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Ubiquitination of the TrkA neurotrophin receptor in re-
sponse to NGF is critical in the regulation of TrkA activation and
functions. TrkA is ubiquitinated, among other E3 ubiquitin
ligases, by Nedd4-2. To understand mechanistically how TrkA
ubiquitination is regulated, we performed a siRNA screening to
identify deubiquitinating enzymes and found that USP36 acts as
an important regulator of TrkA activation kinetics and ubiquiti-
nation. However, USP36 action on TrkA was indirect because it
does not deubiquitinate TrkA. Instead, USP36 binds to Nedd4-2
and regulates the association of TrkA and Nedd4-2. In addition,
depletion of USP36 increases TrkA:Nedd4-2 complex forma-
tion, whereas USP36 expression disrupts the complex, resulting
in an enhancement or impairment of Nedd4-2-dependent TrkA
ubiquitination, respectively. Moreover, USP36 depletion leads
to enhanced total and surface TrkA expression that results in
increased NGF-mediated TrkA activation and signaling that
augments PC12 cell differentiation. USP36 actions extend
beyond TrkA because the presence of USP36 interferes with
Nedd4-2-dependent Kv7.2/3 channel regulation. Our results
demonstrate that USP36 binds to and regulates the actions of
Nedd4-2 over different substrates affecting their expression and
functions.

Ubiquitination, a post-translational modification involving
the covalent binding of the 76-amino acid protein ubiquitin to a
substrate, plays a critical role in many different cellular func-
tions including protein degradation. The attachment of ubiqui-
tin requires three sequential enzymatic steps, the first being the
binding and activation of ubiquitin by an ubiquitin-activating
enzyme (E1), followed by the transfer of ubiquitin to an ubiqui-
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tin-conjugating enzyme (E2) forming a complex that interacts
with an ubiquitin-ligase (E3), which finally transfers the ubiq-
uitin to the substrate (1). Ubiquitination can be reversed
through the action of deubiquitinating enzymes (DUBs)® (2),
and an intimate association of the different E3 ubiquitin ligases
and DUBs has been described to fine-tune substrate ubiquiti-
nation (3). Therefore, DUBs provide an additional regulation to
this post-translational modification.

The NGF receptor TrkA undergoes ubiquitination by
Nedd4-2 in response to NGF binding (4, 5) and also by three
different E3 ubiquitin ligases: TRAF6 (5, 6), c-Cbl (7), and Cbl-b
(8). TrkA ubiquitination mediated by Nedd4-2 plays a seminal
role in NGF-TrkA functions such as differentiation, survival,
and nociception both in vitro and in vivo (4, 5,9, 10). Regarding
DUBEs, in addition to the potential role of CYLD (cylindroma-
tosis tumor suppressor) in TrkA ubiquitination in the brain (6,
11), where TrkA expression is restricted to a small number of
neuronal populations (12), a recent report suggests that USP8
(the ubiquitin-specific peptidase 8) deubiquitinates TrkA to
regulate receptor trafficking and, consequently, PC12 cell dif-
ferentiation (13). Because very little is known about how ubiq-
uitination of the TrkA receptor is regulated by DUBs, the iden-
tification of new DUBs modulating TrkA ubiquitination will be
very relevant to understanding the molecular mechanisms
underlying regulation of TrkA ubiquitination and NGF-medi-
ated functions.

Nedd4-2 belongs to the Nedd4 family of HECT-type E3 ubiq-
uitin ligases that include eight members in mice and nine mem-
bers in humans. Nedd4 proteins have shown some redundancy
but also exhibit specificity for different biological processes
(14). Nedd4-2 is present in many different types of tissues but is
most highly expressed in heart, kidney, brain, lung, and liver
(15, 16). Several substrates have been described for Nedd4-2
including Kv7.1 (17), Kv7.2/3, and Kv7.3/5 heterotetramers (18,
19), epithelial sodium channel (20), serum and glucocorticoid
kinase 1, and 14-3-3 (21), and TrkA (4, 5, 22), among others.
Nedd4-2 activity and substrate binding is regulated by different
mechanisms including intramolecular interactions (23), phos-

3 The abbreviation used is: DUB, deubiquitinating enzyme.
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FIGURE 1. Screening to identify DUBs regulating TrkA activation in response to NGF. A, kinetics of TrkA activation after a 10-min pulse of NGF. PC12-6/15
cells were serum-starved overnight, and the next morning NGF (100 ng/ml) was added for 10 min. Then fresh medium without NGF was added to the cells, and
the samples were collected after 15, 30, and 60 min. Western blotting analyses were performed to detect active TrkA (pTrkA) and total TrkA. Tubulin was used
as a loading control. Graph showing pTrkA activation in response to NGF (n = 3). B, Western blotting showing pTrkA activation in response to NGF in cells
expressing USP36, USP25, and USP4 siRNAs. PC12-6/15 cells were transfected with individual pools of the DUB siRNA library. The cells were treated with NGF
for 10 min, and samples were collected 15 and 60 min after NGF removal. TrkA levels are shown. Tubulin was used as a loading control. C, graph showing the
relative decrease of TrkA activation after NGF treatment between 15 and 60 min in response to DUB depletion from two independent experiments. The
horizontal and dotted lines indicate the averages and standard deviations, respectively, of the results obtained for all the genes assessed. The bars correspond-
ing to TrkA activation average from USP36, USP25, and USP4 depleted cells are indicated. D, list of genes and quantification of the screening showing the

means * standard deviation of TrkA activation from all assessed DUBs.

phorylation by serum and glucocorticoid kinase (24, 25) and by
AMPK (26), and interactions with Ndfip (27, 28), 14-3-3 pro-
teins (29), and USP2-45 (30, 31). However, the identification of
new regulators is required to fully understand the mechanisms
of action of Nedd4-2.

In this work, we have identified USP36 (ubiquitin-specific
peptidase 36) as a key regulator of TrkA activation and ubiq-
uitination in response to NGF. Interestingly, USP36 does not
function as a direct deubiquitinating enzyme of TrkA but rather
exerts its function through an interaction with Nedd4-2. The
effect of USP36 over Nedd4-2 extends beyond TrkA because
the Kv7.2/3 channels, substrates of Nedd4-2, are also regulated
by USP36.

