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FIGURE 3. Fbxo45 protein expression. A, immunoblot analysis of Fbxo45 in
adult mice is shown. B, subcellular distribution of Fbxo45 in the mouse brain
is shown. Immunoblot analysis of Fbxo45, Munc13, SNAP25, synaptophysin
{Syph), synaptotagmin (Syt), synaptogyrin (Syngr), or PSD-95 in the indicated
fractions showed that Fbxo45 was enriched at the synaptic region, including
the synaptosomal membrane fraction (LP7) and postsynaptic density (PSD).
H, homogenate; P1, nuclear fraction; $7, crude synaptosomal fraction; 52,
cytosolic synaptosomal fraction; P2, crude synaptosomal pellet fraction; LP2,
synaptosomal vesicle fraction; SPM, synaptic plasma membrane fraction.
C, immunocytochemistry of primary cultured rat hippocampal neurons
expressing Fbxo45 is shown. Shown are Fbxo45 {(green), VGlut1 (red), and
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ubiquitinated bands were detected in immunoprecipitates pre-
pared from cells without FLAG-Fbxo45 (Fig. 5B). These results
indicate that Fbxo45 indeed induced the ubiquitination.

Involvement of Fbxo4S in the Degradation of Muncl3-1—The
findings that Fbxo45 regulates mEPSC frequency and protein
ubiquitination led us to speculate that Fbxo45 might control
the degradation of a substrate in the nerve terminal to regulate
neurotransmission. To find candidate substrates of Fbxo45, we
first evaluated several synaptic proteins immunoprecipitated
with Fbxo45. Muncl3-1, the synaptic vesicle priming factor,
was identified as one of Fbxo45-binding proteins. Moreover, we
found that Muncl3-1 interacted with the Fbxo45 deletion
mutant (101-286 aa) that included the SPRY domain but not
with deletion mutants lacking the SPRY domain (54140 and
1-140 aa) (Fig. 6A).

To examine whether Fbxo45 affects the protein level of
Muncl3-1, we first co-expressed FLAG-Fbxo45 and Myc-
Muncl13-1 or Myc-RIM1 (rab3-interacting molecule 1),
another vesicle priming factor in COS cells. With the expres-
sion of Fbxo45, the level of Munc13-1 decreased in a dose-de-
pendent manner, but in sharp contrast the level of RIM1 did not
change (Fig. 6B).

Next, to examine whether Fbxo45 affects the stability of
Muncl3-1, we co-transfected 293T cells with Muncl3-1,
Fbxo45, and Fbxo45 deletion mutants and then inhibited new
protein synthesis by incubating the cells with cycloheximide for
various times. The stability of Muncl3-1 was assessed by
immunoblotting analysis. The overexpression of Fbxo45 pro-
moted a significantly faster degradation of Munc13-1 (half-life
4.h) compared with the control (Vec, Fbx045 deletion mutants).
In contrast, degradation of Munc13-1 was inhibited and rebuilt
to control the level in Fbxo45-expressing cells treated with
MG132 (Fig. 6C). The knockdown of Fbxo45 also showed delay
of degradation of endogenous Muncl3-1 (Fig. 6D). These
results indicate that Fbxo45 interacts with Munc13-1 via SPRY
domain and leads to degradation by UPS.

DISCUSSION

Information is passed from one neuron to the next by the
release of neurotransmitters at the synapse. Neurotransmitter
release is mediated by recycled neurotransmitter-containing
synaptic vesicles at the presynaptic plasma membrane. A key
event in neurotransmitter release is the priming step, which
takes place before the fusion of a synaptic vesicle with the pre-
synaptic active zone membrane, The priming step dramatically
increases the propensity for vesicular release by lowering the
energy barrier for fusion, thereby enabling the vesicles to use
the action potential-induced transient Ca>* increase efficiently
for rapid exocytosis (46). Muncl13-1 plays an essential role in

PSD-95 (purple) (upper panels). Magnifications of the boxed areas in the upper
panels are shown in the Jower panels. Arrowheads indicate synapses, at which
VGlut1 and PSD-95 were colocalized. Scale bars: 20 um in the upper panels, 5
pm in the lower panels). D, shown is immunoelectron microscopy of endog-
enous Fbxo45. The lower panel shows a magnified image of the boxed area in
the upper panel. S, synapse; Pre, presynaptic terminal; Post, postsynaptic ter-
minal. Scale bars: 0.5 um in the upper panel, 0.2 pm in the lower panel.
E, localization of nanogold particles was quantitatively evaluated on each
indicated structures (count/um?). Asterisk, unpaired t test, p < 0.01.
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FIGURE 5. Fbxo45 interacts with Skp1 and induces protein ubiquitina-
tion. A, shown is an immunoprecipitation (IP) assay of FLAG-Fbxo45 with
endogenous Skp1 compared with FLAG-Musashit (Msi1) or FLAG-HuC as a
negative control. /B, immunoblot. B, shown is ubiquitination activity of
Fbxo45 in 293T cells. The high molecular mass, ubiquitinated proteins are
labeled (Ub)n at the right.

