs represent mean == SEM (n > 3). **p < 0.01, Student’s ¢ test. J, Quantitative analysis of recycled K460R TrkB receptors as performed by live-cell epifluorescence recycling assay.
Graphs represent mean == SEM from three independent experiments (n = 30 cells for each condition per independent experiment).
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Figure9. Tat-UCH-L17>~® causes decreased activation of TrkB and its downstream signaling pathways. A, Representative images of immunoblots showing BONF-induced phosphorylation of
TrkB, Akt, and ERK1/2 in cultured hippocampal neurons under the indicated conditions. Neurons were pretreated with Tat-Con (10 i, 30 min) or Tat-UCH-L17>~(10 uw, 30 min) before BDNF (50
ng/ml) stimulation. B—D, Quantitative analysis of TrkB (B), Akt (€), and ERK1/2 (D) activation in neurons under Tat-UCH-L17>~® and Tat-Con incubation. p-TrkB, p-ERK1/2, and p-Akt levels were
normalized to the phosphorylation levels of BDNF alone treatment group detected at the 15 min time point. Graphs represent means = SEM. n = 4, *p < 0.05, **p << 0.01, one-way ANOVA.
E, Representative images ofimmunoblots showing BDNF-induced phosphorylation of TrkB in HEK293 cells transfected with WT or K460R TrkB for the indicated times. F, Quantitative analysis of TrkB

activation. Graphs represent means == SEM.n = 3, *p << 0.05, **p < 0.01, one-way ANOVA.

of TrkB. We found a significant increase in the remaining TrkB
after rewarming upon treatment with Tat-UCH-L17>"®*> (from
69.07 = 1.07% to 84.07 = 0.95%, Fig. 8H,I, t = —10.418, p <
0.001, two-tailed ¢ test), suggesting Tat-UCH-L17>~% causes less
internalized TrkB to be recycled back to the cell surface to be
cleaved. Therefore, these results indicate that, by inhibiting the
UCH-L1/TrkB interaction, Tat-UCH-L17°"% promotes TrkB
ubiquitination and reduces postendocytic recycling of TrkB-FL.
We further investigated whether the K460R TrkB-FL increased
recycling as K460R TrkB has decreased ubiquitination with a
ratiometric fluorescence-based recycling assay. However, we
found the BDNF-dependent postendocytic recycling of K460R
TrkB was at comparable levels as WT TrkB (Fig. 8], n = 30, t =
0.942, p = 0.354, two-tailed ¢ test), indicating that the ubiquiti-
nation of TrkB-FL may be not a major factor in the regulation of
the recycling of TrkB. All of these results suggest that the ubig-
uitination of TrkB could facilitate BDNF-dependent TrkB-FL
internalization and direct more internalized TrkB-FL to degrada-
tion pathways.

TAT-UCHL’>"* attenuates TrkB and its downstream
signaling pathways

To further investigate the functional consequences of UCHL-
regulated TrkB ubiquitination, we examined BDNF-induced
downstream signaling in cultured hippocampal neurons pretreated
with Tat-UCH-L17>~*>, We found that, with Tat-UCH-L1 7>~ pre-
treatment, the level of phosphorylated TrkB decreased significantly
after 15 min of exposure to BDNF (Fig. 9A, B, F; ,,) = 16.704,
p <0.001; p = 0.001, Tat-Con + BDNF vs Tat-UCH-L17>% +
BDNF at 15 min, one-way ANOVA), indicating that TrkB acti-
vation was attenuated as early as 15 min. The activation of Akt
and ERK1/2, which are well established downstream signaling
molecules of TrkB, was monitored by immunoblot. To our sur-
prise, phosphorylated Akt was increased by ~2-fold at 15 min
(Fig. 9A,C, F(7,4) = 18.536, p < 0.001; p < 0.001, Tat-Con +
BDNF vs Tat-UCH-L17>"*® + BDNF at 15 min, one-way
ANOVA), suggesting that Akt is activated at 15 min. The activa-
tion of Akt at 15 min is most likely due to the enhanced endocy-
tosis caused by Tat-UCH-L17°"® (Fig. 8)because previous
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Figure 10.  TAT-UCH-L17>~% decreases hippocampus-dependent memory of (57 mice. A, Representative immunoblot images of TrkB ubiquitination, TrkB-FL, and the interaction between
UCH-L1 and TrkB-FLin the DG of mice with or without CFC test. n = 4 — 6 per group. B—D, Quantification of TrkB ubiquitination (B), TrkB levels (€), and the interaction between UCH-L1and TrkB (D).
*¥p <0.01 versus Tat-Con (CFC) group; #p << 0.05, ## p << 0.01, indicated groups, one-way ANOVA. *p << 0.05, Student's t test. n = 4/group. E, CFC test was performed to test the effects of
Tat-UCH-L1 on hippocampus-dependent learning and memory. The mice were given a DG injection of Tat-Con or Tat-UCH-L17°~_ CFC training (E) was performed 30 min later followed by the STM
1h later (F). n = 12 per group; **p << 0.01, Student’s ¢ test. All data are presented as mean = SEM.