Results
A Functional Screen to Identify Deubiquitinases That Modu-

late TrkA Activation Kinetics—To identify DUBs involved in
the regulation of TrkA, we first studied the activation kinetics of
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TrkA in response to NGF using different conditions in PC12-
6/15, because they overexpress human TrkA and display more
sensitivity to NGF (32). The cells were stimulated with a 10-min
pulse of NGF (100 ng/ml), which was then removed, and sam-
ples were collected at different time points. Western blotting
analyses showed a rapid increase in TrkA activation at 15 min
that diminished over a time period of 60 min (Fig. 14) and was
a consequence of TrkA degradation (10). This variation allowed
us to monitor changes in TrkA activation and degradation in
response to the alteration of the levels of DUBs compared with
that obtained in control conditions.

To identify DUBs modulating TrkA activation kinetics, we
performed a screen using a library of siRNAs targeting dub
genes that has been previously used (33, 34). The DUB library
consisted of pools of four nonoverlapping siRNAs, which tar-
geted all known or putative DUBs (see “Experimental Proce-
dures”). PC12-6/15 cells were transfected with the siRNA pools,
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and 48 h later the cells were serum-starved for an additional
24 h. The cells were then stimulated with NGF, and the samples
were collected 15 and 60 min after NGF had been removed.
TrkA activation was then assessed as already indicated above
(Fig. 1A). The results indicated that depletion of several DUBs
differently affected TrkA activation at early and late time points
(Fig. 1B). The results of two independent experiments were
quantified as the decrease of pTrkA at 60 min post-NGF stim-
ulation (Fig. 1, C and D). The reliability of our screen is sup-
ported by the fact that other DUBs affecting TrkA activation
kinetics, such as USP8 and CYLD, have previously shown to be
involved in TrkA ubiquitination (11, 13). Therefore, the results
of our screen using a siRNA library identified several potential
DUBs that altered TrkA activation kinetics.

USP36 as a DUB Candidate That Regulates TrkA Activation
Kinetics—First, we focused our attention on DUBs (USP11,
USP36,and USP49), in which a larger reduction of pTrkA signal
was detected (Fig. 1, C and D). We performed a thorough vali-
dation of the siRNAs for each of the above DUBs generating
lentiviral vectors expressing individual shRNAs with the
sequences used in the siRNA screen. USP11 was efficiently
down-regulated by two independent shRNAs but did not alter
TrkA activation levels in response to NGF (data not shown). In
addition, overexpression assays of USP11 did not modify TrkA
protein levels or TrkA ubiquitination (data not shown). Finally,
USP49 expression was not affected by any of the shRNAs used
(data not shown). Therefore, we discontinued the study of these
DUBs and focused our attention on USP36 based on these
results. Of the four shRNA vectors (vectors 1-4) used to target
USP36 mRNA, we observed that ShRNA-1 was able to effi-
ciently down-regulate endogenous expression of the USP36
protein upon the infection of PC12-6/15 cells with the lentivi-
ruses (Fig. 2A4). To confirm the data obtained from the screen,
we performed detailed analyses of pTrkA activation kinetics in
response to NGF in PC12-6/15 cells infected with the lentivirus
expressing USP36 shRNA-1. We observed an increase in TrkA
activation at early time points (5-30 min) when USP36 was
depleted as compared with that of control cells. In addition, an
increase in Akt and MAPK activation was also present in
USP36-depleted cells treated with NGF (Fig. 2B, top panel). The
enhanced activation of TrkA depended on the observed
increased levels of the receptor, because quantification of rela-
tive TrkA activation with respect to total TrkA levels showed
no differences between control and USP36-depleted cells (Fig.
2B, bottom graphs). As an additional control, we performed
similar experiments using lentivirus expressing USP36
shRNA-4, which did not affect USP36 protein levels. In this
case, no differences in the levels, activation of TrkA, or down-
stream signaling pathways were observed (data not shown).
Thus, these data suggested that USP36 modulates TrkA levels
that affect TrkA activation kinetics in response to NGF.

Because USP36 regulates total TrkA levels, we performed
biotinylation experiments to address whether TrkA localiza-
tion on the cell surface was also affected by USP36 at different
time points upon NGF treatment (Fig. 2C, top panel). In the
absence of NGF stimulation (zero time point), surface TrkA
was increased in PC12-6/15 cells depleted of USP36 (Fig. 2C,
middle and bottom panels). Furthermore, we observed a stron-
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ger reduction over time in the amount of surface TrkA in
USP36-depleted cells, which at 60 min reached the same levels
as biotinylated TrkA in control cells (Fig. 2C, middle and bot-
tom panels). These data suggested that although there was
more surface TrkA during basal conditions, when USP36 levels
are reduced, TrkA seems to be degraded faster in response to
NGE.

To address whether USP36 might have any physiological rel-
evance on NGF-mediated function, we performed differentia-
tion assays in PC12 cells transfected with plasmids expressing
GFP and also control shRNA or USP36 shRNA-1. NGF stimu-
lation (10 ng/ml) for 72 h evoked a significant increase of PC12
differentiation when USP36 was depleted using shRNA-1 (Fig.
2D). To have other independent shRNA against USP36 to vali-
date the results obtained, we generated additional sShRNAs and
checked their effect on the levels of USP36. Among them,
shRNA-6 was able to down-regulate USP36 levels (Fig. 2D, right
panel). PC12 cells transfected with a plasmid encoding for GFP
and shRNA-6 also enhanced cell differentiation in response to
NGF compared with that of control shRNA (Fig. 2D). There-
fore, USP36 control PC12 differentiation in response to NGF.

USP36 Interacts and Co-localizes with TrkA—Taking into
account that previous reports using HeLa cells indicated that
USP36 was localized to the nucleus (35), in mitochondria, and
in the cytoplasm (36), we studied the localization of USP36 in
PC12-6/15 cells. We obtained affinity-purified antibodies
against USP36 (see “Experimental Procedures”) and performed
immunofluorescence analyses. USP36 was present in nucleoli
as previously described but also in other compartments outside
of the nucleus (Fig. 3A, top panel). These results were further
confirmed using another USP36 antibody (35) (Fig. 34, bottom
panel). In addition, fractionation experiments revealed that
USP36 mainly accumulated in the non-nuclear compartments
(Fig. 3B). Phospho-histone 3 was used as the control for nuclear
fractions, whereas TrkA, tubulin, and GAPDH were utilized to
monitor non-nuclear fractions (Fig. 3B). The lack of USP36
signal from the nuclear fractions using this approach was prob-
ably due to the low amount of USP36 coming from nucleoli.
Therefore, USP36 is located mainly in non-nuclear fractions in
PC12-6/15 cells.

