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SUMMARY

Nedd4-1 is a “neuronal precursor cell expressed and
developmentally downregulated protein” and among
the most abundant E3 ubiquitin ligases in mamma-
lian neurons. In analyses of conventional and condi-
tional Nedd4-1-deficient mice, we found that Nedd4-
1 plays a critical role in dendrite formation. Nedd4-1,
the serine/threonine kinase TNIK, and Rap2A form
a complex that controls Nedd4-1-mediated ubiquiti-
nation of Rap2A. Ubiquitination by Nedd4-1 inhibits
Rap2A function, which reduces the activity of Rap2
effector kinases of the TNIK family and promotes
dendrite growth. We conclude that a Nedd4-1/
Rap2A/TNIK signaling pathway regulates neurite
growth and arborization in mammalian neurons.

INTRODUCTION

Dendrites are branched extensions of neurons where synapse
formation, subsequent functional innervation, and the first steps
of input signal integration take place. Dendrite size and com-
plexity of a given neuron are correlated with the numbers of
innervating axons and functional synapses (Hume and Purves,
1981; Snider, 1987), and the dendrite structure might even
directly influence synaptogenesis and synapse elimination
(Kwon et al., 2006). Because dendrites play a critical role in
defining the signal input characteristics of neurons, their struc-
ture and complexity as well as the processes that control their
growth are of profound importance for the establishment of
neuronal networks (Parrish et al., 2007; Spruston, 2008).
Multiple neuronal transmembrane cell-surface proteins,
including Dscam, Neuropilins, Notch, or Neurotrophin receptors,
regulate the morphology of dendrites in a differential manner
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(Parrish et al., 2007), and numerous neuronal proteins control
more subtle aspects of dendrite morphology such as spine
formation and stability. The fact that different cell-surface
proteins control distinct aspects of dendrite morphogenesis
implies that distinct intracellular signal transduction cascades
exist that translate individual extracellular signals into specific
morphogenic changes during dendrite formation. Transcription
factors such as Neurogenin 2 or CREB, the tyrosine kinase
Fyn, CaMKs, or small GTPases of the Rho and Ras families
are likely components of such signaling cascades (Hand
et al., 2005; Huang and Reichardt, 2003; Sasaki et al., 2002;
Takemoto-Kimura et al., 2007; Yamashita et al., 2007). However,
it is largely unknown how these signaling pathways are coordi-
nated to determine specific morphological features of dendrites
during different phases of neuronal network formation.

In the present study, we discovered a signaling pathway that
controls dendrite growth. It involves the E3 ubiquitin ligase
Nedd4-1, which acts as an essential positive regulator of
dendrite development and operates by mono- or diubiquitination
of Rap2A and downstream modulation of Rap2A effector
kinases of the TNIK family.

RESULTS

Perturbed Embryonic Development of Conventional
Nedd4-1-Knockout Mice
Nedd4-1 mRNA and protein are strongly and ubiquitously ex-
pressed in the newborn brain and developmentally downregulated
after synapse formation has peaked and dendrite development is
throttled (see Figure S1 available online), indicating that Nedd4-1
is particularly important in the brain during gestation and early
postnatal development. In the adult mouse brain, Nedd4-1 is
slightly enriched in ER- and Golgi membranes (Figure S1F).

We generated Nedd4-1 knockout (KO) mice in which Nedd4-1
protein expression is abolished (Figures S2A-S2E). Although
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Nedd4-1 protein expression was slightly reduced in heterozy-
gous KOs (Figure S2E), these were viable and showed no
obvious phenotypic changes. Offspring of heterozygous inter-
breedings showed the predicted Mendelian frequency of homo-
zygous KO, heterozygous KO, and wild-type (WT) progeny until
embryonic day E16.5 (20%:52%:28%), after which the number
of homozygous KOs decreased to 3% at E18.5 and 0% at birth,
indicating that homozygous KOs die during late gestation. This
lethality is likely due to the loss of Nedd4-1 from essential non-
neuronal organs. Indeed, starting at E11.5, KO embryos showed
a retarded development (Figure S2F), and almost 50% of KOs
had subcutaneous bleedings (Figure S2F), indicating an involve-
ment of Nedd4-1 in vasculogenesis or angiogenesis. We did not
observe any signs of apoptosis in Nedd4-1-KOs (data not
shown). Among the reported conventional KO mice lacking ubig-
uitously expressed E3 ubiquitin ligases (Bloom et al., 2007; Jiang
et al., 1998; Lotz et al., 2004; Montes de Oca Luna et al., 1995;
Yamashita et al., 2005; Yao et al., 2007), the Nedd4-1-KO
exhibits one of the most severe mutant phenotypes, indicating
that Nedd4-1 is a critical E3 ligase in cellular function (Cao
et al., 2008; Fouladkou et al., 2008).

Impaired Dendritogenesis in Nedd4-1-KO Neurons

To study the function of Nedd4-1 during nerve cell development,
we analyzed the morphology of individual cortical neurons from
Nedd4-1-KO and WT brains in autaptic cultures (Bekkers and
Stevens, 1991) by plating and culturing identical numbers of
KO and WT cells (6000 cells per 35 mm?) on astrocyte islands.
The numbers of surviving neurons were not significantly different
between the genotypes at day 10 in vitro (DIV10) (Kolmogorov-
Smirnov test; p = 0.944) (Table S1), indicating that Nedd4-1
KO does not affect neuron survival. However, KO neurons
were smaller than WT cells.

To examine if the smaller size of KO neurons is due to impaired
dendrite development, we fixed neurons at DIV10 and immuno-
stained them for MAP2. KO neurons were characterized by more
immature dendrites as compared with WT cells (Figure 1A). We
quantified this effect by Sholl analysis, where dendrites crossing
concentric circles drawn at 7.5 um intervals around neurons are
counted (Sholl, 1953). WT DIV10 neurons showed the highest
number of crossings at a 30 um distance from the cell body
(9.36 + 0.86, n = 25) while KO neurons showed a peak at
22.5 um and overall less crossing dendrites (5.87 + 0.41, n = 38)
(Figure 1B). Comparison of numbers of crossing dendrites at
a 22.5 um distance from cell bodies (p < 0.001) and numbers
of dendritic tips, representing the number of all distal dendrites
and dendrite complexity (p = 0.017) (Jaworski et al., 2005),
yielded significantly lower values for KO neurons (Figures 1C
and 1D and Table S1). However, neither the numbers of primary
dendrites emerging from cell bodies at DIV10 (p = 0.138)
(Figure 1E and Table S1) nor neurite lengths, axon numbers, or
total neurite numbers at DIV3 (Figure S3 and Table S1; p >
0.05) were different between WT and KO neurons. These results
show that Nedd4-1 is dispensable during the acquisition of
neuronal cell polarity and initial neuritogenesis but required for
subsequent dendrite extension and arborization.

To test if the dendrite arborization defect in KO neurons is a
specific consequence of Nedd4-1 loss, we tried to rescue this

phenotype by re-expressing EGFP-tagged Nedd4-1 in KO cells
(Figures 1F-1H). We infected WT and KO neurons 24 hr after
plating on astrocyte microislands with lentiviruses expressing
either EGFP-Nedd4-1 or, as a negative control, EGFP fused to
the catalytically inactive point mutant of Nedd4-1 [EGFP-
Nedd4-1(C/S)], and fixed cells at DIV10, when EGFP signals
were clearly detectable. Upon expression of EGFP-Nedd4-1
(C/8) in KO neurons, the dendrite complexity was similar to that
of non-infected KO cells (compare Figures 1A and 1F). In contrast,
re-expression of EGFP-Nedd4-1 in KO neurons caused a signifi-
cant increase in the complexity and length of dendrites, which
were similar to those in WT cells expressing the negative control
construct EGFP-Nedd4-1(C/S) (Figures 1F-1H and Table S2;
p < 0.001). Sholl analysis revealed that the reintroduction of
recombinant Nedd4-1 into KO cells restored the complexity of
dendrites (Figure 1G). Overexpression of recombinant Nedd4-1
in WT neurons showed little effect on dendrite complexity (Figures
1F-1H and Table S2; p > 0.05), most likely because endogenous
Nedd4-1 expression in WT cells is sufficiently high to reach satu-
ration. Corresponding results were obtained when we used EGFP
fused to the N-terminus of Nedd4-1 [EGFP-Nedd4-1(1-268)] as
a negative control (Table S2), which itself had no catalytic activity
or dominant effects (Figure S5A). These results show that the
dendrite morphology defect in KO neurons is a specific conse-
quence of Nedd4-1 loss and that the enzymatic activity of
Nedd4-1 is crucial for regulation of dendrite development.