studies have demonstrated the activation of Akt signaling down-
stream of TrkB is dependent on ligand-receptor endocytosis
(Zheng et al., 2008). After 60 min of exposure to BDNF, signifi-
cantly decreased activities of both ERK1/2 and Akt pathways (Fig.
9A-D) were revealed by decreased phosphorylation of Akt (Fig.
9C, F(y 24y = 18536, p < 0.001; p = 0.027, Tat-Con + BDNF vs
Tat-UCH-L17>"* + BDNF at 60 min, one-way ANOVA) and
ERK1/2 (Fig. 9D, F,; 5, = 20.328, p < 0.001; p = 0.001, Tat-Con +
BDNF vs Tat-UCH-L17°"% + BDNF at 60 min, one-way
ANOVA). Together, in the long term, the increased ubiquitina-
tion of TrkB induced by Tat-UCH-L17°"®* causes decreased ac-
tivity of TrkB and its downstream signaling pathways. We also
investigated the effects of K460R mutation on TrkB activation.
WT or K460R TrkB was transfected into HEK293 cells, followed
by BDNF application for the indicated times. As shown in Figure
9, E and F, the activation of K460R TrkB-FL was stronger and
persisted for a longer amount of time compared with WT TrkB.
All of these data suggest that the ubiquitination of TrkB could
reversibly regulate the activation of TrkB.

Tat-UCH-L17>~% impairs hippocampus-dependent memory

Our in vitro experiments have demonstrated that, by regulating
TrkB deubiquitination, UCH-LI is involved in the regulation of
BDNF-dependent endocytosis, postendocytic recycling of TrkB,
and, subsequently, TrkB downstream signaling pathways. Given

that UCH-L1 promotes hippocampus-dependent memory via
TrkB (Fig. 1), we hypothesized that UCH-L1-regulated TrkB de-
ubiquitination contributes to the increased memory induced by
UCH-L1 in vivo. To test this hypothesis, we first investigated
whether Tat-UCH-L17>"® could inhibit TrkB ubiquitination in
vivo. We used the stereotaxic injection of drugs into the brain DG
regions of ~6- to 8-week-old mice. After a week of recuperation,
Tat control or Tat-UCH-L17°~% was injected into mice brain DG
regions 30 min before CFC training and, 1 h later, the DG regions
of the brains were collected and the interaction of UCH-L1/TrkB
and the ubiquitination level of TrkB was examined. As expected,
the interaction between UCH-LI and TrkB was significantly in-
hibited with Tat-UCH-L17>~% treatment (Fig. 10A). Under basic
conditions (without CFC training), Tat-UCH-L17°"® had no
impact on the ubiquitination level (Fig. 10B, F; ,,, = 12.388,p <
0.001; p = 0.870, Tat-Con without CFC vs Tat-UCH-L17>"%
without CFC, one-way ANOVA) or protein level of TrkB (Fig.
10A,C, F3,1,) = 50.202, p < 0.001; p = 0.181, Tat-Con without
CFC vs Tat-UCH-L17°"®* without CFC, one-way ANOVA);
however, after CFC training, there was a robust increase in the
ubiquitination level of TrkB (Fig. 10A,B, F; ;,) = 12.388, p <
0.001; p = 0.044, Tat-Con without CFC vs Tat-Con after CFC,
one-way ANOVA), a significant reduction in TrkB content (Fig.
10GC, F3 15y = 50.202, p < 0.001; p < 0.001, Tat-Con without CFC
vs Tat-Con after CFC, one-way ANOVA), and the binding of
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UCH-L1 and TrkB increased significantly (Fig. 10D, n = 4, t =
—3.754,p = 0.023, two tailed t test). Tat-UCH-L17>~** treatment
led to a further increase in the ubiquitination of TrkB and a
decrease in the expression of TrkB in the mice brains (Fig. 10A-C,
F5.15) = 50.202, p < 0.001; p = 0.005, Tat-Con after CFC vs
Tat-UCH-L17>"% after CFC, one-way ANOVA). These results
suggested that CFC training may induce BDNF release and
lead to an increased ubiquitination of TrkB; the inhibition of
UCH-L1/TrkB interaction by Tat-UCH-L17>~*> promotes CFC
training-induced TrkB ubiquitination in vivo.