To address whether there was an interaction between TrkA
and USP36, we performed co-immunoprecipitation assays in
HEK293 cells transfected with plasmids expressing both pro-
teins. TrkA and USP36 were pulled down after USP36 or TrkA
immunoprecipitation, respectively (Fig. 3C). These data were
further supported by the partial co-localization of TrkA and
USP36 in PC12-6/15 cells (Fig. 3D, arrows). Altogether these
results indicated that USP36 and TrkA interact and that USP36
is located mainly in non-nuclear compartments in PC12-6/15
cells, where a portion co-localizes with TrkA.

USP36 Modulates TrkA Ubiquitination Levels but Does Not
Deubiquitinate TrkA—Considering that USP36 knockdown
affects TrkA activation kinetics and USP36 interacts with
TrkA, we tested the potential effect of USP36 on TrkA ubiquiti-
nation. Lysates from transfected HEK293 cells expressing TrkA
with or without USP36, were subjected to immunoprecipita-
tion with anti-TrkA antibodies to detect ubiquitinated TrkA by
Western blotting analyses. The amount of ubiquitinated TrkA
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FIGURE 2. USP36 as aregulator of TrkA levels, downstream signaling, and function. A, endogenous USP36 levels are reduced by shRNA-1. Western blotting
showing USP36 levels in PC12-6/15 cells infected with lentivirus expressing control or USP36 shRNAs (shRNA-1-4) corresponding to the sequences of siRNAs
present in the library used to perform the screening. B, USP36 protein regulates TrkA levels and the activation of the receptor and downstream signaling
pathways in response to NGF. PC12-6/15 cells were infected with lentivirus expressing control shRNA or USP36 shRNA-1, and 5-7 days after infection, cells were
treated as described in Fig. 1A. Active TrkA (pTrkA), Akt (pAkt), MAPK (pMAPK), and TrkA were detected using Western blotting. Tubulin was used as a loading
control. A representative experiment is shown. Quantification of TrkA and pTrkA levels (bottom panels) is shown (means * S.D.; n = 3; two-tailed unpaired
Student'’s t test). C, a schematic diagram of the surface expression assay using the biotinylation procedure in response to NGF is shown (top panel). PC12 cells
were infected with control and USP36 shRNA-1 lentivirus. The cells were treated with NGF as described in Fig. 1A and then biotinylated as described under
“Experimental Procedures.” The cell lysates were prepared, surface proteins were subjected to precipitation with neutroavidin-agarose, and Western blotting
analysis were performed with the corresponding antibodies (middle panel). Quantification of surface TrkA upon NGF treatment (means = S.D.; n = 3, two-tailed
unpaired Student’s t test) is shown (bottom panel). D, PC12 cell differentiation in response to NGF is enhanced upon USP36 depletion. PC12 cells transfected
with plasmids encoding for GFP and control shRNA, USP36 shRNA-1, or USP36 shRNA-6 were stimulated 2 days later with NGF (10 ng/ml) in serum-reduced
medium to differentiate the cells. Western blotting analysis showing USP36 reduction in PC12 cells expressing USP36 shRNA-6 is shown (top panel). GFP-
positive cells were scored for differentiation 72 h after the addition of NGF. The results are the means = S.D. of five independent experiments counting at least

330 cells/condition (two-tailed unpaired Student’s t test).

was significantly reduced in the presence of exogenous WT
USP36 (Fig. 4A4). To address whether the catalytic activity of
USP36 was required, we generated a mutant C131S, because
mutation of this residue has been reported to generate a cata-
lytic inactive USP36 (35, 37). Interestingly, the expression of
this mutant USP36 also rendered a similar significant reduction
in TrkA ubiquitination compared with that of WT USP36 (Fig.
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4A). To further address the role of USP36 on TrkA ubiquiti-
nation levels, we infected PC12-6/15 cells with lentivirus
expressing control shRNA or USP36 shRNA-1. The cells
with reduced levels of USP36 showed increased levels of
TrkA ubiquitination in response to NGF compared with that
of control cells (Fig. 4B). These data suggested that USP36
protein is instrumental in the regulation of TrkA ubiquitina-
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a nuclear marker. Note the presence of USP36 in non-nuclear fractions. C,
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FLAG-USP36, or TrkA and FLAG-USP36 were subjected to immunoprecipita-
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ern blotting was performed to assess co-immunoprecipitation of TrkA and
USP36. The expression levels of TrkA, USP36, and tubulin as a loading control
are shown. A representative experiment is shown (n = 3). D, co-localization of
USP36 with TrkA. PC12-6/15 cells were seeded in coverslips, and immunoflu-
orescence was performed using TrkA and USP36 antibodies. Images were
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and TrkA, and arrowheads indicate nucleolar staining. Scale bar, 5 um.
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tion levels upon activation of the receptor, although its activ-
ity seems not to be required.

To address whether USP36 deubiquitinates TrkA, we carried
out an in vitro deubiquitination assay. Ubiquitinated TrkA and
USP36 protein were isolated by immunoprecipitation from
transfected HEK293 cells, and both proteins were then co-in-
cubated. TrkA ubiquitination levels were not altered by the
presence of USP36 in the reaction (Fig. 4C, left panels), suggest-
ing that USP36 does not deubiquitinate TrkA. To confirm that
the deubiquitination reaction was done using the proper con-
ditions, we performed additional experiments. Because USP8
has been previously reported to deubiquitinate TrkA (13), we
repeated the assay using conditions similar to the ones used for
USP36 in presence of purified USP8. TrkA ubiquitination was
reduced in presence of USP8 (Fig. 4C, right panels). Therefore,
altogether these data demonstrated that USP36 regulates TrkA
ubiquitination but does not deubiquitinate TrkA.