the neurotransmitter release machinery. In Muncl3-1-defi-
cient neurons, both spontaneous and evoked transmitter secre-
tion are dramatically reduced, while vesicle docking to the
active zone is essentially normal (47-50). On the other hand,
the overexpression of Muncl3-1 enhances neurotransmitter
release at neuromuscular junctions in Xenopus (51). To control
the level of Muncl3-1 protein at synaptic sites, a spatially reg-
ulated protein degradation system like UPS is required. In sup-
port of this concept, the Drosophila Muncl3-1 homologue
DUNCI3 is ubiquitinated, and it selectively accumulates in the

FIGURE 4. Regulation of synaptic activity by Fbxo45. A, shown is immuno-
cytochemistry of cultured hippocampal neurons transfected with full-length
of Fbxo45, vector control (Vec), siRNAs against Fbxo45 (siRNA Fbxo45-1, siRNA
Fbxo45-2), or a control siRNA (siRNA Cont.) and EGFP. GFP (green), Synapsin-|
(Syn; red), and PSD-95 (white) (scale bars: 5 um). B, shown is quantification of
the clusters that Synapsin-l and PSD-95 colocalized in the dendrites shown in
A.Vec,n = 18; Fbxo45, n = 29; siRNA control, n = 24; siRNA Fbxo45-1,n = 20;
SIRNA Fbxo45-2, n = 11 dendrites. C, shown is a representative recording of
the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate receptor-mediated
mEPSC from neurons transfected with full-length or deletion mutants of
Fbxo45, vector control, siRNAs against Fbxo45, or a control siRNA. D, quanti-
fication is shown of the mEPSC frequency and amplitude under the condi-
tions described in C. Vec, n = 11; Fbxo45, n = 9; Fbxo45(54-140aaj), n = 9;
Fbxo45(101-286aa), n = 9; siRNA control, n = 9; siRNA Fbxo45-1,n = 12; siRNA
Fbxo45-2,n = 6 neurons; asterisk, unpaired t test, p < 0.05). £, shown is mEPSC
frequency in neurons transfected with Fbxo45 or the control vector in 2, 5, or
10 mm extracellular Ca®*. (Vec, n = 11, 14, 14; Fbxod5, n = 12, 8, 13; siRNA
control, n = 9, 6, 7; siRNA Fbxo45-1,n = 12, 9, 8; siRNA Fbxo45-2,n = 6,6,7
neurons (2, 5, 10 mum extracellular Ca?*); asterisk, unpaired t test, p < 0.05.
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FIGURE 6. Involvement of Fbxo45 in the degradation of Munc13-1. A, Fbxo45 interacts with Munc13-1 through the SPRY domain. FLAG-tagged full-length
or deletion mutants of Fbxo45 were co-expressed with Myc-Munc13-1 in 293T cells and then immunoprecipitated (/P) with an anti-Myc antibody. The
precipitates were analyzed by immunoblotting (/B) using an anti-FLAG or anti-Myc antibody. Vec, vector. B, the level of Munc13-1 protein was decreased by
Fbxo45 in a dose-dependent manner. In contrast, the RIM1 level was not affected by Fbxo45. Shown is quantification of the optical densities of the Munc13-1
and RIM1 bands. The protein levels, normalized to those of the corresponding EGFP bands, are shown as a percentage of the normalized value without Fbxo45
co-expression. Asterisk, p < 0.05, Mann-Whitney U test. C, shown is regulation of Munc13-1 stability by Fbxo45. Munc13-1 was co-expressed with Fbxo45
full-length, Fbxo45 deletion mutants, or Fbxo45 with MG132 and EGFP in 293T cells. D, shown is regulation of endogenous Munc13-1 protein stability by
endogenous Fbxo45 in Neuro2A cells. sSiRNA control or siRNAs against Fbxo45 were transfected into Neuro2A cell. The protein stability was assessed by

immunoblot analysis after incubation with cycloheximide for various times. Protein decay curves were determined from these studies. The optical density of

the Munc13-1 or endogenous Munc13-1 bands was normalized to that of the corresponding EGFP or B-actin band, respectively, and is shown as a percentage

of the normalized value for the 0-h time point. Asterisk, p < 0.05. Mann-Whitney U test.
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presynaptic terminal after proteasome inhibition (52), although
the E3 for DUNCI3 is still unknown.

In the present study we cloned and identified the Fbxo45
gene, which encodes an F-box ubiquitin ligase that is specifi-
cally expressed in the nervous system. Our newly generated
anti-Fbxo45 antibody demonstrated the synaptic localization
of Fbxo45. Subcellular distribution assay showed that Fbxo45
expression overlapped with presynaptic protein Muncl3 in
LP1, synaptic plasma membrane fraction, and PSD. Fbxo45
functions as a ubiquitin ligase of vesicle-priming factor
Muncl3-1 and regulated the spontaneous mEPSC activity in
mature neurons. Munc13-1-deficient mice have been shown to
exhibit a decrease of mEPSC frequency (53), which was almost
same quantitative changes as overexpression of Fbxo45. Fur-
thermore, we showed that the level of the Munc13-1 was regu-
lated by Fbxo045, suggesting that Fbxo45 is critically involved in
the regulation of synaptic activity and functions by controlling
Muncl3-1 protein via ubiquitin dependent proteolysis. It
remains to be studied whether there are additional substrates of
Fbxo45 involved in the regulation of synaptic activity at the
postsynaptic site, because Fbxo45 expresses at not only the pre-
synaptic but also the postsynaptic site.