Next, we examined the effects of Tat-UCH-L17°"% on
hippocampus-dependent learning and memory with CFC test.
Mice were injected with Tat-Con or Tat-UCH-L17>% for 30 min
and CFC was applied to test STM. We found that the two groups
of mice exhibited intact freezing responses during the training
process (Fig. 10E). We then tested the contextual fear STM of
these two groups of mice. The mice injected with Tat-UCH-
L17°7® exhibited significant decreased freezing time (from
65.26 = 4.45% to 11.4 = 2.34%, Fig. 10F, t = 10.710,n = 12,p <
0.001, two-tailed # test) and this effect was not caused by differ-
ences in the locomotor activity (data not shown), suggesting that
Tat-UCH-L17>"% impaired contextual fear memory. The above
results indicate the blockade of UCH-LI1-regulated deubiqui-
tination of TrkB by Tat-UCH-L17°>~% impairs hippocampus-
dependent STM.

Discussion

UCH-L1 has been demonstrated to be required for synaptic func-
tion and the maintenance of memory in passive avoidance learn-
ing through the regulation of the transcription factor cAMP
response element-binding protein (CREB) (Gong et al., 2006;
Sakurai et al., 2008). In this study, we demonstrate that UCH-L1
could facilitate hippocampus-dependent memory via the regula-
tion of TrkB ubiquitination. Moreover, we found that UCH-L1
functions as a deubiquitinating enzyme that regulates TrkB ubiquiti-
nation level, thus altering BDNF-dependent TrkB endocytosis and
postendocytic traffic. Finally, the UCH-L1-mediated TrkB ubiquiti-
nation contributes to BDNF-mediated downstream signaling path-
ways, which suggests that UCH-L1-regulated TrkB deubiquitination
plays important roles in BDNF-associated functions.

Our study provides several novel insights into the mecha-
nisms and significance of UCH-L1 and TrkB ubiquitination.
First, we provide direct evidence that UCH-L1 is responsible for
the deubiquitination of TrkB. Limited studies were conducted to
study the ubiquitination of TrkB and c-Cbl and TRAF6 have been
demonstrated to be the E3 ligases for TrkB ubiquitination (Jad-
havetal., 2008; Pandya et al., 2014). However, the detailed mech-
anisms and biological functions are still not clear. Here, we
demonstrate that UCH-L1 regulates the deubiquitination of
TrkB (Fig. 4). The ubiquitination of TrkB is precisely regulated by
the E3 ligase and DUB. We have demonstrated the TrkB KD
could associate with UCH-L1 with a similar affinity as WT TrkB
and the loss of hydrolase activity of UCH-L1 attenuates the asso-
ciation between UCH-L1 and TrkB (Figs. 2, 3), which suggests
that the interaction between UCH-LI and TrkB is dependent on
UCH-L1 hydrolase activity rather than TrkB kinase activity. It
has been reported that BDNF could upregulate deubiquitinating
activity of UCH-LI in hippocampal synaptoneurosomes (Santos
etal., 2015). Therefore, it is possible UCH-L1 and TrkB associate
constitutively with each other. Neuronal activity such as LTP and
learning and memory processes, which could trigger the local
secretion of BDNF (Greenberg et al., 2009; Ma et al., 2011),
causes a rapid increase in the ubiquitination of TrkB (Fig. 1). At
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the synapse, BDNF also upregulates the hydrolase activity of
UCH-L1 to deubiquitinate TrkB. How E3 ligase and UCH-L1
coordinate to regulate the ubiquitination of TrkB needs further
investigation. Impairment of the regulation, such as the inhibi-
tion of UCH-L1 regulated deubiquitination of TrkB by Tat-
UCH-L17"*, could lead to attenuated TrkB signaling pathways,
which underlies the deficit in learning and memory.