Nedd4-1 Is a Regulator of Dendrite Arborization In Vivo

To study the function of Nedd4-1 in vivo, we generated a floxed
Nedd4-1 mutant mouse line (Figure S2B). Overexpression of
Cre in primary neurons prepared from Nedd4-17¥% mice
eliminated Nedd4-1 protein expression (Figure S2E). The
Nedd4-1"/o% line was crossed with a NEX-Cre mouse line
expressing Cre recombinase in postmitotic cerebral and hippo-
campal glutamatergic neurons (Goebbels et al., 2006). NEX-
Cre;Nedd4-1701X mice were viable and fertile but had a smaller
cerebrum than controls, while the size of the cerebellum, where
Crerecombinase is expressed only in a minor fraction of neurons,
was normal (Figures 2A and 2B). Brains were isolated from NEX-
Cre;Nedd4-17*°x mice at 2-8 months after birth and Golgi
stained in order to study dendrite complexity. The thickness of
the cerebral cortex was reduced in NEX-Cre;Nedd4-170x/fox
mice (Figure 2C). Upon examination of pyramidal cells in stratum
radiatum and stratum lacunosum moleculare of the CA1 region of
hippocampus, we found that the extent and branching of apical
dendrites were significantly reduced in NEX-Cre;Nedd4-17ox/flox
mice (p < 0.0001) (Figures 2D-2F and Table S1). These results
show that Nedd4-1 is a critical regulator of dendrite arborization
in vivo and determines the neurite arborization of mature neurons.

Reduced Synaptic Transmission and Synapse Numbers
in Nedd4-1-KO Neurons

To determine the effects of Nedd4-1 KO on synaptic transmis-
sion, we studied glutamatergic autaptic cortical neurons from
WT, heterozygous KO, and homozygous KO littermate embryos
using electrophysiological methods. Because data obtained
from WT and heterozygous KO neurons were indistinguishable,
we pooled them and used them as the WT control reference.
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Figure 1. Impaired Dendrite Development in
Nedd4-1-KO Neurons

(A) KO neurons show impaired development of
dendrites. Autaptic neurons prepared from
cortices of WT and KO embryos were fixed at
DIV10 and dendrites were immunostained using
an anti-MAP2 antibody. Scale bars, 50 um.

(B) Sholl analysis of WT and KO neurons. Black
circles, WT neurons (n = 25); gray circles, KO
neurons (n = 38).

(C) Numbers of crossing dendrites at 22.5 pm from
the cell body in WT and KO neurons.

(D) Numbers of dendritic tips in WT and KO
neurons.

(E) Numbers of primary dendrites emerging from
WT and KO neurons. Black bars, WT neurons
(n =25 for C, n = 26 for D and E); gray bars, KO
neurons (n =38 for C, n =39 for D and E). Student’s
t test revealed significant differences in (C) (p <
0.001) and (D) (p = 0.017), but not in (E) (p = 0.17).
(F) Anti-MAP2 immunostaining of autaptic KO (top
two panels) and WT (bottom two panels) neurons
overexpressing EGFP fused to the catalytically
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inactive mutant of Nedd4-1 (C/S) as a negative
control (left two panels) or full-length EGFP-
Nedd4-1 (right two panels). Scale bars, 50 um.
(G) Sholl analysis of autaptic WT or KO neurons
overexpressing EGFP-Nedd4-1 (C/S) or EGFP-
Nedd4-1. Black diamonds, WT neurons overex-
pressing EGFP-Nedd4-1 (n = 42); black circles,
WT neurons overexpressing EGFP-Nedd4-1 (C/S)
(n = 40); black rectangles, KO neurons overex-
pressing EGFP-Nedd4-1 (n = 60); gray circles,
KO neurons overexpressing EGFP-Nedd4-1(C/S)
(n=68).

(H) Numbers of crossing dendrites at 22.5 pm from
the cell body in WT and KO neurons expressing
EGFP-Nedd4-1(C/S) or EGFP-Nedd4-1. Nonpara-
metric ANOVA test revealed a significant effect of
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interaction between the genotype and expression of EGFP-Nedd4-1s (p = 0.0001). Dunn’s multiple comparisons test revealed significant differences between KO

neurons expressing EGFP-Nedd4-1(C/S) and EGFP-Nedd4-1 (p < 0.001) and
between WT neurons expressing EGFP-Nedd4-1(C/S) and EGFP-Nedd4-1 (p
Error bars represent standard error of the mean (SEM).

We first recorded resting membrane potentials and input
membrane resistances, which did not differ between KO and
WT cells (Figures S3E and S3F and Table S3; p > 0.1). Next, we
quantified the delay between stimulus-onset and glutamate-
mediated evoked excitatory postsynaptic currents (EPSC)
(stimulus-peak time), which was almost identical in WT and KO
cells (Table S3; Student’s t test, p > 0.1). Paired-pulse response
characteristics, which we assessed using two action potentials
at a 100 ms interval, were not significantly different between
neurons of the two groups (WT, 0.96 + 0.030, n = 91; KO,
0.89 = 0.024, n = 68; Student’s t test, p > 0.05). These results
indicate that neuronal viability and presynaptic release proba-
bility are not affected by Nedd4-1 KO.

EPSC amplitudes in KO neurons were reduced to about 62%
of control values (Figures 3A and 3B and Table S3; p < 0.001).
This was paralleled by a similar reduction in the size of the readily
releasable vesicle pool in KO neurons (Figures 3C and 3D
and Table S3; p < 0.005), which we determined by measuring
transmitter release in response to hypertonic sucrose buffer
(Rosenmund and Stevens, 1996).

360 Neuron 65, 358-372, February 11, 2010 ©2010 Elsevier Inc.

between EGFP-Nedd4-1(C/S) expressing KO and WT neurons (p < 0.01) but not
> 0.05). See also Figures S1-S4 and Tables S1 and S2.

Such phenotypic changes in synaptic transmission can be
caused by a reduction of the number of synapses formed by a
given mutant neuron, which would be expected based on our
morphological analysis (Figure 1), or by functional defects at
the level of individual synapses. To distinguish these possibili-
ties, we analyzed miniature EPSCs (mEPSC) originating from
spontaneous single synaptic vesicle fusion events and postsyn-
aptic detection of released transmitter. mMEPSC amplitudes
were not different between control and KO neurons, while the
frequency of mEPSCs in KO neurons was reduced to 55% of
control values (Figures 3E-3G and Table S3; amplitudes, p >
0.05; frequencies, p < 0.005). The fact that mEPSC amplitudes
were similar in control and KO neurons indicates that the
numbers and density of postsynaptic glutamate receptors at
existing synapses are normal in KO cells. That the cell-surface
density of glutamate receptors is indeed unaltered in KO cells
was verified by experiments, in which we applied kainic acid
to cultured neurons in order to stimulate all cell surface gluta-
mate receptors. Kainic acid-induced currents did not differ
significantly between control and KO neurons (Figure 3H and
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Figure 2. Effect of Nedd4-1 Loss on Dendrite Development In Vivo
(A and B) Impaired development of cerebra of NEX-Cre;Nedd4-171* mice
(left) as compared with control Nedd4-1"X/oX mice (right) at immature (P5; A)

Table S3; p > 0.05). The tendency toward lower kainic acid-
induced currents in KO neurons is likely due to the reduced
cell surface area, which is caused by the impaired development
of dendrites.

The fact that AMPA receptor densities at existing synapses are
unaltered in KO neurons indicates that AMPA receptor exo- and
endocytosis, which can in principle be modulated by ubiquitina-
tion (Guo and Wang, 2007), are normal upon Nedd4-1 KO. Con-
sequently, the reduced evoked EPSC amplitudes and mEPSC
frequencies in KO neurons are most likely due to a reduction in
the numbers of functionally normal synapses, as is expected
based on the dendritogenesis defect in KO cells (Figure 1).