Fbxo45 is highly conserved among species from C. elegans to
mammals. The Fbxo45 homologues FSN-1 (C. elegans) and
DFsn (Drosophila) have been shown to be important for syn-
apse formation in the presynaptic neurons by interacting with
RING finger-type E3 RPM-1 (C. elegans) and Highwire (Dro-
sophila), respectively (43, 54). Details on the interaction
between Fbxo45 and PAM (protein associated with Myc),
RPM-1/Highwire mammalian homologue, will be described
elsewhere (45). The fsn-1 mutant in C. elegans and the DFsn
mutant in Drosophila exhibit increased numbers of synapses
and abnormal transmission at the neuromuscular junction. fsn-
1-null animals also exhibit enhanced levels of a receptor-ty-
rosine kinase, anaplastic lymphoma kinase (ALK), and their
phenotype is suppressed by mutations in ALK, suggesting that
FSN-1 contributes to the stabilization of synapse formation
through a protein degradation pathway (43). In Drosophila,
DFsn down-regulates the levels of a MAP kinase kinase kinase,
Wallenda/dual leucine zipper kinase (DLK), and restrains the
growth of synaptic terminals (54). These findings indicate that
FSN-1 and DFsn are required for synaptic growth in developing
neurons. However, the role of DFsn/FSN-1 in mature neurons
is still unclear. Here we showed that Fbxo45 negatively regu-
lated neurotransmission without affecting synapse formation
in mature hippocampal neurons. This difference may be
because of context-dependent functions of Fbxo45/DFsn/
FSN-1 in addition to differences in the species and neuronal
regions examined (i.e. the hippocampus versus the neuromus-
cular junction). That is, the roles of Fbxo45/DFsn/FSN-1 might
switch from those regulating synapse formation to those regu-
lating neurotransmission as the development of the nervous
system progresses.

The UPS has recently emerged as an important mechanism
for regulating synaptic function. Several ubiquitin ligases are
known to regulate presynaptic protein turnover and synaptic
efficacy. For example, the E3 ligase SCRAPPER ubiquitinates
and mediates the proteasomal degradation of RIM1, a vesicle-

3848 JOURNAL OF BIOLOGICAL CHEMISTRY

priming protein located in the presynaptic active zone. In
Scrapper knock-out mice, the RIM1 protein levels have an
increased half-life, and the mice exhibit enhanced mEPSC fre-
quency. These results indicate that SCRAPPER regulates pre-
synaptic transmitter release by targeting RIM1 for degradation
through the UPS (9).

Interestingly, the levels of other presynaptic proteins, includ-
ing Muncl3-1, are also elevated in Scrapper-knock-out mice
and/or reduced upon SCRAPPER overexpression. However,
there is no direct interaction between SCRAPPER and
Munc13-1. Therefore, other factors, like the Fbxo45 pathway,
appear to regulate the amount of Muncl3-1 protein and
Muncl3-1-dependent neurotransmitter release. A bidirec-
tional pathway between Fbxo45-Muncl3-1 and SCRAPPER-
RIM1 may cooperatively regulate the priming step of synap-
tic vesicle release by protein degradation to modulate
synaptic transmission. Therefore, an impairment in this
pathway may lead to dysfunctional neurotransmission and
disruptions in neuronal communication.
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Skp2 is required for survival of aberrantly proliferating
RblI-deficient cells and for tumorigenesis in RbI*/~ mice

Hongbo Wang!%, Frederick Bauzon!”7, Peng Jil"6, Xiaoliang Xu?%7, Daqian Sunl, Joseph Locker?, Rani S Sellers?,
Keiko Nakayama#, Keiich I Nakayama®, David Cobrinik?® & Liang Zhu!

Heterozygosity of the retinoblastoma gene Rb1 elicits
tumorigenesis in susceptible tissues following spontaneous
loss of the remaining functional allele. Inactivation of
previously studied retinoblastoma protein (pRb) targets
partially inhibited tumorigenesis in Rb1*/~ mice’-5, Here

we report that inactivation of pRb target Skp2 (refs. 7,8)
completely prevents spontaneous tumorigenesis in Rb7+/~
mice. Targeted Rb7 deletion in melanotrophs ablates the
entire pituitary intermediate lobe when Skp2 is inactivated.
Skp2 inactivation does not inhibit aberrant proliferation of
Rb1-deleted melanotrophs but induces their apoptotic death.
Eliminating p27 phosphorylation on T187 in p27T187A
knock-in mice reproduces the effects of Skp2 knockout,
identifying p27 ubiquitination by SCFSP2 ubiquitin ligase as
the underlying mechanism for Skp2’s essential tumorigenic
role in this setting. RB7-deficient human retinoblastoma cells
also undergo apoptosis after Skp2 knockdown; and ectopic
expression of p27, especially the p27T187A mutant, induces
apoptosis. These results reveal that Skp2 becomes an essential
survival gene when susceptible cells incur Rb7 deficiency.

Skp2 binds T187-phosphorylated p27 for the SCFSP2 ubiquitin ligase
to ubiquitinate p27 (ref. 9). pRb binds Skp2 to interfere this binding
and ubiquitination’. pRb-Skp2 binding also bridges Skp2 to the APC-
Cdh1 ubiquitin ligase for Skp2 ubiquitination®. Because Skp2 is a
target for the transcription factor E2F (refs. 10,11), pRb could repress
Skp2 mRNA expression via E2F. Consistent with the above findings,
Rb1*" mice developed Rb1™/~ pituitary tumors that had substantially
increased amounts of Skp2 mRNA and protein along with decreased
amounts of p27 protein (Fig. 1a,b).