USP36 Interacts with Nedd4-2 and Disrupts the TrkA:
Nedd4-2 Complex—How can USP36 regulate TrkA ubiquitina-
tion without deubiquitinating TrkA? Several E3 ubiquitin
ligases and DUBs act together to modulate substrate ubiquiti-
nation (3). To assess whether USP36 functions together with
Nedd4-2, an E3 ubiquitin ligase that ubiquitinates TrkA (4,5, 9,
10), we first performed interaction assays. Lysates from trans-
fected HEK293 cells expressing FLAG-USP36, GFP-Nedd4-2,
or both proteins together were subjected to immunoprecipita-
tion. We observed that Nedd4-2 interacted with USP36 (Fig.
5A). To address whether there was an endogenous interaction
between Nedd4-2 and USP36, co-immunoprecipitation exper-
iments were performed in PC12-6/15 cells in the presence and
absence of NGF. Nedd4-2 and USP36 interacted endogenously,
and this association was independent of TrkA activation
because NGF treatment did not alter it (Fig. 5B). To map the
region of Nedd4-2 involved in the binding with USP36, we per-
formed in vitro pulldown assays using lysates from HEK293
cells expressing FLAG-USP36 protein and different GST fusion
proteins containing the WW domains of Nedd4-2 (GST-WW1,
-WW2, -WW3, -WW4, and -WW3/4-HECT) (4), which are
involved in protein interaction. The results showed that USP36
interacted with WW domains 1, 3, and 4 but not with other
fusion proteins such as GST-Ral or GST-Raf (Fig. 5C). Alto-
gether these results indicated that Nedd4-2 and USP36 interact
independently of TrkA activation and that USP36 binds to the
same WW domains that TrkA binds to (4). Subsequently, we
asked whether there was competition between USP36 and
TrkA for Nedd4-2 binding and performed pulldown assays that
assessed the binding of TrkA to GST-WW3 in the absence or
presence of USP36. The results obtained suggested that
increasing amounts of USP36 disrupted the binding of TrkA to
the GST-WW3 protein (Fig. 5D). Moreover, reduction of
USP36 levels in PC12-6/15 cells enhanced the amount of TrkA
bound to Nedd4-2 (Fig. 5E). Altogether these results suggested
that USP36 interferes with TrkA-Nedd4-2 complex formation.

USP36 and Nedd4-2 Regulate Each Other’s Ubiquitination—
Because USP36 regulates the ubiquitination of different sub-
strates including SOD2, RNAP1, and H2B (36, 38, 39), we asked
whether Nedd4-2 ubiquitination (23) could be modulated by
USP36. Cell extracts from transfected HEK293 cells expressing
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nated TrkA from NGF-treated PC12-6/15 cells. A representative experiment for each DUB is shown (n = 3).

Nedd4-2, USP36, or both together were subjected to immuno-
precipitation with anti-Nedd4-2 antibodies to check the ubig-
uitination levels of Nedd4-2 by Western blotting analyses.
Nedd4-2 protein seems to be less ubiquitinated in the presence
of exogenous USP36 (Fig. 6A). To address whether Nedd4-2
expression levels were modulated by USP36, we carried out
experiments in cells expressing Nedd4-2 and increasing
amounts of USP36. Nedd4-2 protein levels were not affected by
USP36 (Fig. 6B). Therefore, USP36 modulated Nedd4-2 ubigq-
uitination status but not Nedd4-2 protein levels.

To address whether Nedd4-2 could ubiquitinate USP36, we
performed additional experiments similar to the ones described
above (Fig. 6A). In this case, USP36 was immunoprecipitated to
detect its ubiquitination. An increase in USP36 polyubiquitina-
tion was detected in the presence of Nedd4-2 (Fig. 6C). To
evaluate whether Nedd4-2 regulates USP36 protein levels, we
carried out experiments in cells expressing USP36 and
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Nedd4-2. It was observed that increasing Nedd4-2 expression
did significantly decrease USP36 levels (Fig. 6D). To test
whether Nedd4-2 activity was required to regulate USP36 lev-
els, the catalytically inactive Nedd4-2 mutant, C962S, which
abolishes E3 ligase activity (4), was used. The expression of this
mutant did not reduce USP36 levels (Fig. 6E). Moreover, the
specificity of Nedd4-2 action over USP36 was assessed using
Itch, another E3 ubiquitin ligase of the Nedd4 family, whose
expression did not alter USP36 levels (Fig. 6E). Therefore,
USP36 down-regulation mediated by Nedd4-2 requires the E3
ligase activity.

USP36 Regulates Nedd4-2-mediated Ubiquitination of
TrkA—Considering that USP36 regulates TrkA ubiquitination
(Fig. 4) and associates with Nedd4-2 modulating TrkA-
Nedd4-2 binding (Fig. 5), we hypothesized that USP36 could
regulate Nedd4-2-mediated ubiquitination of TrkA. To address
this question, lysates from HEK293 cells expressing different
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HEK293 cells transfected with GFP-Nedd4-2, FLAG-USP36, or both plasmids together were subjected to immunoprecipitation (/P) using FLAG antibodies.
Western blotting was performed to assess Nedd4-2 co-immunoprecipitation and USP36. The expression levels of Nedd4-2 and tubulin as a loading control are
shown. A representative experiment is shown (n = 3). B, Nedd4-2 and USP36 interact independently of NGF. Cell lysates from PC12-6/15 cells stimulated or not
with NGF for different time points were subjected to immunoprecipitation with Nedd4-2 antibodies and subjected to Western blotting analysis to detect the
presence of USP36 in the immunoprecipitate. Active TrkA (pTrkA) and tubulin in cell lysates were probed to assess NGF treatment and loading, respectively. A
representative experiment is shown (top panels). Quantification of USP36-Nedd4-2 interaction is shown (bottom panel) (means =+ S.D.; n = 3). C, WW domains
of Nedd4-2 mediate the interaction with USP36. Recombinant proteins containing the GST-WW domains (GST-WW1, GST-WW2, GST-WW3, and GST-WW4),
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antibodies (top panel). A Coomassie-stained gel is shown to detect GST fusion proteins (bottom panel). A representative experiment is shown (n = 2). Note the
association of USP36 with WW1, 3, and 4 and WW3/4-HECT. D, USP36 competes with TrkA binding to Nedd4-2. A recombinant protein GST-WW3 domain was
incubated with a fixed amount of TrkA and increasing amounts of USP36 and subjected to Western blotting analysis with different antibodies. A representative
experimentis shown (n = 3). Note the displacement of TrkA binding to GST-WW?3 and the increased binding of USP36 when increasing amounts of USP36 were
added. E, TrkA and Nedd4-2 interaction is modulated by USP36 levels. Lysates from PC12-6/15 cells infected with lentivirus expressing control shRNA or USP36
shRNA-1 were subjected to immunoprecipitation using Nedd4-2 antibodies. Western blotting was performed to assess TrkA co-immunoprecipitation and
Nedd4-2. The expression levels of TrkA, USP36, and tubulin as a control loading are shown. A representative experiment is shown (n = 3). Note the increased
amount of TrkA co-immunoprecipitated with Nedd4-2 when USP36 levels are reduced.