To test this, we measured synapse numbers in autaptic WT
and KO neurons at DIV10 after immunostaining for the synapse
markers Synapsin and Bassoon (Figure 4). The fluorescence
intensities of synapses stained for Synapsin did not differ
between KO and WT cells (Figure 4A). However, the total number
of Synapsin-positive presynaptic puncta was reduced in KO
cells. Quantification of Synapsin and Bassoon double positive
synaptic puncta showed that KO neurons had 47% less
synapses than WT controls (Figure 4B and Table S3; p <
0.001), which is in accord with the reduced evoked EPSC ampli-
tudes and mEPSC frequencies in KO cells (Figures 3A-3G and
Table S3). Re-expression of recombinant EGFP-Nedd4-1
restored synapse numbers and function in autaptic KO neurons
(Figure S4 and Table S2). Importantly, the synapse density per
dendrite length (Figures S3G and S3H and Table S3), presyn-
aptic maturation of synapses (Table S3), and spatial matching
of pre- and postsynapses (Figures S3I and S3J) were normal in
KO neurons.

Taken together, these results show that Nedd4-1 loss causes
impaired dendrite development, which in turn leads to a reduc-
tion in the number of otherwise normal synapses. However, we
cannot exclude that subtle synaptic defects in KO cells went
undetected in our analyses.

Rap2 Is a Nedd4-1 Substrate

Multiple mammalian proteins were identified as Nedd4-1
substrates, including VEGF-R2, CNrasGEF, ENaC, and PTEN
(Murdaca et al.,, 2004; Pham and Rotin, 2001; Staub et al.,
1996; Wang et al., 2007), but the role of their ubiquitination in

and mature (8 months; B) stages. Note that the sizes of cerebella are
indistinguishable between NEX-Cre;Nedd4-17/°% and Nedd4-17°°x mjce.
Scale bars, 5 mm.

(C) Overviews of Golgi-stained samples of NEX-Cre;Nedd4-17xx gnd
Nedd4-17*/fox cerepra. Sections were from 2-month-old littermates. Scale
bars, 0.5 mm.

(D) Hippocampal CA1 neurons in NEX-Cre;Nedd4-17¥°% (left two panels) and
Nedd4-17x/x (right two panels) mice. Tops of each picture are the apical side.
Pictures were taken from 3-month-old littermates. Scale bars, 20 um.

(E and F) Total lengths (E) and branching numbers (F) of apical dendrites of
hippocampal CA1 neurons in NEX-Cre;Nedd4-17/x and Nedd4-17ox/flex
mice. Similar numbers of neurons were used for each genotype at the age of
2 months (NEX-Cre;Nedd4-17%x ' = 3; Nedd4-170¥°% n = 3), 3 months
(NEX-Cre;Nedd4-170/x n = 16; Nedd4-17°x n = 13), and 8 months
(NEX-Cre;Neddd4-17¥/fox = 9; Nedd4-170/f°x n = 9). Student’s t test
revealed significant differences in both (E) and (F) (n > 24, p < 0.0001).
See also Figures S1 and S2 and Table S1.

Error bars represent SEM.
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Figure 3. Reduced Synaptic Transmission in Nedd4-1-KO Neurons
(A) Sample traces of evoked EPSCs from control (Ctl) and KO neurons.

(B) Averaged evoked EPSC amplitudes of control (Ctl) (n = 70) and KO (n = 82)
neurons. Student’s t test, p = 0.0003.

(C) Sample traces of postsynaptic currents evoked by the application of hyper-
tonic sucrose solution from control (Ctl) and KO neurons.
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neurons has not been analyzed. Among these substrates, PTEN
could in principle be relevant for the present findings (Jaworski
et al., 2005; Kwon et al., 2006), but we found earlier that it is
not a Nedd4-1 target in vivo (Fouladkou et al., 2008).

To identify Nedd4-1 targets responsible for the KO phenotype,
we performed affinity chromatography using the Nedd4-1 WW
domains as affinity matrix and a Triton X-100 rat brain synapto-
some extract as the source of Nedd4-1 targets. We identified
15 proteins from 12 protein bands that bound to the Nedd4-1
affinity column (Figure 5A and Table S4). Among these, our
interest was attracted by TNIK. TNIK was originally identified
as a Traf2- and Nck-interacting kinase (Fu et al., 1999), is part
of a protein family that also contains NIK (Nck-interacting kinase)
and MINK (misshapen/NIKs-related kinase) (Figure S5B) (Dan
et al., 2000), and was shown to regulate actin dynamics as an
effector of the small GTPase Rap2 (Taira et al., 2004). Given
that TNIK binds to the WW domains of Nedd4-1 and regulates
actin dynamics in conjunction with Rap2, we focused our anal-
ysis on the interaction among Nedd4-1, TNIK, and Rap2, whose
perturbation might be the cause for the dendritogenesis defects
seen in Nedd4-1-KO neurons.

Western blotting of eluates from GST-Nedd4-1 beads using
anti-TNIK and anti-Rap2 antibodies showed that TNIK and
Rap2 are present in the affinity-purified material, indicating that
Nedd4-1, TNIK, and Rap2 may form a complex (Figure 5B). To
detect complex formation among Nedd4-1, TNIK, and Rap2, a
mouse brain membrane fraction was incubated with a thiol-
cleavable membrane-permeable crosslinker before immunopre-
cipitation with an anti-Nedd4-1 antibody. Under these condi-
tions, but not without crosslinking (not shown), TNIK and Rap2
were coimmunoprecipitated with Nedd4-1 (Figure 5C). In addi-
tion, Rap2A and TNIK are enriched and colocalized with
Nedd4-1 in the perinuclear region of neurons, and the three
proteins partially cosegregate into ER and Golgi enriched frac-
tions upon subcellular fractionation of brain tissue (Figures S1E
and S1F). These data show that Nedd4-1, TNIK, and Rap2
partially colocalize in neurons and form a ternary complex.

We mapped the Nedd4-1-binding region of TNIK to the central
part (Figures S5C and S5D), which is only moderately conserved
in MINK (53% identity) and NIK (57% identity), while the kinase
and citron-homology (CNH) domains are very similar in all family
members (90%-92% identity). The isoform specificity of Nedd4-
1 interactions with TNIK, MINK, and NIK was studied by affinity
pull-down assays (Figure S5B). We found that the affinity of
NIK to GST-Nedd4-1 was as strong as that of TNIK, while
MINK binding to GST-Nedd4-1 was barely detectable.

(D) Mean readily releasable vesicle pool sizes as estimated by the charge
integral measured after release induced by application of 0.5 M sucrose solu-
tion in control (Ctl) (n = 58) and KO (n = 61) neurons. Student’s t test, p = 0.0028.
(E) Sample traces of miniature EPSCs from control (Ctl) and KO neurons.

(F) Averaged miniature EPSC amplitudes (Ctl, n = 32; KO, n = 40). Student’s
ttest, p > 0.1.

(G) Averaged miniature EPSC frequencies (Ctl, n = 32; KO, n = 40). Student’s
t test, p = 0.0038.

(H) Averaged kainic acid-induced currents in control (Ctl, n = 29) and KO
neurons (n = 32). Student’s t test, p > 0.1. See also Figures S3 and S4 and
Table S3.

Error bars represent SEM.
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Figure 4. Reduced Synapse Numbers in Nedd4-1-KO Neurons

(A) Immunocytochemical analysis of synapses in autaptic WT and KO neurons
using anti-Synapsin and anti-Bassoon antibodies. Cortical neurons were prepared
from embryos at E13 and fixed at DIV10. Note the smaller size of the KO neuron.
Scale bars represent 50 um (low magnification) and 20 um (high magnification).
(B) Quantification of numbers of Synapsin and Bassoon double-positive
synaptic puncta in individual autaptic KO (n = 37) and WT neurons (n = 42).
Student’s t test, p = 0.0005. See also Figures S3 and S4 and Table S3.
Error bars represent SEM.