Second, we showed that UCH-L1-regulated deubiquitination
of TrkB plays an important role in the regulation of BDNF-
mediated endocytosis and postendocytic trafficking of surface
TrkB. Monoubiquitination of receptors has been demonstrated
to be responsible for receptors movement from the plasma mem-
brane to the lysosome (Haglund et al., 2003). We demonstrated
that TrkB is more likely to be multimonoubiquitinated in re-
sponse to BDNF (Fig. 5), which agrees with the ubiquitination of
TrkA, another Trk family member (Arévalo et al., 2006). Many
studies have been conducted to study the ubiquitination of TrkA.
Nedd4-2 is one of the E3 ligases for the multimonoubiquitina-
tion of TrkA and mediates its intracellular recycling and degra-
dation, thus controlling its downstream signaling pathways and
functions (Arévalo et al., 2006; Kiris et al., 2014; Yu et al., 2014).
The common effects of the ubiquitination of both TrkA and TrkB
are that it provides signals for TrkA or TrkB to be sorted to
degradation pathways. In contrast to the effects of ubiquitination
of TrkA, we demonstrate that the ubiquitination of TrkB pro-
motes BDNF-mediated internalization; however, the Nedd4-2-
mediated ubiquitination of TrkA has no effects on endocytosis
(Arévalo et al., 2006; Yu et al., 2011). This is likely due to the
differential timing of ubiquitination; the Nedd4-2-mediated
ubiquitination of TrkA occurs after internalization, like the
agonist-induced ubiquitination of the AMPA receptor (Widagdo
et al., 2015), whereas the ubiquitination of TrkB occurs on the
plasma membrane right after activation. The ubiquitination of
TrkA has been associated with its long-distance transport. Nedd4-2
depletion enhances the retrograde transport of TrkA in DRG
neurons (Yu et al., 2011). It has been demonstrated UCH-LI is
important for supporting TrkB retrograde transport (Poon et al.,
2013), which may be due to UCH-L1-regulated deubiquitination
of TrkB. In addition to multimonoubiquitination, TrkA has also
been demonstrated to be polyubiquitinated, which controls its
internalization and signaling (Geetha et al., 2005). Therefore,
polyubiquitination of TrkB may also occur under certain circum-
stances to control its functions.

Among all of the potential ubiquitination sites of TrkB, K460
is the key site for TrkB ubiquitination and is also the major de-
ubiquitination site regulated by UCH-L1. It is interesting that
K460 residues in the KFG motif are conserved in all Trk family
members (Peng et al., 1995), which has also been demonstrated
to be important for the ubiquitination of TrkA and its functions,
such as neurite differentiation and sensitivity to thermal stimuli
(Kiris et al., 2014). The mutation of K460 to R alone leads to a
dramatic decrease in the ubiquitination level of TrkB (Fig. 5). Itis
likely that K460 is the prime site for the progressive ubiquitina-
tion of other lysines, which may cause sequential interactions
with other proteins, thus directing TrkB toward the vesicular
bodies. The KFG motif is in the JM domain of TrkB, which has
been proposed to be a recycling signal for both TrkA and TrkB
(Chen et al., 2005; Zhao et al., 2009). We found that the Tat-
UCH-L17>"*° led to increased ubiquitination of TrkB and de-
creased recycling of TrkB (Fig. 8F-I); however, the K460R
mutation, which result in decreased ubiquitination of TrkB, had
no effects on BDNF-dependent recycling of TrkB (Fig. 8]).
Therefore, these data indicate that the ubiquitination of lysine at
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KFG motif of TrkB is not likely to be the mechanism responsible
for regulating the recycling of the internalized TrkB. The ubiq-
uitination of TrkB is responsible for surface TrkB internalization
and directs more internalized TrkB to the degradation pathway.
The JM1 has also been demonstrated to play an important role in
the regulation of TrkB anterograde transport by association with
JIP3 (Huang et al., 2011). Taking into account the proximity of
the ubiquitination site and the interaction motif, it is likely the
ubiquitination of TrkB at K460 could affect the association be-
tween TrkB and the adaptor proteins, thus affecting the intracel-
lular transport of TrkB.