combinations of the three proteins were subjected to immuno-
precipitation with anti-TrkA antibodies. Whereas TrkA was
efficiently ubiquitinated upon expression of Nedd4-2 (Fig. 74,
second lane), the co-expression of WT USP36 prevented TrkA
ubiquitination mediated by Nedd4-2 (Fig. 7A, fourth and fifth
lanes). The quantification of several experiments revealed a sig-
nificant decrease in the TrkA ubiquitination induced by
Nedd4-2 (Fig. 7A, right panel). These data suggested that
USP36 competes with Nedd4-2-mediated ubiquitination of
TrkA, most probably through an interaction with Nedd4-2 that
prevents the access of Nedd4-2 to TrkA.
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Expression of USP36 Competes with Kv7.2/3 Down-regula-
tion and Restores Kv7.2/3 Inhibition Mediated by Nedd4-2—To
evaluate whether USP36 could affect other Nedd4-2 substrates,
we performed additional experiments. We used Kv7.2/3 chan-
nels, known substrates of Nedd4-2, which are tetramers con-
formed by Kv7.2 and Kv7.3 subunits that are the main constit-
uent of the M current (14, 17, 40). The M current is a neuronal
voltage-gated K" conductance that controls resting membrane
potential and excitability and is regulated by Nedd4-2 (18).
First, we addressed whether Kv7.2/3 channels binding to
Nedd4-2 were influenced by USP36. Pulldown assays per-
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sentative experiment is shown (n = 3).

formed as described in Fig. 5D, but in this case using Kv7.2/3
protein instead of TrkA, indicated that the binding of Kv7.2/3
channels to Nedd4-2 was diminished in the presence of USP36
(Fig. 8A). In addition, we assessed Kv7.2/3 expression levels
upon co-transfection of the corresponding channels and
Nedd4-2 or Nedd4-2, and USP36. Kv7.2/3 expression levels
were decreased in the presence of Nedd4-2 (Fig. 8B, third lane).
However, concomitant expression of USP36 restored channel
expression levels to the ones observed in the absence of exoge-
nous Nedd4-2 (Fig. 8B, fifth lane). Therefore, these data sug-
gested that USP36 competes with Kv7.2/3 channel binding to
Nedd4-2, preventing Nedd4-2-mediated down-regulation of
the channels.

To assess the functional consequences of USP36 on the
effects of Nedd4-2 on channels, we performed additional
experiments to study the impact of USP36 over Nedd4-2-me-
diated Kv7.2/3 inhibition co-expressing Kv7.2/3 channels with
combinations of Nedd4-2 with or without USP36. First, we
observed that the biophysical properties of the Kv7.2/3 chan-
nels suffered minor or no changes when co-expressed with
USP36, Nedd4-2, or Nedd4-2 plus USP36 (Table 1). However,
the current density decreased significantly when the Kv7.2/3
subunits were co-expressed with Nedd4-2 (Fig. 8C), concord-
ant with previous reports (18). Interestingly, partial rescue of
Kv7.2/3 current density inhibition by Nedd4-2 expression was
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observed when USP36 was also co-expressed (Fig. 8C). No
changes in the current density of the Kv7.2/3 channels were
observed by the co-expression of USP36 (data not shown).
Therefore, USP36 competes with Nedd4-2 actions over
Kv7.2/3 channels, suggesting that USP36 has a global effect on
the actions of Nedd4-2 over different substrates.

Discussion

In this report, we provide evidence that USP36 regulates
TrkA levels, activation, and ubiquitination through a mecha-
nism that involves Nedd4-2. We looked for DUBs that could
alter TrkA activation kinetics in response to NGF performing a
siRNA screen, an approach that has been successfully used by
several groups trying to identify DUBs involved in the modula-
tion of signaling cascades triggered by different receptors (33,
34). We identified USP36 as a DUB that affected not only TrkA
signaling but also ubiquitination. Interestingly, the effect of
USP36 over TrkA was indirect because USP36 did not deubiq-
uitinate TrkA. Instead, USP36 interacted with Nedd4-2, com-
peting with its association with TrkA and impairing TrkA ubigq-
uitination mediated by Nedd4-2 (Fig. 7B). The effects of USP36
on Nedd4-2 extend beyond TrkA because the levels and func-
tion of Kv7.2/3 channels, known substrates of Nedd4-2, are also
regulated by the expression of USP36.

JOURNAL OF BIOLOGICAL CHEMISTRY 19139



USP36 Regulates Nedd4-2 Actions

A

TkKA + + + + +
Nedd4-2 - + - + +

USP36 - - + ‘
250- :
<| 1901 Ubiquitin
=
A
19074 o | | o | T
B | | — .
150{ u| |- -|Nedd4-2
50| | [ = | Actin

membrane

| &

Signaling
Differentiation

Degradation

. ~
[ usPss ;
\ /

=0.045
p=0.041

~ 200, =0.033
I

< 1501 .

E 100{ wes iL .
R I+ =
o) P [ 1]

2 0= ; . . .
TkA + + + + +

Nedd4-2 - + - + +
USP36 - - + el

USP36 Knockdown

P ~

~o _-

i (: USP36 \)
Signaling
Differentiation

FIGURE 7. USP36 competes with TrkA ubiquitination mediated by Nedd4-2. A, TrkA ubiquitination mediated by Nedd4-2 in HEK293 cells is impaired when
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USP36 is shown (means =+ S.D.; n = 3; one-tailed unpaired Student’s t test). p values show the significance with respect to TrkA + Nedd4-2. B, USP36 controls
TrkA levels competing the binding of Nedd4-2 and TrkA. Knockdown of USP36 increases TrkA protein levels leading to enhanced TrkA activation and signaling
that results in augmented PC12 differentiation. USP36 ubiquitination and protein levels are regulated by Nedd4-2.

To date, the knowledge regarding the ubiquitination/deubiq-
uitination machinery on the physiology of TrkA receptor has
been very limited. Through a functional screening, we identi-
fied many potential DUBs that alter the activation kinetics of
TrkA receptor in response to NGF treatment. Further support
for the overall results obtained in our screening comes from a
recently published paper in which USP8, one of the DUBs that
modified TrkA activation in our screening (Fig. 1D), has been
implicated in TrkA deubiquitination, trafficking, and PC12 dif-
ferentiation (13). In addition, CYLD, a DUB that interacts with
TrkA in an NGF-dependent manner, has been implicated in the
deubiquitination of TrkA (6, 11). CYLD was one of the DUBs
whose depletion also affected TrkA activation kinetics (Fig.
1D). Therefore, it seems that the ubiquitination/deubiquitina-
tion machinery regulating TrkA may appear as complex as in
the case of other receptor tyrosine kinases, such as EGFR and
Met, for which many identified DUBs regulate in a direct or
indirect way the response to their activation by their cognate
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ligands (34, 41). Additional studies need to be carried out to
address the role of other DUBs identified in this work within the
NGE-TrkA system.