To define the role of Skp2 in tumorigenesis in RbI*/~ mice, we
generated cohorts of RbI*/~Skp2*/* and RbI*/~Skp2~'~ mice. Skp2
is not required for pituitary gland development (see Supplementary
Fig.1). RbI*/~ mice develop pituitary intermediate lobe melanotroph

tumors with a well-defined course, from early atypical proliferates to
foci, microscopic tumors and gross tumors (Supplementary Fig, 2a),
resulting in death around 1 year of age!?. At 6 months more than half
of RbI*!~Skp2*!* mice had early atypical proliferates and foci (Fig. 1c).
By 9 months one pituitary had a gross tumor, and most had foci and
microscopic tumors. Later, all 27 RbI*~Skp2*/* mice died between
10 and 15 months of age (Fig. 1d), all but one with gross pituitary
tumors (Fig. 1¢). In contrast, none of the Rb1*/~Skp2~/~ mice had any
sign of pituitary tumorigenesis at 6, 9 and 17 months, when healthy
Rb1*-Skp2~'~ mice were killed.

Thyroid C-cell tumors develop with 50-709% penetrance in RbI*/~
mice. Among the same 27 Rb1*/~Skp2*/* mice, 16 had gross thyroid
tumors at death, and the dead mouse that lacked a pituitary tumor
had an especially large thyroid tumor (Fig. 1c). About half of the
remaining dead mice had microscopic thyroid tumors (Fig. 1¢ and
Supplementary Fig. 2b). In contrast, all 29 RbI*/~Skp2~/~ mice had
normal-appearing, tumor-free thyroid glands (Fig. 1c). Together with
the lack of pituitary tumors, these results identify Skp2 as the first pRb
target that is required for spontaneous tumorigenesis in Rb1*/~ mice.

The above findings could reflect the fact that Skp2 plays a required
role in the development of Rb] mutant tumors or that Skp2 is gener-
ally required for tumorigenesis. To begin to investigate these pos-
sibilities, we treated Skp2*/* and Skp2~/~ mice with a tumorigenesis
protocol using N-ethyl-N-nitrosurea (ENU) induction. This experi-
ment demonstrated no difference in tumor development in the two
genotypes, including survival (Fig. 1e) and tumor types and burdens
(Supplementary Fig, 3a). Although Skp2 was frequently overex-
pressed in the tumors, its expression levels did not correlate with p27
protein levels (Supplementary Fig. 3b). Thus, Skp2 is not required
for ENU-induced tumorigenesis.

Because spontaneous tumorigenesis in RbI*/~ mice requires the
loss of the remaining Rb1 allele, it was possible that Skp2 inactiva-
tion prevented the second RbI mutation, rather than the growth of
Rb1-deficient tumors. We next used a tissue-specific Rb] deletion
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Figure 1 Roles of Skp2 in spontaneous
tumorigenesis in Rb1*- mice and in
ENU-induced tumorigenesis. (a) Expression

a WT normal Gross pituitary
pituitary  tumor in RbTY
gland  Skp2** mice

b c P= P=  P<
6 0.025641 0.02101 0.000001
m~ r ~—

100%

P<
0.000001
rm

of the indicated proteins in wild-type (WT)
normal pituitary glands and pituitary tumors
developed in RbI*-Skp2** mice, determined
by protein blot. (b) Amounts of Skp2 mRNA in
pituitary glands and pituitary tumors (developed
in Rb1*- mice), determined by quantitative
PCR (Q-PCR) normalized to the abundance of
the enzyme GAPDH. (c) incidence of pituitary
and thyroid tumaors at various stages in
RbI*-Skp2** and RbI*-Skp2-- mice.
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Pvalues are by Fisher's exact tests (various

lesions were combined for analyses). (d) Kaplan-
Meier survival analysis for the indicated mice.
Pvalue is by log rank test. One RbI*-Skp2-~
mouse died at 13 months, and one died at

16 months with macroscopically normal pituitary 02
and thyroid glands. The causes of death were g
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Skp2""/

unclear, with a possible association with eye and
skin lesions, {e) Kaplan-Meier survival analysis for
the indicated mice treated with ENU.

scheme involving a proopiomelanocortin promoter—Cre recom-
binase (POMC-Cre) fusion and loxP sites to artificially generate
Rb1~/- pituitary intermediate lobe melanotrophs!3. To determine
whether Skp2 inactivation affects the efficiency of POMC-Cre—loxP-
mediated recombination, we generated POMC-Cre;Rosa26R;Skp2+/*
and POMC-Cre;Rosa26R;Skp2~'~ mice. We found that the POMC-
Cre strain could induce Cre-loxP-mediated deletion in most of the
intermediate lobe melanotrophs in both Skp2*/* and Skp2~/~ mice

a 4 weeks C 10wesks 13 weeks

RosaR RosaR; RosaR; RosaR; RosaR;
POMC-Cre POMC-Cre; POMC-Cre; POMC-Cre;

Skp2™ Skp2™;

Rb 1loxncx

Rb Iloxﬂox

Hematoxylin
Hematoxylin

Fluorescence
Fluorescence

b 7 weeks
Rb 1loerx Rb 1loxﬂox: Rb 1!oxAnx; Rb 1loxllox;
POMC-Cre POMC-Cre; POMC-Cre;
Skpz”‘

Skp2™*-

H&E
100x

250 300 350 400 450 500 550 50 100 150 200

Time (d) Time (d)

(Fig. 2a). Because the POMC promoter is also active in corticotrophs
in the anterior lobe, scattered anterior lobe recombination events were
detected in both strains of mice as well (Fig. 2a, v,vi).