Considering that Rap2 binds the C terminus of TNIK and
Nedd4-1 the central linker domain, TNIK might mediate an indi-
rect interaction between Nedd4-1 and Rap2 (Figure S5E). To test
this, lysates of HEK293FT (HEK) cells expressing Myc-tagged
dominant-active mutant Rap2A (DA-G12V) alone or Myc-tagged
Rap2A (DA-G12V) together with the HA-tagged kinase domain
deletion mutant (delta KD) of TNIK, which contains the Rap2-
and Nedd4-1-binding regions, were loaded onto GST-Nedd4-
1-coupled beads (Figure 5D). We found that the interaction of
Myc-Rap2A (DA-G12V) with GST-Nedd4-1 was dependent on
HA-TNIK (delta KD) (lanes 4 and 6 in Figure 5D) while HA-TNIK
(delta KD) interacted with GST-Nedd4-1 in a Myc-Rap2A
(G12V)-independent manner (Figure S5D). The slight interaction
between Myc-Rap2 (DA-G12V) and GST-Nedd4-1 in the
absence of HA-TNIK (delta KD) is likely mediated by endogenous
TNIK in HEK cells (lane 4 in Figure 5D).

Next, we tested if the interaction with Nedd4-1 leads to ubiqg-
uitination of TNIK or Rap2. Expression vectors for EGFP-tagged
full-length Nedd4-1, Hise-tagged ubiquitin, and Myc-tagged WT
Rap2A, DA-G12V Rap2A, or the dominant-negative mutant (DN-
S17N) Rap2A were cotransfected in HEK cells, and Myc-tagged
proteins were immunoprecipitated from cell extracts using anti-
Myc antibodies. Ubiquitination of immunoprecipitated protein
was detected by immunoblotting with an anti-ubiquitin antibody.
Immunoprecipitates from Rap2A (WT) and Rap2A (DA-G12V),
but not Rap2A (DN-S17N), expressing HEK cells showed aladder
of protein bands that were detected by an anti-ubiquitin antibody
only in the presence of the overexpressed EGFP-tagged WT
Nedd4-1 (Figure 5E). These ubiquitin-reactive bands were
preserved when Myc-Rap2A was extracted under denaturing
conditions (100°C, 1% SDS), indicating that Rap2A itself, and
not associated proteins, is ubiquitinated by Nedd4-1 (Fig-
ure S5F). The ubiquitination of Rap2A was abolished when cata-
lytically inactive instead of WT Nedd4-1 was used (Figure S5G).
Unexpectedly, we did not detect any ubiquitination of TNIK (data
not shown).

Recently, diubiquitination of HRas and polyubiquitination of
Rap1B were reported (Jura et al., 2006; Schwamborn et al.,
2007). Mutation of eight lysines of HRas abolishes diubiquitina-
tion, indicating that at least some of these lysines are diubiquiti-
nation targets. Three of these eight lysines are conserved in
Rap2A (Figure S5H), which indicates that Rap2A might be diubi-
quitinated by Nedd4-1. However, a single lysine (K5) of Rap1B,
which is also conserved in Rap2A (Figure S5H), is polyubiquiti-
nated by the HECT type E3 ligase Smurf2. To investigate if
Rap2A is mono-, di-, or polyubiquitinated, we immunoblotted
ubiquitinated Rap2A (WT) using four anti-ubiquitin monoclonal
antibodies, which allow to discriminate between mono- and pol-
yubiquitinated proteins: P4D1 detects poly- and monoubiquitin
conjugates, FK1 detects only polyubiquitin conjugates (Arevalo
et al., 2006; Fujimuro et al., 1994), and Apu2 and Apu3 detect
K48- and K63-linked polyubiquitin chains, respectively (Newton
et al., 2008). The protein ladder representing ubiquitinated
Rap2A was detected only by P4D1 but not by FK1, indicating
monoubiquitination of Rap2A by EGFP-Nedd4-1 (Figure 5F).
Apu3 detected a single faint band with a molecular weight equiv-
alent to Rap2A conjugated with two ubiquitins, indicating that
a minor fraction of Rap2A is modified by Nedd4-1 via K63-linked
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B — C WB: Neddd-1 Figurg '5. Ral|:I)2 I§ a Target of Ngdcﬁ4-1
[ — (A) Affinity purification of TNIK as a binding partner
- - WB: TNIK of Nedd4-1. 40 ng of GST or GST Nedd4-1 (resi-
WB: Rap2 - - dues 217-549) were immobilized on glutathione
. — 'W B: Rap2 Sepharose beads and a Triton X-100 extract of
rat brain synaptosomes (P2 extract, +) or buffer
(—) were applied. After washing the beads, bound
proteins were eluted with 1 M NaCl. Protein bands
that appeared to be enriched in the eluate from the
GST Nedd4-1 column were analyzed by mass
spectrometry. Protein identification was success-
ful for the 12 marked bands. The results of the
mass spectrometric analysis are given in Table S4.
(B) Complex formation of Rap2 with TNIK and
GST-Nedd4-1. Samples eluted from the Nedd4-1
beads (see A) were blotted for TNIK (top) and
Rap2 (bottom). Neither antibody cross-reacted
with samples purified on GST beads that were

used as a negative control.

(C) Complex formation of endogenous Rap2,
TNIK, and Nedd4-1. Nedd4-1 was immunoprecip-
itated using a rabbit polyclonal anti-Nedd4-1
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| (E) Ubiquitination of Rap2A by Nedd4-1. EGFP-
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2, 22— |8 4“- WB: FLAG Myc-Rap2A was immunoprecipitated using an
WB: Ub (Apu3:K63) b 5 anti-Myc antibody. Immunoprecipitates were
= s ! WB: Ub blotted for Myc (lower panel) and ubiquitin (upper
36— panel).

(F) Mono- and diubiquitination of Rap2A by
Nedd4-1. FLAG-Rap2A was immunoprecipitated
from HEK cells expressing FLAG-Rap2A with or
without EGFP-Nedd4-1. FLAG-Rap2A was eluted
from anti-FLAG antibody coupled beads with
3XFLAG peptides and immunoblotted using four
different monoclonal mouse or rabbit anti-ubiqui-
tin antibodies, P4D1, FK1, Apu3, and Apu2.
P4D1 recognizes both poly- and monoubiquitin conjugated proteins while FK1 recognizes only polyubiquitin conjugated ones. Apu3 and Apu?2 recognize
K63-linked and K48-linked polyubiquitin chains, respectively. The lysate of HEK cells overexpressing EGFP-Nedd4-1 was also blotted using the four anti-
ubiquitin antibodies in order to show that the antibody titers are comparable.

(G) Loss of TNIK interaction in the F39S point mutant of Rap2 reduces the ubiqutination of Rap2 by Nedd4-1. WT or F39S point mutant FLAG-Rap2A were
overexpressed in HEK cells together with EGFP (—) or EGFP-Nedd4-1 (+). Efficiencies of immunoprecipitation of FLAG-Rap2A were comparable as seen in
the western blot using the anti-FLAG antibody (upper panel). FLAG-Rap2A(F39S) showed clearly weaker intensities of ladder patterns than FLAG-Rap2A(WT)
in the blot using the anti-ubiquitin antibody (lower panel).

(H) Ubiquitination of Rap2A by endogenous Nedd4-1 and ubiquitin. WT (+/+) and Nedd4-1-KO (—/—) MEFs were transfected with a mammalian expression vector
encoding FLAG-Rap2A. Proteins from lysed cells were immunoprecipiated with an anti-FLAG antibody and blotted for Rap2A with an anti-Rap2 antibody (upper
panel) and an anti-ubiquitin antibody (lower panel).

(I) Ubiquitination of Rap2A blocks the Rap2A function. FLAG-Rap2A(WT) expressed in HEK cells together with EGFP-Nedd4-1 was precipitated using anti-FLAG
antibodies (first lane) or GST-RalGDS-coupled beads (third lane), and blotted for FLAG (upper panel) or ubiquitin (lower panel). Note that ubiquitinated FLAG-
Rap2A was efficiently precipitated only with the anti-FLAG antibody while total amounts of precipitated FLAG-Rap2A were comparable between lanes 1 and 3.