Based on localization, expression pattern, and recent litera-
ture, we decided to first focus on USP11, USP36, and USP49.
Because of the preliminary results obtained with USP11 and
USP49, we decided to discontinue studying their relation to
TrkA and to focus on USP36. USP36 homologues in Saccharo-
myces cerevisiae and Drosophila melanogaster are Ubp10 and
dUSP36/Scny, respectively, and share different degrees of ho-
mology between them (38). Most of the functions already
described for USP36 proteins have been localized to the nucle-
olus modulating different proteins such as nucleophosmin/B23
(35), RNA polymerase I (39), c-Myc (37), H2B (38), and prolif-
erating cell nuclear antigen (42), although there is also regula-
tion of SOD2 in the mitochondria (36). In our work we have
identified for the first time that USP36 is able to function in
other cellular compartments regulating TrkA and Kv7.2/3
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TABLE 1 tion because the expression of a catalytically inactive mutant
Biophysical properties of heteromeric channels Kv7.2/3 had the same effect on TrkA ubiquitination as WT USP36. All
Vi Slope (zF/RT) these data suggested that an indirect effect was responsible for
K s my > USP36 actions on TrkA.
979+ -
Ig;zg + USP36 72122 : (1):3 i:; 13 TrkA ubiquitination is carried out by Nedd4-2 together with
Kv7.2/3 + Nedd4 —285*06 9.4+ 0.6 other E3 ubiquitin ligases (4, 5,9, 10). E3 ubiquitin ligases can be
Kv7.2/3 + Nedd4 + USP36 —25.0 = 0.9 89+ 08

regulated by different DUBs (43), and therefore, we sought to
determine whether Nedd4-2 could be regulated by USP36. We

channels. Our study indicates that USP36 levels have an impact
on the levels of TrkA affecting the downstream signaling path-
ways in response to NGF, resulting in an increase in the PC12
cell differentiation when USP36 protein was depleted. We have
observed that most of USP36 protein in PC12-6/15 cells is pres-
ent in non-nuclear compartments, where a fraction co-localizes
and interacts with TrkA, although USP36 does not directly deu-
biquitinate TrkA. These results are in agreement with the fact
that USP36 activity was not required to alter TrkA ubiquitina-
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have identified an interaction between USP36 and the WW
domains of Nedd4-2 that displaces the binding of Nedd4-2 with
TrkA, precluding its ubiquitination and leading to increased
levels of total and surface TrkA in basal conditions. Upon NGF
treatment, surface TrkA in the absence of USP36 is greatly
reduced as compared with the control cells, suggesting that
TrkA is rapidly degraded (Fig. 2C). This is further supported by
the fact that depletion of endogenous USP36 results in
enhanced ubiquitination of TrkA (Fig. 4B), probably mediated
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by Nedd4-2, because overexpression of USP36 competes with
Nedd4-2-mediated ubiquitination of TrkA (Fig. 7A). Interest-
ingly, Nedd4-2 and USP36 seem to regulate each other (Fig. 6);
USP36 ubiquitination and levels depend directly on Nedd4-2,
whereas USP36 affects Nedd4-2 ubiquitination without any sig-
nificant effect on protein levels. Our data are in agreement with
previous data reporting that USP2 binds to Kv7.1 channels
counteracting Nedd4-2 actions on these channels (30) and that
USP2 binds also to Nedd4-2 and epithelial sodium channels
(31). The binding of USP2 requires the HECT domain of
Nedd4-2, which interferes with Nedd4-2 activity (31). All these
results together with the ones presented in this work suggest
that Nedd4-2 is tightly regulated by different DUBs. The in vivo
relevance of Nedd4-2 has been recently highlighted. Nedd4-2
knock-out mice die perinatally because of a failure to inflate the
lungs (44, 45), Nedd4-2 shows a protective regulatory role
against the development of cystic fibrosis in lung (45), and it has
been directly implicated in the development of peripheral neu-
ropathic pain (46). The role of TrkA on pain has been well
established for a long time in mice (47) and humans (48). More-
over, our group has recently demonstrated the direct relation-
ship between TrkA ubiquitination and pain sensation in mice
(9). It is tempting to speculate that USP36 may play some role in
the pathologies in which Nedd4-2 and TrkA have been impli-
cated. Further studies in these pathological scenarios will be
required to address the potential role of USP36.

Experimental Procedures

Materials—NGF was obtained from Alomone Labs (Israel).
The following antibodies and the corresponding dilutions for
Western blotting were used unless otherwise stated: anti-203
(1:2000), RTA (1:2000), and USP36 (1:500 and 1:100 for immu-
nocytochemistry) (generous gifts from Dionisio Martin-Zanca,
Louis Reichardt, and Masayuki Komada, respectively);
Nedd4-2 (1:3000) was previously described (4); Trk (C-14)
(1:400) and P4D1 (1:400) (Santa Cruz); TrkA (E7) (2 pg/ml)
(Zymed Laboratories Inc.); anti-FLAG (3 ug/ml), GAPDH
(1:10000), actin (1:5000), and BIII-tubulin (1:10000) (Sigma);
phospho-Trk (Y490) (1:1000), phospho-Akt (1:1000), and
phospho-MAPK (1:2000) (Cell Signaling); FK1 (1:500) (Enzo
Life Sciences); and phospho-Histone 3 (1:500) (Abcam). Anti-
bodies against USP36 (2 pg/ml for immunocytochemistry) and
GST (0.5 pg/ml) were developed (see below). FLAG peptide
was purchased from Sigma.

Cell Cultures—HEK293 and HEK293FT cells were grown in
DMEM supplemented with 10% bovine serum, 1% non-essen-
tial amino acids, 2 mM L-glutamine, and penicillin/streptomy-
cin (100 units/ml). PC12 and PC12-6/15 cells, which stably
overexpress human TrkA, (32) were grown in DMEM supple-
mented with 10% horse serum, 5% fetal bovine serum, 2 mm
L-glutamine, and penicillin/streptomycin (100 units/ml).