The UCH-L1-regutated deubiquitination of TrkB therefore
controls the activation of TrkB and its downstream signaling
pathways. In the long term (1 h or longer), increased ubiquitina-
tion of TrkB caused by Tat-UCH-L1 7% leads to increased TrkB
degradation and decreased activity of TrkB and downstream sig-
naling pathways. This phenomenon was also confirmed with
K460R TrkB, in which the BDNF-induced ubiquitination is in-
hibited and results in increased activation of TrkB (Fig. 9). To our
surprise, we found that the ubiquitination of TrkB could affect
the phosphorylation of TrkB as early as 15 min, when there is no
obvious degradation of TrkB receptor (Zhao et al., 2009). It has
been proposed that ubiquitination is a mechanism to control the
recruitment and interaction of proteins to activate Trk (Kiris et
al., 2014). Furthermore, ubiquitination of TrkA is suggested to
favor kalirin displacement to facilitate TrkA activation (Kiris et
al., 2014). Kalirin has also been reported to be involved in the
regulation of TrkB activation (Yan et al., 2016). Whether the
ubiquitination of TrkB is involved needs further investigation.

Finally, the UCH-L1-regulated deubiquitination of TrkB is
required for the maintenance of hippocampus-dependent mem-
ory (Fig. 10). It has been reported that the UCH-L1-deficient
gracile axonal dystrophy mouse exhibits impaired memory in
passive avoidance learning at young ages (Sakurai et al., 2008),
which could be due to the altered CREB activation and synaptic
plasticity (Hegde et al., 1997; Gong et al., 2006). CREB has been
shown to be an important regulator of BDNF-TrkB induced gene
expression (Finkbeiner et al., 1997), so it is plausible that UCH-LI
upregulates the cAAMP—CREB pathway via the regulation of de-
ubiquitination of TrkB.

AD is one the most common neurodegenerative diseases,
causing learning and memory deficit at early stages, and several
lines of evidence indicate that UCH-LI is involved in AD patho-
genesis. Decreased UCH-L1 expression has been observed in the
brains of AD mice and AD patients (Choi et al., 2004; Poon et al.,
2013) and the overexpression of UCH-L1 reduces the number of
AP plaques and improves memory deficits in AD mice (Gong et
al., 2006; Zhangetal., 2014). UCH-L1-mediated APP and BACE1
degradation has been proposed to have a protective effect in AD
cell and mouse models (Zhang et al., 2012; Zhang et al., 2014).
BDNEF-TrkB signaling pathways have also been demonstrated to
improve hippocampus-dependent memory independently of
AP metabolism (Nagahara et al., 2009; Massa et al., 2010). Our
study revealed that UCH-L1-regulated deubiquitination of TrkB,
which is necessary for the maintenance of normal hippocampus-
dependent memory, may contribute to its protective effects on
AD. In addition, the regulation of TrkB by UCH-L1 could be a
potential drug target for the treatment of AD.

In conclusion, we have demonstrated here that the UCH-L1-
regulated deubiquitination of TrkB is necessary for the activation
of TrkB and its downstream signaling pathways and for UCH-L1-
promoted hippocampus-dependent memory. Modulation of the
interaction between UCH-LI and TrkB could be a novel target
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for drugs to treat dementias. In addition to learning and memory,
BDNF-TrkB pathways have been shown to be involved in emo-
tion and other advanced behaviors (Chen et al., 2006), in which
the UCH-L1-regulated ubiquitination of TrkB may also partici-
pate. Future studies are needed to better understand the role of
UCH-LI in vivo.
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