WB: Ub (Apu2;K48)
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diubiquitination. Apu2 did not detect any specific bands in these
experiments, indicating that Rap2A ubiquitination by Nedd4-1 is
not K48-linked, which would cause proteasome-dependent
degradation. Indeed, the appearance of ubiquitinated Rap2A as
a ladder of protein bands indicates that multiple lysine residues
are mono- or diubiquitinated. To confirm the fidelity of the mono-
clonal anti-ubiquitin antibodies used, a total lysate of HEK cells
expressing EGFP-tagged Nedd4-1 was immunoblotted using
these antibodies, which all detected a complex pattern of blurred
bands that likely represent multiple polyubiquitinated proteins
(Figure 5F). Western blotting with FK1, Apu3, and Apu?2 yielded
more complex patterns than P4D1, indicating that the titers of
these antibodies are higher than that of P4D1. With FK1, Apu3,
or Apu2, we did not detect any specific Nedd4-1 dependent
bands, not even after long exposures, except for diubiquitinated
Rap?2 crossreacting with the Apu3 antibody (data not shown). To
test if Nedd4-1-dependent ubiquitination is specific for Rap2A,
we examined FLAG-tagged Rap1A, Rap2A, HRas, and KRas in
the HEK cell ubiquitination assay. We found that only Rap2A
was prominently ubiquitinated (Figure S5I), indicating that
Rap2A is a specific Nedd4-1substrate.

We next analyzed if the ternary complex formation of Nedd4-1,
TNIK, and Rap2 is critical for Rap2 ubiquitination. To block the
interaction of endogenous TNIK with Rap2 in our ubiqutination
assays, we used an F39S point mutant of Rap2A whose affinity
to TNIK family proteins is specifically reduced while the interac-
tion with another target, Raf, is unaffected (Taira et al., 2004).
FLAG-tagged Rap2A or Rap2A (F39S) were transfected into
HEK cells together with Hisg-ubiquitin and EGFP-Nedd4-1.
FLAG-Rap2A was immunoprecipitated using an anti-FLAG
antibody and ubiquitination was detected by an anti-ubiquitin
polyclonal antibody. Ubiquitination of FLAG-Rap2A (F39S) was
reduced compared with FLAG-Rap2A (WT) (Figure 5G), indi-
cating that complex formation of Rap2, TNIK, and Nedd4-1 is
critical for proper Rap2 ubiquitination. This result and the
specific interaction of Rap2 with TNIK family proteins also
explain the specific ubiquitination of Rap2 by Nedd4-1 as
compared with other Ras superfamily GTPases (Figure S5I).

To test if endogenous Nedd4-1 can ubiquitinate Rap2A with
endogenous ubiquitin, we used WT and Nedd4-1-KO embryonic
fibroblasts (MEFs). Because no anti-Rap2 antibodies suitable for
immunoprecipitation are available, we expressed FLAG-tagged
Rap2A in WT and KO MEFs, and immunoprecipitated FLAG-
Rap2A using anti-FLAG antibodies (Figure 5H). Western blotting
with an anti-ubiquitin antibody revealed a 70% reduction of
ubiquitination of FLAG-Rap2A in KO MEFs as compared with
WT cells, indicating that Rap2A is a physiological Nedd4-1
substrate.

To study the effect of ubiquitination on Rap2 function, we puri-
fied and immobilized a GST fusion of the Rap2-binding region of
RalGDS and used this to pull down active GTP-bound Rap2
(Herrmann et al., 1996). FLAG-tagged Rap2A and EGFP-
Nedd4-1 were then cotransfected to HEK cells and the cell lysate
was loaded onto GST-RalGDS or onto anti-FLAG antibody

coupled beads. The anti-FLAG antibody efficiently immunopre-
cipitated ubiquitinated and nonubiquitinated FLAG-Rap2A,
while GST-RalGDS coupled beads pulled down only nonubiqui-
tinated FLAG-Rap2A (Figure 5I), indicating that ubiquitination
blocks Rap2 function by perturbing Rap2 interaction with
effector proteins.

We next tested if Rap2 function is upregulated by Nedd4-1 KO
using WT and KO MEFs. For this purpose, we performed FRET
analyses using Raichu-Rap2A (DA-G12V) as a probe (i.e., a
fusion protein composed of Venus as a FRET acceptor, Rap2A
[DA-G12V], the Rap2A-binding region of RalGDS, SECFP as
a FRET donor, and the consensus motif for lipid modification
for Ras family proteins) (Mochizuki et al., 2001). DA-G12V
Rap2A instead of WT Rap2A was used to discriminate between
effects of Nedd4-1 loss on the GTPase activity of Rap2A from
effects on target protein recognition. We examined the activities
of Rap2A at the plasma membrane of MEFs because it is known
that Ras family small GTPases are activated at the plasma
membrane. Figures S6A and S6B show an enhanced FRET
signal from the KO cells compared with WT cells (p < 0.001).
Interestingly, the expression level of endogenous Rap2 was
downregulated in KO MEFs, which indicates that overactivation
of Rap2 in KO cells due to reduced Nedd4-1-mediated ubiquiti-
nation causes a compensatory reduction of Rap2 expression
(Figure S5J). In summary, the RalGDS pull-down and FRET
data further support the conclusion that Rap2A is a physiological
target of Nedd4-1 and that Nedd4-1-mediated ubiquitination
perturbs Rap2A function.

Dominant-Negative Rap2A or TNIK Mutants Rescue

the Dendritogenesis Defect in Nedd4-1-KO Neurons
Rap1 and Rap2 share 60% identity at the amino acid level and
form a Ras-like GTPase subfamily implicated in axon and
dendrite extension. During initial development in culture (DIV2-
DIV3), polarized neurons extend a single axon. The tip of the
axonal growth cone contains endogenous Rap1, which in turn
recruits Cdc42 (Schwamborn and Puschel, 2004). This polarized
localization of Rap1 is regulated by Smurf2, which polyubiquiti-
nates GDP-bound Rap1 and accelerates its degradation at non-
polarized neurites. The role of Rap GTPase subfamily members
in dendrites appears to be different from that in axons. When
DN mutant Rap1 or Rap2 are overexpressed in DIV14-DIV15
neurons, they promote neurite extension while DA mutant
Rap?2 reduces it, indicating that Rap1 and Rap?2 interfere nega-
tively with neurite growth and arborization (Fu et al., 2007).

So far, three Rap2 proteins (Rap2A/B/C) have been cloned.
They are encoded by independent genes, which makes it difficult
to analyze their shared functions by gene targeting or RNAI. To
investigate if ubiquitination and regulation of Rap2 by Nedd4-1
modulate dendritogenesis and if the perturbation of these
processes contribute to the neuronal Nedd4-1-KO phenotype,
HA-tagged DN-S17N Rap2A or EGFP, as a negative control,
were overexpressed in autaptic Nedd4-1-KO neurons (Figure 6)
using neuron-specific recombinant adenovirus vectors. We

Arrowheads in (G)-(l) indicate the light chain of the anti-FLAG IgG used for immunoprecipitation. All results shown are representative of two or three independent
experiments. Asterisks in (E) and (F) indicate bands with a molecular weight corresponding to Myc-Rap2A or FLAG-Rap2A conjugated with two ubiquitin

moieties. See also Figures S1, S5, and S6 and Table S4.
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Figure 6. Overexpression of a Dominant-
Negative Mutant of Rap2A Rescues the
Dendritogenesis Defect in Nedd4-1-KO
Neurons

(A-D) Anti-MAP2 immunostaining of KO or WT
neurons overexpressing EGFP (A and B), and
anti-MAP2 and anti-HA immunostaining of KO
or WT neurons overexpressing dominant-nega-
tive HA-Rap2A(DN-S17N) (C and D). HA-Rap2A
(DN-S17N) overexpressing neurons showed longer
and more complex dendrites. This effect was more
evident in KO neurons. Scale bars, 50 um.

(E) Sholl analysis of KO neurons overexpressing
EGFP (gray circles, n = 68) or HA-Rap2ADN (black
rectangles, n = 22), and of WT neurons overex-
pressing EGFP (black circles, n = 20) or HA-
Rap2ADN (black diamonds, n = 12).

(F) Numbers of crossing dendrites at 22.5 pm from
the cell body in WT and KO neurons overex-
pressing EGFP or HA-Rap2ADN. Nonparametric
ANOVA test revealed a significant effect of interac-
tion between the genotype and expression of
HA-Rap2A(DN-S17N) (p < 0.0001). Dunn’s multiple
comparisons test revealed significant differences
between KO neurons expressing EGFP and HA-
Rap2A(DN-S17N) (p < 0.01), and between KO
and WT neurons expressing EGFP (p < 0.05), but
not between WT neurons expressing EGFP and
HA-Rap2A(DN-S17N) (p > 0.05). See also Figures
S4 and S6-S8 and Table S2.