DNA Transfections, Preparation of Cell Lysates, and Immuno-
blotting—Plasmid DNA was transiently transfected into
HEK293 cells using the calcium phosphate method (49). Cells
were lysed in lysis buffer (20 mm Tris, pH 8, 137 mm NaCl, 2 mm
EDTA, 1% Nonidet P-40, 1 mm PMSF, 1 pg/ml aprotinin, 2
png/ml leupeptin, 1 mm vanadate, 10 mm NaF, and 20 mm
B-glycerophosphate) for 40 min at 4 °C with gentle shaking and
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centrifuged at 13,000 X g for 10 min to eliminate the debris.
Lysates were resuspended in 2X Laemmli sample buffer and
boiled for 7 min to denature the proteins. Proteins were
resolved by SDS-PAGE, and Western blotting was performed
with antibodies against different proteins. When co-immuno-
precipitation assays were performed, cell lysates were incu-
bated overnight with the corresponding antibody at 4 °C.
Protein-antibody complexes were precipitated with protein A-
or G-agarose, washed four times with lysis buffer, and detected
by Western blotting assay. To avoid problems with the Ig chains
in the immunoprecipitations, we used protein A- or G-conju-
gated HRP when the same species antibodies were used for both
immunoprecipitation and Western blotting.

DUB siRNA Screen—Desiccated siRNA pools (0.25 nmol)
targeting all known deubiquitinating enzymes were purchased
from Dharmacon (SMARTpool siRNA catalog no. H-014700).
The siRNA pools were diluted with OPTIMEM medium (25
wl/well), and Lipofectamine 2000 (2 ul/well) was added and
incubated at 37 °C for 30 min. Lipofectamine:siRNA complexes
were transferred to PC12-6/15 cells (5 X 10° cells/well in a
96-well plate) seeded the day before and then incubated for
48 h. The non-targeting siGlo RISC-Free siRNA was used as a
negative control. Cell medium was replaced by serum-reduced
medium (1/10 of normal amount), and cells were incubated for
an additional 24 h. NGF (100 ng/ml) was added to the cells for
10 min, and then NGF-containing medium was removed and
replaced by fresh serum-reduced medium. Cells were lysed in
2X Laemmli buffer 15 or 60 min after NGF was eliminated, and
Western blotting analyses were performed to detect TrkA acti-
vation in response to DUB depletion.

Plasmids—The sequences of the mouse USP36 siRNAs 1-4
from the siRNA library were 5'-GAGCAAATATGTACT-
GTTG-3',5'-GAGAACGCCTATATGTGTG-3', 5'-GAATG-
GCTATGCTAAGTTG-3', and 5'-CGACAAGACTCTCTA-
ATGA-3'. These sequences were used as templates to generate
individual USP36 shRNAs against rat USP36, changing the
non-conserved nucleotides using the pLVTHM lentiviral vec-
tor. In addition, the sequence 5'-GGAAGAAGAGGAAGAA-
GAAGA-3' was also used to generate shRNA-6 against rat
USP36. Control shRNA was generated using the sequence
5'-GCGCGCTTTGTAGGATTCG-3' from Euglena gracillis
chloroplast DNA between s16 S and 16 S rRNA genes.

The pcDNA3 expression vector containing the rat sequence
of TrkA was used to express the TrkA protein (50). The pcDNA
FLAG-HA-USP36-expressing plasmid was constructed after
inserting FLAG-HA-USP36 DNA fragment from pDEST_
LTR_N_FLAG_HA_USP36 (a gift from Wade Harper, Add-
gene plasmid no. 22579) in the pcDNA3 vector. The catalyti-
cally inactive USP36 mutant (USP36C131S) was generated by
site-directed mutagenesis and confirmed by sequencing. The
human isoform 3 Kv7.2 (Y15065) and Kv7.3 (NM004519)
c¢DNA were provided by T. Jentsch (Leibniz-Institut fir
Molekulare Pharmakologie, Berlin, Germany). The subunits
tagged at the N-terminal with mCFP or mYFP were cloned into
pCDNA3.1. These N-terminal tags had been previously con-
firmed to have no impact on the electrophysiological properties
of the channel (51).
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Generation and Purification of anti-USP36 Antibodies—A
GST fusion protein containing the first 120 amino acids of rat
USP36 was produced in Escherichia coli and purified using glu-
tathione-Sepharose affinity beads (ABT). Polyclonal antibodies
against USP36 were generated after the immunization of two
rabbits with a first injection of 500 ug of GST fusion protein
with complete Freund adjuvant, followed by boosts of 250 ug
with incomplete Freund adjuvant every 3 weeks. Bleedings were
obtained 7-10 days after every boost, starting with the second
boost. Antibodies generated against GST were depleted by
incubation of sera with a GST affinity column. Antibodies
against USP36 were purified using an affinity column coupled
with the GST fusion protein used to inject the rabbits. Antibody
elution was performed with 0.1 m glycine, pH 2.5, and the solu-
tion was neutralized and supplemented to a final concentration
of 50 mm NaCl.

Lentivirus Generation and Infection—The lentiviruses used
in this study were generated as previously described (52).
Briefly, HEK293FT cells were transfected with 9 ng of
pLVTHM control shRNA or pLVTHM USP36 shRNA-1, -2, -3,
-4, or -6, together with 6 ug of psPAX2 and 5 ug of pMD.2G
plasmids using the calcium phosphate method. The following
day, the medium without antibiotics was changed, and the
supernatant containing the lentiviruses was collected 48 h later,
centrifuged at 5000 rpm (rotor ST16, Beckman) for 15 min,
filtered (45 wm), and stored in aliquots at —80 °C. The viral
medium was used to infect cells, which were monitored by the
expression of GFP. In some preparations, lentiviruses were con-
centrated through ultracentrifugation or using LENTI-X solu-
tion (Clontech) as indicated by the manufacturer. Following
infection, USP36 levels decreased by at least 70% using USP36
shRNA-1 or shRNA-6, but not with shRNA-2, -3, or -4, within
5-7 days.

Preparation of GST Fusion Proteins and in Vitro Binding
Assays—The following GST-Nedd4-2 recombinant proteins
were generated as previously described (4): GST-WW 1 (amino
acids 231-266), GST-WW2 (amino acids 406-438), GST-
WW3 (amino acids 518 -550), GST-WW4 (amino acids 569 —
601), and GST-WW3/4-HECT (amino acids 518-995). In
addition, GST-RalBD and GST-RafBD were generated in a sim-
ilar way. GST fusion proteins (20 ug) immobilized on glutathi-
one-agarose beads were incubated with 800 ug of the corre-
sponding FLAG-HA-USP36-transfected HEK293 lysates.
Western blotting was performed with antibodies to detect
USP36, and Coomassie Blue staining or Western blotting anal-
yses were used to verify the equivalent loading of GST fusion
proteins.