We then generated POMC-Cre;RbI'0¥1oxSkp2t/* and POMC-
Cre;Rb1'o*1ox5kp 2=/~ mice and examined their pituitary glands at
7 weeks of age. As expected!3, POMC-Cre;Rb ¥ Skp2+/* mice har-
bored dysplastic nodular lesions across the entire intermediate lobes
(Fig. 2b, ii,vi). Unexpectedly, POMC-Cre;Rb11*19%Skp2~/~ mice did not
contain normal-appearing intermediate lobes as we predicted based
on the lack of pituitary tumorigenesis in RbI*/~Skp2~/~ mice. Instead,
the intermediate lobes of these mice were essentially absent, with only
a single layer of lining cells separating the anterior and posterior lobes
(Fig.2b, iii,vii). The intermediate lobes of POMC-Cre;Rb1 lox/lox g 7+~
mice were also considerably thinner than normal (Fig. 2b, iv,viii).
These results confirm that Skp2 inactivation blocks tumorigenesis and
demonstrate that this effect was achieved not by reverting Rb1-deficient
melanotrophs to normal cells but by eliminating them.

We traced the fate of RbI and Skp2 doubly deficient melanotrophs
by generating POMC-Cre;Rosa26R;Rb1'9¥/1%Skp2+/* and POMC-
Cre;Rosa26R;Rb1919%Skp2~/~ mice and allowing them to age to
10-13 weeks. The intermediate lobes of POMC-Cre;Rosa26R;Rb1i0%/lox
Skp2*™* mice, observed with hematoxylin stain and enhanced yel-
low fluorescent protein (EYFP) fluorescence (Fig. 2c, i,iii), were in
more advanced stages of tumorigenesis than those at 7 weeks (com-
pare with Fig, 2b, ii), whereas the intermediate lobes of POMC-
Cre;Rosa26R;Rb19%19%8kp 2=/~ mice remained a single-cell layer
(Fig. 2¢, ii). Notably, the cells in this layer were EYFP positive (Fig. 2c,
iv), suggesting that this single-cell layer environment could prevent
death of Rb1 and Skp2 doubly deficient cells or that these cells escaped

Figure 2 Effects of targeted deletion of Rb1I in pituitary intermediate and
anterior lobes of Skp2** and Skp2-'- mice. (a) The POMC-Cre strain
induced Cre-/oxP-mediated excision in posterior and anterior lobes of
Skp2** and Skp2-" mice. ‘Rosa26R’ indicates Rosa26-loxP-STOP-loxP-
EYFP. Mice were examined at 4 weeks of age. EYFP expression

was by fluorescence of frozen-sectioned samples. (b) Pituitary
intermediate lobes of indicated mice at 7 weeks of age. Hematoxylin

and eosin (H&E)-stained sections of various pituitaries are shown.

Large inset in vii is enlarged view of areas marked by the small box.

(¢) Pituitary glands of the indicated mice at the indicated ages, examined
as in a. Scale bar, 200 um.
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Figure 3 Effects of Skp2 inactivation on a

P10

E2F deregulation, aberrant proliferation and
apoptosis, and p27 expression in pituitary
intermediate lobes following Rb1 deletion.
(a,b) Various indicated mice at the ages of
P10 (a) and 4 weeks (b) are presented. E2F kS
deregulation is examined by PCNA expression, 235
proliferation by Ki67 expression and apoptosis *
by TUNEL labeling. (c,d) Quantification of Ki67 (c)
and TUNEL labeling (d) in intermediate lobes
was performed with three pituitaries of each
indicated genotype at the indicated ages. Rbl
genotypes indicate the outcome of Cre-loxP-
mediated deletion in intermediate lobe.
Pvalues are by Student's t-test. Error bars,

s.d. Scale bar, 200 um.

H&E 200x

AbTO¥% pOMC-Cre

Rb1 deletion. We also found that RbI deletion
in corticotrophs induced the presence of
more corticotrophs in the anterior lobe, and
combined deletion of Rbland Skp2 markedly
reduced their numbers (Fig. 2a, v,vi, and ¢,
iii,iv). This indicates that combined Rb1 and
Skp2 deletion could eliminate corticotrophs

Rb19¥°%, POMC-Cre;
Skp2‘l'

Ki67 400x

TUNEL 400x

p27 400x
i .

4 weeks

o

as well as melanotrophs.