Error bars represent SEM.
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pursued this approach because we assumed that DN Rap2A
would ultimately interfere with the cellular function of all known
Rap?2 variants. The adenovirus was applied at DIV1 and expres-
sion of proteins was first detectable at DIV3-4. Cells were fixed
and analyzed at DIV10. Overexpression of HA-Rap2A(DN-
S17N) resulted in increased length, number, and complexity of
dendrites in infected Nedd4-1-KO neurons (Figure 6C). Sholl
analysis revealed an almost perfect cross-rescue of the dendri-
togenesis defect of KO cells after overexpression of HA-Ra-
p2A(DN-S17N) (Figure 6E). Statistical analysis of the dendrite
complexity (Figures 6E and 6F and Table S2) showed that the
effect of HA-Rap2A(DN-S17N) was stronger in KO than in WT
cells (p < 0.01).

We next tested if the number of functional synapses is
restored by expression of HA-Rap2A(DN-S17N) in Nedd4-1-
KO neurons. Evoked EPSC amplitudes and miniature EPSC
frequencies were significantly smaller in KO neurons expressing
EGFP (p < 0.05), while HA-Rap2(DN-S17N) expressing KO
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neurons were restored to levels of WT
neurons expressing either EGFP or HA-
Rap2(DN-S17N) (Figures S41-S4K and
Table S2). When the dominant-active
mutant (DA-G12V) of HA-tagged Rap2A
was overexpressed in KO neurons, we
could barely detect an additive effect
of Rap2A overexpression (Figures S6C-
S6H and Table S2; p > 0.05). These
results indicate that Rap2 is highly acti-
vated in the absence of Nedd4-1 and that the function of Rap2
is regulated by Nedd4-1.

Above findings further support our notion that Rap2 is func-
tioning as a downstream target of Nedd4-1 in neurite develop-
ment. Several different target proteins of Rap2 have been identi-
fied, including TNIK family proteins (Nonaka et al., 2008; Taira
et al., 2004), RalGDS, and Raf (Ohba et al., 2000). Among these,
TNIK is most likely to play a role in the Nedd4-1 and Rap2 effects
we have studied, because a pathway involving TNIK-family
members and Rap2 was shown to play a key role in actin cyto-
skeleton rearrangements and in cell morphology regulation (Taira
etal., 2004). To specifically promote or block downstream effects
of TNIK-family proteins, we expressed WT or kinase-dead
mutant (KM-K54R) TNIK in the presence or absence of (DA-
G12V) Rap2A in mass cultures of WT rat neurons (Figure S7
and Table S2). The (KM-K54R) TNIK mutant was chosen because
it is predicted to have a dominant-negative effect on all pathways
involving TNIK protein family members (Kolch et al., 1991). In

17N) (DN- gﬂN)
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these experiments, a CaMKIl promoter-driven EGFP expression
vector (Dittgen et al.,, 2004) was cotransfected with TNIK or
Rap2A expression vectors to visualize neurite arborization. Over-
expression of Myc-Rap2A (DA-G12V) or HA-TNIK (WT) resulted
in indistinguishable phenotypes with short and simple neurites
resembling the Nedd4-1-KO phenotype (Figures S7TA-S7G). On
the other hand, overexpression of HA-TNIK (KM-K54R) showed
a slight but nonsignificant enhancement of dendrite branching
and extension (Figures S7TH-S7J). Coexpression of Myc-Rap2A
(DA-G12V) with HA-TNIK (WT) led to a slight but nonsignificant
shortening of dendrites as compared with single expression of
Myc-Rap2A (DA-G12V) or HA-TNIK (WT) (Figures S7K-S7N
and S7S), while coexpression of Myc-Rap2A (DA-G12V) and
HA-TNIK (KM-K54R) showed the opposite phenotype, similar
to overexpression of HA-TNIK (KM-K54R) alone (Figures S7TH-
S7J,S70-S7R, and S7S). That Rap2A(DA-G12V) overexpression
did not compensate the effect of overexpression of HA-TNIK
(KM-K54R) indicates that Rap2A is an upstream regulator of
TNIK (Figures S7S and S7T; compare EGFP+HA-TNIK[KM-
K54R] and EGFP+HA-TNIK[KM-K54R]+Myc-Rap2A[DA-G12V]).
These data and the published information (Taira et al., 2004) indi-
cate that TNIK is regulated by Rap2A and that it is unlikely that
Rap?2 target proteins other than TNIK-family proteins are relevant
for the neurite development processes studied here.

We next studied if interference with the kinase activities of
TNIK family proteins can rescue the loss-of-function phenotype
of Nedd4-1-KO neurons. We prepared mass cultures of WT and
KO mouse neurons and transfected the HA-TNIK (KM-K54R)
expression vector together with the CaMKIl promoter-driven
EGFP expression vector (Figure S8 and Table S2). Sholl analysis
of WT neurons expressing EGFP revealed a peak dendrite
density at 52.5 pm from the cell center (Figure S8E). We thus
decided to quantify numbers of crossing dendrites at 52.5 um
from the somata (Figure S8F). KO neurons showed simpler
dendrites than WT neurons (p < 0.01) (Figures S8A and S8B),
reproducing the data obtained in autaptic neurons (Figure 1).
Overexpression of HA-TNIK (KM-K54R) in KO cells efficiently
restored this defect (p < 0.001), and the increase in dendrite
complexity caused by HA-TNIK (KM-K54R) was more profound
in KO neurons than in WT cells (Figures S8C-S8F). These results
show that not only Rap2 but also TNIK-family proteins are
involved in Nedd4-1-dependent regulation of neurite formation,
supporting the view that TNIK-family proteins are overactivated
in Nedd4-1-KO neurons, which results in an impairment of
dendrite development.

Impairment of Rap2A Ubiquitination Results in a Gain

of Rap2A Function in Dendrite Development

So far, our experiments indicated that the Rap2/TNIK signaling
pathway in neuritogenesis is negatively regulated by Nedd4-1.
We next tested if inhibition of Rap2 ubiquitination results in a
gain of Rap2 function. Based on the crystal structure of Rap2A
(Cherfils et al., 1997), we identified nine lysines that are likely to
be surface exposed and thus might be conjugated to ubiquitin
(Figure S5H). Assuming that the combined mutation of all of
these nine lysine residues would cause a loss of enzymatic
activity, we screened multiple compound point mutants of
Rap2A to minimize the number of lysine mutations. Mutation of

lysine residues 5, 94, 148, and 150 to arginine (4RK) efficiently
reduced Rap2 ubiquitination (Figure 7A) but did not affect
RalGDS binding (data not shown), indicating that the 4KR mutant
Rap?2 retains basic functionality and can be used for the analysis
of the role of Rap2A ubiquitination in dendrite development. To
maximize the dynamic range of our assay for effects of Rap2
ubiquitination on neurite development, we used Rap2A(DA-
G12V) or Rap2A(DA-G12V;4RK) instead of the corresponding
WT variants for transfection of rat hippocampal neurons as
Nedd4-1 ubiquitinates DA mutant Rap2A more robustly than
WT Rap2A (Figure 5E). We transfected neurons at DIV5 and fixed
them at DIV8, 2 days earlier than in the experiments shown in
Figures 8, S7, and S8 because the activity of overexpressed
Rap2A was already saturated at DIV10 (data not shown). Upon
overexpression of Rap2A (DA-G12V), WT rat hippocampal
neurons showed impaired neurite development (Figures 7B,
7C, 7TE, and 7F). This effect was enhanced upon Rap2A (DA-
G12V;4RK) overexpression (Figures 7B-7F and Table S2), indi-
cating that the function of Rap2 is blocked by ubiquitination of
K5, K94, K148 and/or K150.