Cellular Fractionation—For nuclear and non-nuclear frac-
tionation, PC12-6/15 cells were resuspended using cytosolic
buffer (10 mm HEPES, pH 7, 1.5 mm MgCl,, 10 mm KCl, 1 mm
EDTA, and 0.1% Nonidet P-40) with protease and phosphatase
inhibitors and homogenized mechanically as described (53).
Lysates were centrifuged at 500 X g for 10 min at 4 °C. The
supernatant contains the non-nuclear fraction, and the pellet
containing the nuclear fraction was resuspended in nuclear
buffer (50 mm HEPES, pH 7, 1.5 mm MgCl,, 10 mm KCl, 10 mm
NaCl, 1 mm EDTA, and 1% Nonidet P-40), incubated for 1 h on
ice, frozen overnight at —80 °C, and then boiled for 5 min. Pro-
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teins were quantified, and protein loading buffer was added.
p-Histone 3 was used as a nuclear marker.

Immunofluorescence—The PC12-6/15 cells used to detect
USP36 localization were cultured on coverslips coated with 1
mg/ml poly-p-lysine. The cells were fixed with 4% paraformal-
dehyde in the presence of 20% sucrose in PBS for 5 min and
washed with PBS for 5 min. Coverslips were incubated with 50
mM NH,CI in PBS for 10 min to quench paraformaldehyde
autofluorescence, and the cells were blocked in blocking solu-
tion (PBS with 10% FBS, 2% BSA, 0.1% Tween 20) with 0.1%
Triton X-100 for 1 h at room temperature. Primary antibodies
were added in the blocking solution plus 0.1% Triton X-100 and
incubated at 4 °C overnight. Coverslips were washed with PBS,
incubated with the fluorescent secondary antibody for 40 min
in blocking buffer, and washed with PBS. Coverslips were
mounted in Prolong Gold medium (Life Technologies). Images
were collected with a Leica confocal microscope.

In Vitro Ubiquitination Assay—The experiments to perform
in vitro ubiquitination assays were done as described (4), with
slight modifications. Purified TrkA and FLA-HA-USP36 were
immunoprecipitated from HEK293 cell lysates expressing
TrkA or FLAG-HA-USP36. USP36 was eluted using FLAG pep-
tide. Immunoprecipitated TrkA was incubated with 1 ug of
GST or GST-WW3-4HECT with or without FLAG-HA-
USP36 and in the presence of rabbit E1 (150 ng) and UbcH5b
(300 ng) in 25 mMm Tris-HCI, pH 7.5, 120 mm NaCl, 2 mm MgCl,,
2 mm ATP, 500 um dithiothreitol, and 500 ng/ul bovine ubiq-
uitin (Sigma) for 2 h at 30°C. The reactions (70 ul) were
stopped by the addition of 2X SDS buffer, resolved by SDS-
PAGE, and visualized by Western blotting.

In Vitro Deubiquitination Assay—In vitro deubiquitination
assays were carried out using a similar protocol as described
(54), with slight modifications. Ubiquitinated TrkA was iso-
lated from HEK293 cells transfected with an expression vector
for TrkA and Hiss-Myc-ubiquitin. After incubation with pro-
teasome inhibitor MG132 (20 uM) and chloroquine (50 um) for
5-6h, ubiquitinated TrkA was purified from cells extracts with
anti-TrkA antibody (anti-203 antibody) covalently coupled to
protein A-agarose in a lysis buffer containing 20 mm Tris-HCl,
pH 8,137 mMm NaCl, 2 mm EDTA, 1% Nonidet P-40, 0.2% sarko-
syl, 10% glycerol, and protease inhibitors, except PMSF. FLAG-
HA-USP36 was purified from HEK293 transfected cells using
anti-FLAG M2-agarose and eluted with FLAG peptide. For in
vitro deubiquitination assay, ubiquitinated TrkA protein was
incubated with purified USP36 protein in the deubiquitination
buffer (40 mm Tris-HCI, pH 8, 2 mm DTT, 5 mm MgCl,) for 4 h
at 37 °C.

Surface Assays—PC12-6/15 cells were infected with control
and USP36 shRNA lentivirus for 6 days. The cells were washed
with PBS, chilled on ice, and biotinylated using 0.5 ng/ml Sulfo-
NHS-SS-biotin for 20 min at 4 °C. The cells were sequentially
washed with cold and room temperature PBS and incubated in
prewarmed medium at 37 °C with or without NGF (50 ng/ml)
for 10 min. Then NGF was removed and collected at different
times (15 and 60 min) to allow the biotinylated receptors to
become internalized and degraded. Subsequently, the cells
were washed and lysed using lysis buffer, and the biotinylated
proteins were precipitated with NeutroAvidin-beads, washed,
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subjected to SDS-PAGE, and immunoblotted using different
antibodies. With this method it was possible to detect surface-
labeled proteins that had not been degraded at different time
points, regardless of whether the proteins had been internalized
or whether they had returned to the plasma membrane.

PCI2 Differentiation Assays—PC12 cells were transfected
with lentiviral plasmids expressing GFP and control shRNA or
USP36 shRNA-1 or -6. The medium was changed to serum-
reduced medium 48 h late and stimulated with NGF (10 ng/ml)
for an additional 72 h. Neurite-bearing cells expressing GFP
and with the longest neurite, at least twice the size of the cell
soma, were scored as positive.

Electrophysiological Measurements—Transient transfection
for electrophysiology was performed using 25-kDa polyethyl-
enimine (PolySciences reference no. 23966-2 2g, Eppelheim,
Germany). All experiments were performed 48 h after transfec-
tion. Whole cell patch recordings of HEK293T cells were
obtained at room temperature (21-25 °C) using a VE-2 ampli-
fier (Alembic Instruments) equipped with an Rs Compensator.
The cells were bathed in the following solution: 140 mm NaCl, 4
mMm KCl, 2 mm CaCl,, 2 mm MgCl,, 10 mm Na-HEPES, and 5
mM D-glucose, adjusted to pH 7.4 with NaOH. The osmolarity
was adjusted with mannitol to ~315 mOsm. Pipettes were
pulled from borosilicate glass capillaries (Sutter Instruments)
using a Narishige micropipette puller (PC-10; Narishige Instru-
ment Company). Pipettes were filled with an internal solution
containing 125 mm KCI, 5 mm MgCl,, 5 mm EGTA, 5 mm
Na,ATP, and 10 mm K-HEPES, adjusted to pH 7.2 with KOH,
and the osmolarity was adjusted to ~300 mOsm with mannitol.
The amplitude of the Kv7 current was defined as the peak dif-
ference in current relaxation measured at —30 mV after 500 —
1500-ms pulses to —110 mV (all channels closed) and to +30
mV (all channels opened). The data were acquired and analyzed
using pCLAMP software (version 8.2).
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