We next harvested the mice at earlier ages
to investigate how the intermediate lobes were
eliminated (Fig. 3). At postnatal day (P) 10 the
intermediate lobes of both POMC-Cre;Rb1ie/lex
Skp2t* and POMC-Cre;Rb1¥/loxgkp2-/=
mice showed slightly higher cellularity than
those of RbIOX19X mice (Pig. 3a, i,vi,xi,
and data not shown). Expression of PCNA
(encoded by an E2F target gene) and Ki67 (a
proliferation marker) was readily observed
in Rb1ox1ox melanotrophs, indicating the
proliferative status of these cells at this
age (Fig. 3a, ii,iii, and c). Deletion of RbI
increased PCNA and Ki67 expression, con-
sistent with deregulation of E2F and prolif-

Rb 1|oxllox

Rb1°¥°%. pOMC-Cre

eration caused by pRb inactivation (Fig. 3a, g
vii,viii, and c). Skp2 inactivation reduced nei- g,
ther PCNA expression nor the aberrant pro- gfg "'
liferation of the RbI-deficient cells (Fig. 3a, £w
xii,xiii, and c), but it significantly increased gé

TUNEL-positive intermediate lobe cells com-

Ki67 400x

pared with Rb1'919% and POMC-Cre;Rb1'0x/lox c P10 4 weeks d P10 4 weeks
Skp2*!* controls (Fig. 3a, iv,ix,xiv, and d). % ;'g x g'gi
At 4 weeks of age the cells in the intermedi- ~ £06 @£ pos
ate lobes of POMC-Cre;Rb11919%5kp 2~/ mice < g 04 5 g 0.02
o2 £ 0.1

maintained deregulated PCNA expression p
and proliferation and increased apoptosis Rb1
(Fig. 3b—d). Whereas the aberrantly proliferat- Skp2
ing intermediate lobes of 4-week-old POMC-
Cre;Rb1oxl0x5kp2+/+ mice had become more than twofold thicker
than those of the Rb11°1% controls (Fig. 3b, i,vi), the proliferating
yet apoptotic intermediate lobes of 4-week-old POMC-Cre;Rb119/10%
Skp2~"~ mice had become more than twofold thinner than normal
(Fig. 3b, xi). Together, these findings indicate that Skp2 is required for
the survival of aberrantly proliferating RbI-deficient melanotrophs
and that Rb1~/~Skp2~/~ melanotroph apoptosis caused the elimination
of the intermediate lobes in POMC-Cre;Rb119%10%8kp 2/~ mice.

el -
4 ++ —/—

++ =l ==
HE el

e —— =)~
++ e -

[}
4 —fm =l Rb1
+H+ ++ /- Skp2

POMC-Cre;Rb1'9%/1o% mice allowed us to evaluate the effect of
Skp2 on p27 expression during melanotroph tumorigenesis using
immunohistochemical staining. Melanotrophs of Rb1!¥10xX, POMC-
Cre;Rb1'o%1ox and POMC-Cre;Rb19¥10x8kp 2=/~ mice at P10 had
comparable nuclear p27 protein stains (Fig. 3a, v,x,xv). However,
by 4 weeks p27 concentrations clearly decreased in melanotrophs of
POMC-Cre;Rb119*10% mijce (Fig. 3b, x) but were maintained in the
melanotrophs of POMC-Cre;Rb1'9¥19xSkp2~/~ mice (Fig. 3b, xv),
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a 4 weeks 7 weeks 11 weeks b 7 weeks 11 weeks POMC-Cre,Rb1ioxAoxpa7TI87AITISTA g the
pa— R oMo Rb %, control Rp1lox/loxpp7T187AITI87A mice and
POMG-Gre, POMC-Cre, examined their pituitary intermediate lobes

p27TlB7A/T157A p277'187A/T187A p27TIB7A/4> at 4’ 7 and 11 Weeks Of age.

H&E 200x

PCNA 200x

4 weeks

The intermediate lobes of Rbylexflex
p27T187AITI87A mjce appeared normal (Fig.4a,i),
consistent with the general lack of abnormal-
ity in p27T187AITI87A mjce, Following POMC-
Cre-mediated RbI deletion, intermediate
lobes of POMC-Cre,Rb1'o¥/0%p27T187A/T187A
mice at 4 weeks of age did not show the
hyperplastic thickening observed in POMC-
Cre,Rb1lox/lox mjce (Fig. 3b, vi), but instead
had regional thinning (Fig. 4a, ii). The thin-
ning of the intermediate lobe became more
widespread by 7 weeks of age (Fig. 4a, iii),
and by the age of 11 weeks the entire interme-

7 weeks

Ki67 200x

labeling index

e == —- -

diate lobes were only two to three cell layers
thick (Fig. 4a, iv). The nature of the T187A
knock-in mutation (blocking T187 phospho-
rylation-dependent ubiquitination of p27 by
SCFSkp2) predicted that the tumor-blocking
effects observed in p27T187A/T187A homozygous

it e =)

x Skp2  +l+ +l+ =/~ +/+ e+l +l+ : ; T187A/+ .
g 027 ARl ofe AR AIAAA A mice shogld also occur in p2-7 hetero
a zygous mice, though potentially to a smaller
Z . .
5 d 4weeks 7 weeks extent. R‘CSI‘lltS shown in Figure 4b confirm
5 g.gj Pe 0.0052 thlslpr.edlcnon.
22 oos P+ 0.0006 l 1 . Similar to‘the effects of Skp2 knockout
Z 2002 in Rbl-deficient melanotrophs, p27T187A
5 ~ 5 o0 knock-in did not reduce the deregulated
< - -3 i . . ’
~ 0 expression of PCNA and proliferation
o Rb1  +/t = == =[— +e == =— . e o ) .
SKoZ 4l +he = e+ a4l (Fig. 4a,-v—vu,1x-x1, and ¢), but it increased
P27 AJA ++ ++ NA  AA NA N+ apoptosis (Fig. 4a, xii—xiv, and b). These

Figure 4 Effects of targeted deletion of Rb1 in pituitary intermediate lobe of p27T187A knock-in mice.