RNAi Knockdown of TNIK Phenocopies the Loss

of Nedd4-1 Function

Both TNIK and MINK, but not NIK, are preferentially expressed
in the brain and thus likely to be redundant downstream effectors
of Rap2. However, due to its different linker domain and low
Nedd4-1 affinity MINK should not form trimeric complexes with
Rap2 and Nedd4-1 (Figure 8). We generated vectors encoding
an shRNA expression cassette together with the EGFP-expres-
sion cassette, which was used to visualize the morphology of
neurites, and isolated an shRNA vector that efficiently knocked
down TNIK expression (Figure S5K). Upon knock down of
TNIK expression using this vector, WT mouse neurons showed
impaired neurite development (p < 0.0001), resembling the
phenotype of Nedd4-1-KO neurons, while expression of the
control shRNA did not affect neurite morphology (Figures 8A-
8C and Table S2). This finding and the data described above
(Figures 6 and S8) indicate that Nedd4-1 regulates the growth
and arborization of neurites by modulating the activity of the
Rap2-TNIK/MINK signal transduction cascade through com-
plex formation with Rap2 and TNIK and monoubiquitination of
Rap2.

DISCUSSION

Ubiquitination is a key regulatory process in mammalian brain
function. Aberrant activity of the ubiquitin-proteasome system
causes multiple neurodegenerative diseases (DiFiglia et al.,
1997; Kuzuhara et al., 1988) and specific ubiquitination defects
are involved in several neurodevelopmental disorders (Kishino
et al,, 1997; Matsuura et al., 1997). More importantly in the
context of the present study, ubiquitination processes can
directly regulate mammalian nerve cell development. RNAI
knockdown of the Ring Finger type E3 ligase APC or its coactiva-
tor Cdc20, for example, causes an impairment of dendrite
growth due to aberrant ubiquitination of the centrosomal protein
Id1 (Kim et al., 2009). Our present study demonstrates that
Nedd4-1 is a positive regulator of dendrite extension and
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Figure 7. Perturbation of Ubiquitination of
Rap2A Enhances Rap2A Function in
Cultured Neurons

(A) HEK cells were transfected with Myc-tagged
WT or 4RK mutant variants of Rap2A, with or
without EGFP-Nedd4-1. Myc-Rap2A was immu-
noprecipitated with anti-Myc antibodies, and
ubiquitination was detected with the anti-ubiquitin
P4D1 monoclonal antibody (Jura et al., 2006).
(B-D) Overexpression of Myc-Rap2A(DA-G12V;
4RK) reveals a gain-of-function phenotype. Myc-
Rap2A (DA-G12V) and EGFP coexpressing
neurons shows impaired development of neurites
as compared with EGFP expressing neurons (B
and C). This effect of Rap2A was more pro-
nounced when Myc-Rap2A(DA-G12V;4RK) was
coexpressed with EGFP (D). Scale bar, 50 um.
(E) Sholl analysis of Rap2A-overexpressing
neurons. Black rectangles, EGFP-expressing
neurons (n = 80); black circles, EGFP- and
Myc-Rap2A(DA-G12V)-coexpressing neurons
(n = 109); gray circles, EGFP- and Myc-Rap2A
(DA-G12V;4RK)-coexpressing neurons (n = 109).
(F) Numbers of crossing dendrites at 22.5 um
from the cell body in EGFP-, EGFP- and Myc-
Rap2A(G12V)-, or EGFP- and Myc-Rap2A(DA-
G12V;4RK)-overexpressing neurons. Nonpara-
metric ANOVA test revealed a significant effect
of expression of Myc-Rap2 mutants (p < 0.0001).
Dunn’s multiple comparisons test revealed signif-
icant differences between groups linked with
black lines. See also Figures S6-S8 and Table S2.
Error bars represent SEM.

GDP-bound RhoA and Rap1B (Schwam-
born et al., 2007; Wang et al., 2003).
Nedd4-1 KO leads to the development
of shorter and less complex dendrites
(Figure 1), which in turn causes a
decrease in the number of functional
synapses and a concomitant reduction
in synaptic transmission (Figures 3 and
4). The cellular KO phenotype is rescued
by re-expression of recombinant
Nedd4-1 (Figure 1), indicating that it is
due to the loss of a cell-autonomous
Nedd4-1 function and not to secondary
effects. This is supported by the fact
that glutamatergic neuron specific condi-
tional Nedd4-1-KO mice show related
morphological changes (Figure 2). In
addition, the survival of cultured Nedd4-
1-KO neurons (Table S1), their passive
membrane properties (Figure S3), and
their neurite development at DIV3 (Fig-

ure S3) were all comparable to WT data, indicating that the
viability and basic cell biological functions of KO neurons are
normal. The fact that mEPSC amplitudes and responses to
exogenously applied glutamate receptor agonists are normal in
KO neurons (Figures 3E-3H) indicates that the formation and
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Figure 8. RNAi Silencing of Endogenous TNIK Phenocopies the Effect of Nedd4-1 Loss in Neurons

(A) WT mouse neurons transfected with the vector encoding an shRNA expression cassette for TNIK knockdown showed impaired development of neurites
(right panel) while control shRNA expressing neurons showed normal morphology (left panel). Scale bar; 50 pm.

(B) Sholl analysis of TNIK knockdown neurons. Black circles, control knockdown neurons (n = 37); gray circles, TNIK-knockdown neurons (n = 26).

(C) Numbers of crossing dendrites at 52.5 mm from the cell body in control and TNIK-knockdown neurons. Student’s t test; p < 0.0001.

(D) Model of Nedd4-1 function in the regulation of neurite development. Given that only a fraction of total Rap2 is ubiquitinated, the depicted signaling pathway
must be restricted (i.e., subcellularly compartmentalized) to growing neurite compartments by an as yet unknown mechanism. See Discussion for details.

See also Figures S6-S8 and Table S2.
Error bars represent SEM.

function of the remaining synapses and the cell-surface traf-
ficking of glutamate receptors are not perturbed in KO cells.
We conclude that the role of Nedd4-1 in mouse neurons is
neurite specific and that the functional changes in KO neurons
can be explained by a specific developmental defect of
neuritogenesis.

The establishment of neuronal dendritic fields is controlled by
intrinsic (e.g., transcription factors, secretory pathway compo-
nents, Rho and Ras family GTPases, or Ca®*-mediated signal
transduction cascades) and extrinsic factors (e.g., neurotrophins
and Trk receptors, Sema3A, Slit/Roundabout, or Notch/Delta).
The Nedd4-1 homolog Nedd4-2 ubiquitinates TrkA in response
to NGF stimulation, and TrkA expression is upregulated after
RNAi knock-down of Nedd4-2 (Arevalo et al., 2006). This indi-
cates that endogenous Nedd4-1 cannot compensate for the
loss of Nedd4-2 function and is therefore unlikely to be redun-
dant with Nedd4-2 with respect to TrkA regulation or to be other-
wise involved in TrkA function. Likewise, Nedd4-1 function
differs from that of Drosophila DNedd4, which downregulates
Notch (Sakata et al., 2004; Wilkin et al., 2004), because the
DNedd4-binding PPXY motif of Drosophila Notch is not con-
served in mouse Notch1, and we did not identify any Notch
related proteins among the affinity purified Nedd4-1 binding
partners (Figure 5A and Table S4).

Instead of TrkA, Notch1, or any other previously published
Nedd4 substrate, except Connexin43 (Leykauf et al., 2006),
we affinity purified TNIK as a binding partner of Nedd4-1 WW
domains. TNIK had previously been identified as a target of

Rap2, and both TNIK and Rap2 are modulators of the cytoskel-
eton and cell morphology (Fu et al., 2007; Taira et al., 2004). Our
subsequent biochemical analysis showed that Nedd4-1 forms
a complex with TNIK and Rap2 and that Nedd4-1 ubiquitinates
Rap2, but not TNIK (Figure 5), indicating that TNIK acts as an
adaptor protein that mediates an indirect interaction between
Nedd4-1 and its substrate Rap2. This notion is in accord with
the domain structure of TNIK and the binding specificities of its
linker domain for Nedd4-1 and of its Citron homology domain
for Rap2. Moreover, the interaction between Nedd4-1 and
Rap2 is dependent upon TNIK expression (Figure 5D) and the
ternary complex formation is important for ubiquitination of
Rap2 by Nedd4-1 (Figure 5G).