(a) Intermediate lobe morphology, PCNA expression, Ki67 and TUNEL labeling,

were examined at the indicated ages. (b) Intermediate lobe morphology and PCNA expression after

Rb1 deletion in p27T187N+ mice at 7 and 11 weeks of age. (c,d) Quantification

labeling (d) in a. Pvalues are by Student’s t-test. Error bars, s.d. Scale bar, 200 um.

effects were also observed in the presence of
one allele of p27T187A (Fig. 4b—d and data
not shown). Finally, the reduced p27 expres-
sion in melanotrophs in 4-week-old POMC-
Cre,Rb1'o¥19% mice (Fig. 3b, x) occurred

and p27 expression

of Ki67 (c) and TUNEL

suggesting that Skp2 is required for the downregulation of p27 during
melanotroph tumorigenesis following Rb1 deletion.

We next investigated how Skp2 inactivation led to the failure of
p27 downregulation and whether this failure was responsible for the
tumor-blocking effects of Skp2 inactivation. In vitro studies have
established that Skp2 mediates p27 ubiquitination in the SCFSkp2
ubiquitin ligase after p27 is phosphorylated on T187. However, the
in vivo role of this Skp2 function has remained unclear because of
divergent findings from Skp2-null mice (in which all Skp2 functions
are absent) and p27T187A knock-in mice (in which only Skp2’s abil-
ity to mediate ubiquitination of T187-phosphorylated p27 is absent).
Skp2-null mice showed p27 protein accumulation in certain tissues
and smaller body sizes'4, but p27T187A knock-in mice neither showed
p27 protein accumulation nor phenocopied Skp2-null mice!>. Thus,
in vivo, Skp2’s ability to mediate ubiquitination of T187-phosphorylated
p27 does not figure importantly in its ability to regulate p27.
Our previous finding that pRb inhibits Skp2-mediated p27 ubiqui-
tination by interfering with Skp2 binding to T187-phosphorylated
p27 (ref. 7) suggested that this Skp2 function may be deregu-
lated and contribute to p27 protein reduction and tumorigenesis
following Rb1 loss. To evaluate this prediction, we generated

neither in melanotrophs in either 4- or 7-week-
old POMC-Cre,Rb110xloxp7TI87ATITA mjce
(Fig. 4a, xv—xvii) nor in 7-week-old POMC-Cre,Rb110%/10xp 27T187A%
mice (data not shown). Together these results suggest that the T187
phosphorylation-dependent ubiquitination of p27 by the SCFSkP2
ubiquitin ligase underlies Skp2’s essential role in pituitary tumori-
genesis following Rb1 loss, and that the apoptotic ablation of melano-
trophs in POMC-Cre;Rb11¥1%Skp2~/~ mice could be explained by a
proapoptotic effect of p27 in these cells'®,

Notably, p27T187A knock-in is not equivalent to Skp2 knockout,
because the intermediate lobes of POMC-Cre,Rb1'9¥19%5kp2~/~ mice
thinned to a greater degree and with faster kinetics than those in
POMC-Cre,Rb110x/10x 2 7T187AITIB7A mjce (for example, compare
Fig. 2b, iii,vii with Fig. 4a, iii,iv). Skp2 has a growing list of potential
substrates in addition to p27 and can support cancer cell survival
by protecting cyclin A from inhibition by p27 and p21 (ref. 17) and
by blocking p53 activation by p300 (ref. 18). Further studies will be
required to determine the roles of these additional mechanisms.

We next investigated whether the survival function of Skp2 revealed
with mouse models was applicable to human tumors that develop as
a result of RbI mutations. Because retinoblastoma is the main tumor
that is associated with Rb1 deficiency in humans, we examined the
effect of Skp2 knockdown in retinoblastoma cells. We found that
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Figure 5 Effects of Skp2 knockdown and
stabilized p27 expression on established Y79
cells and early passage RB177 retinoblastoma
cells. (a-e) Y79 and RB177 cells infected with
lentiviruses expressing short hairpin RNAs
(shRNAs) targeting Skp2. Two independent Skp2
shRNAs and a scrambled shRNA control (Scrm)