Recently, diubiquitination of eight lysine residues of HRas was
reported (Jura et al., 2006). Rap2A and HRas share two of these
lysine residues in their N termini, which are critical for the recog-
nition of downstream target proteins. We found that GTP-bound
DA mutant Rap2A and WT Rap2A, but not a GDP-bound DN
mutant Rap2A, are robustly ubiquitinated by Nedd4-1 (Fig-
ure 5E), indicating that ubiquitination of Rap2 is selective for
GTP-bound Rap2. Given that the affinity of ubiquitinated
Rap?2A to the target protein RalGDS is reduced to undetectable
levels (Figure 5l), Nedd4-1 dependent ubiquitination likely blocks
the function of Rap2A by perturbing interactions between GTP-
bound Rap2A and downstream targets. We cannot exclude
that ubiquitination of Rap2A also affects GTP hydrolysis or
GTP binding to Rap2, which is hard to test directly in our
biochemical experimental systems. However, we found Rap2A
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function to be upregulated in Nedd4-1-KO MEFs using a FRET
assay (Figure S6). Because we used DA mutant but not WT
Rap2A for this experiment, this result indicates that Rap2 ubiqui-
tination affects its interaction with other proteins, including
RalGDS (Figure S6) and TNIK/MINK, unlike diubiquitination of
HRas, which regulates the subcellular compartmentalization of
HRas. A likely explanation for this difference is that di- and
monoubiquitination or different sites of ubiquitination exert
differential effects (Jura et al., 2006).

Our overexpression experiments employing DN-S17N Rap2A
and KM-K54R TNIK mutants show that inactivation of Rap2A
or TNIK signaling can rescue the Nedd4-1-KO phenotype. In
addition, the effects of overexpression of these mutants were
more drastic in KO neurons than in WT cells, indicating that
DN-S17N Rap2A and KM-K54R TNIK are epistatic to the
Nedd4-1 loss-of-function mutation in cortical neurons (Figures 6
and S8). In contrast, overexpression of DA-G12V Rap2A showed
almost no effect on neurite complexity in KO neurons while it
efficiently reduced neurite complexity in WT cells (Figure S6),
indicating that endogenous Rap2 is already overactivated in
KO neurons. Accordingly, overexpression of dominant-active
Myc-Rap2A(G12V) in WT rat or mouse neurons phenocopied
the effect of Nedd4-1 KO (Figures S6C-S6H and S7). The effect
of KM-K54R TNIK overexpression on dendrite complexity was
enhanced in WT rat neurons when DA-G12V Rap2A was coex-
pressed (Figures S7S and S7T). This corroborates the effects
of KM-K54R TNIK on dendrite complexity in mouse neurons,
which were weaker in WT neurons than in Nedd4-1-KO neurons
that already have increased Rap2 function (Figure S8).

We tested for a direct involvement of ubiqutination in the regu-
lation of Rap2 function by studying the effects of overexpression
of a ubiquitination-compromised Rap2 point mutant in cultured
neurons. The corresponding data showed that Rap2 function
is increased upon mutation of putative ubiquitination sites
(Figure 7). Together, these findings provide strong support for
a model, according to which Nedd4-1-mediated di- and multi-
monoubiquitination of Rap2 inhibits the Rap2-TNIK/MINK
signaling cascade (Figure 8D).

In WT neurons, in which the two Rap2 targets TNIK and MINK
are strongly expressed, downregulation of TNIK expression by
RNAi phenocopied the denritogenesis defect of Nedd4-1-KO
cells (Figure 8). At first glance, this finding is unexpected as over-
expression of the dominant-negative KM-K54R kinase mutant of
TNIK in Nedd4-1-KO neurons rescues the KO phenotype
(Figure S8). However, the two data sets can be reconciled by
taking into account that the kinase activities of both TNIK and
MINK are involved in the signaling pathway that controls neurite
growth, whereas only TNIK is able to bind Nedd4-1 via its linker
domain and to mediate a negative feedback loop by allowing
Rap2 ubiquitination and inactivation (Figures S5B and 8D).
Thus, the dominant-negative KM-K54R TNIK mutant is predicted
to block phosphorylation of all joint substrates of TNIK and
MINK, and to thereby shut down the negative effect that TNIK
and MINK exert on dendrite extension, leading to increases in
dendrite growth. In contrast, the selective knockdown of only
TNIK is expected to inhibit Rap2 ubiquitylation by Nedd4-1,
leading to an increase in the kinase activity of MINK, and a reduc-
tion in neurite growth.
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EXPERIMENTAL PROCEDURES

Expression Vectors and Antibodies
Expression vectors and antibodies used in the present study are described
in detail in the Supplemental Information.

In Situ Hybridization
In situ hybridization was performed as described previously (Varoqueaux et al.,
2006). Details are given in the Supplemental Information.

Mutant Mice

In conventional Nedd4-1-KOs, exons 7 and 8 were replaced by a Neomycinresis-
tance cassette (Figure S2A). The Nedd4-1 conditional allele contained a
Neomycin resistance cassette flanked by frt sites in intron 8, two loxP sites flank-
ing exon 9, and two herpes simplex virus thymidine kinase expression cassettes
for negative selection (Figure S2B). The conditional Nedd4-17* line was first
crossed with a FLP1-expressing deleter line (B6;SJL-Tg[ACTFLPe]9205Dym/J;
Jackson Laboratory) to remove the Neomycin resistance cassette and subse-
quently with a NEX-Cre line (Goebbels et al., 2006) to obtain the NEX-Cre;
Nedd4-1"*"* line. Details are given in the Supplemental Information.

Microisland and Continental Neuron Culture, Staining,

and FRET Experiments

Microisland and continental neuron cultures were prepared, transfected,
and immunostained as described previously (Dresbach et al., 2003). Method-
ological details, including descriptions of the Golgi staining and the FRET
experiments using Rauchu-Rap2A(DA-G12V), are provided in the Supple-
mental Information.

Electrophysiology

Autaptic neurons were analyzed electrophysiologically as described previ-
ously (Bekkers and Stevens, 1991; Jockusch et al., 2007; Pyott and Rose-
nmund, 2002). Details are provided in the Supplemental Information.

Affinity Purification of GST-Nedd4-1 Binding Proteins

Affinity purification of GST-Nedd4-1 binding proteins was performed based on
a published protocol (Ingham et al., 2005) using recombinant GST-Nedd4-1
(residues 217-549). Proteins were separated by SDS-PAGE on precast Nu-
PAGE 10% Bis-Tris gels (Invitrogen) and proteins were processed and
analyzed by matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry as described previously (Jahn et al., 2006). Further details are
given in the Supplemental Information.

Protein Chemical Procedures and In Vitro Ubiquitination Assays
Affinity pull-down assays with GST-Nedd4-1 and GST-RalGDS were per-
formed according to standard protocols. For chemical crosslinking experi-
ments we used 1 mM dithiobis succinimidyl propionate (Pierce) for 30 min
on ice. Details on crosslinking and subcellular fractionation protocols are given
in the Supplemental Information. Ubiquitination assays were performed on
transfected HEK cells employing published procedures. MEFs prepared
from WT and Nedd4-1-KO embryos were immortalized by stably overexpress-
ing large T-antigen using a retrovirus system. Details are given in the Supple-
mental Information.

shRNA Experiments

The targeting sequence of shRNA for TNIK corresponds to bp 191-211 of
human TNIK (AF172264) and bp 191-211 of mouse TNIK (BC137800). The
sequence of luciferase was chosen for the negative control shRNA based on
a published report (Barnes et al., 2007). Hairpin sequences and vector design
for the TNIK knockdown are given in the Supplemental Information.

Statistics

Analyses were performed using Kaleidagraph or InStat software. Data are
expressed as mean and standard error of the mean. The normality of the distri-
bution was tested with the Kolmogorov-Smirnov test or the Dallal and Wilkin-
son approximation to Lilliefor’'s method. For comparison of two groups with
normal distributions, Student’s t test was applied. For comparison of two
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groups that failed normality tests, the Kolmogorov-Smirnov test was used.
Analyses of more than three groups with normal distributions were done by
one-way analysis of variance (ANOVA) with post hoc Tukey-HSD test. For
comparison of more than three groups that fail normality tests, the Kruskal-
Wallis (nonparametric ANOVA) test with Dunn’s multiple comparisons test
was used.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
eight figures, and four tables and can be found with this article online at
doi:10.1016/j.neuron.2010.01.007.
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