levels
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0 4 B 5
Scrm 530 534

LETTERS
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b
Scrm 530 534

Cell number xio™ T Relative mRNA &

were used as indicated. After drug selection, g
infected cells were evaluated for Skp2 mRNA 251 — sa0 140 7 a0 — GFP 30
by quantitative reverse transcriptase PCR (a), 20{ —534 120 % :,’ﬁ;mm
cell proliferation by counting live cells (b), cell 16 { —Scrm 100 5 %0 20
cycle profile by FACS (c), apoptosis by TUNEL 10 8 R 10 .
staining (d) and p27 expression by protein 5 : 20 g *
immunoblotting, with Cdk2 as a loading control (e). 06 days 0= 6 11days 8 0 5 days 1 6 days
{f-i) Y79 and RB177 cells infected with
BE-GFP lentiviral vector encoding p27 or C h
p27T187A. infected cells were evaluated for p27 g Sub-G1 148 mopy 3
expression (f), cell proliferation (g), cell cycle @ 60 @
profile {h) and TUNEL staining (). (j,k) Y79 cells £ 40 £
transduced with BE-GFP vector or BE-GFP-RB, £ E
followed 2 d later by transduction with Skp2 320 3
shRNA or scrambled shRNA control (j) or with ] 8
BE-GFP or BE-GFP-p27T187A (K), and evaluated £ 534 b
cells with sub-G1 DNA content. Averages with d i
s.d. are shown. Asterisks indicate P< 0.05 = = 50 . s .
relative to applicable controls. {I) A new model % 40 % 0
of tumorigenesis after Rb1 loss. Two consecutive 3 30 3 30 40
arrows suggest the presence of multiple steps +, 20 :_d 20| 20
between them. g 12 z 100 2
a Fo GFP  p27 p27T187A -y p27 p27T187A
knockdown of Skp2 (Fig. 5a) significantly J l o )
Wy e e . . . v~ E2F% -»> -» Proliferation/apoptosis 1
inhibited retinoblastoma cell proliferation = 80 = PR sk " "mTumor
. * 2 . -p27T187pt -+ p27 | -» —»Survival t
(Fig. 5b). Skp2 knockdown induced apop- 2 40 I
tosis, as measured by sub-G1 DNA content § § s E2Ft > Prolferation/apoplosis t g
and TUNEL staining, but did not diminish Q 20 e PRp ™ SCF¥2.p27T187p > 271 + > Suvival | Death
S-phase population, as measured by FACS & 0 3 SCFY“2p27T 187 >

(Fig. 5¢,d). The apoptotic effects of Skp2
knockdown were evident both in the estab-
lished Y79 cell line and in early-passage
RB177 cells.

As expected, Skp2 knockdown induced accumulation of p27 in
these human retinoblastoma cells (Fig. 5e). Moreover, ectopic expres-
sion of p27 was able to inhibit proliferation and induce apoptosis
(Fig. 5fi) similar to the effects of Skp2 knockdown. Notably, the mutant
p27T187A was considerably more potent in inhibiting proliferation
and inducing apoptosis, consistent with our findings from p27T187A
knock-in mice. Restoration of pRb function largely prevented apop-
tosis induced either by Skp2 knockdown or by ectopic p27 expression
(Fig. 5j,k), even though the modest pRb concentrations slowed but
did not entirely block cell proliferation (data not shown), suggesting
that lack of pRb rendered the retinoblastoma cells dependent on Skp2
and sensitive to aberrantly expressed p27.

We recently showed that MDM2 has essential roles in prolifera-
tion and survival of retinoblastoma cells and that knockdown of
pl4Arf diminished the requirement for MDM2 (ref. 19). In similar
experiments we found that knockdown of p14Arf did not mitigate
the effects of Skp2 knockdown, suggesting that p14Arfis not a critical
target of Skp2 in these cells (Supplementary Fig. 4).

Before the current study, inactivation of previously studied pRb
targets delayed tumorigenesis in RbI*/~ mice accompanied by reduced
tumor cell proliferation!=S. In contrast, our study reveals that inac-
tivation of Skp2 did not reduce deregulated proliferation of Rb1~/~
cells but induced apoptosis, which completely prevented tumori-
genesis. Our findings add a survival arm to the pRb-E2F model of pRb

function, in which pRb loss not only deregulates E2F to result in aberrant
proliferation and apoptosis through various E2F target genes but also
deregulates the SCFS¥P2-p27T187p p27 ubiquitination mechanism
to downregulate p27 to provide survival support for the aberrantly
proliferating pRb-deficient cells (Fig. 51). When this mechanism is
disrupted, either by inactivation of Skp2 or by blocking of p27 T187
phosphorylation, the outcome of pRb loss becomes cell death, reveal-
ing that Rb1 and Skp2 mutations are synthetically lethal to susceptible
cells. The above model predicts that Skp2 is a potentially effective drug
target to prevent and treat pRb-deficient tumors. Because our data
imply that the p27T187 phosphorylation-dependent function of Skp2
is required for tumorigenesis following pRb loss, yet is not needed for
normal development!3, therapeutic targeting of Skp2 can focus on the
p27T187-dependent function of Skp2 or p27T187 phosphorylation.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturegenetics/.

Note: Supplementary information is available on the Nature Genetics website.
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ONLINE METHODS

Mice. RbI*/~ mice and Skp2*/~ mice have been described elsewhere'214. Mouse
strain background is as follows. Skp2+/‘ mice on mixed C57BL/6Jx129Sv
strain background were backcrossed to C57BL/6] strain mice four times, and
Rb1*'~ mice on mixed C57BL/6]x129Sv strain background were backcrossed
to C57BL/6] mice once. Rb1*/~Skp2*/~ mice were then generated from these
mice and were used to generate littermate RbI*"~Skp2*/+ and RbI*/~Skp2~/~
mice. Qur RbI*/~ mice may therefore show a slower tumor development kinet-
ics than RbI*/~ mice with equal contributions from C57BL/6] and 129Sv strain
background?®®, Rb1-heterozygous mice were genotyped according to a pub-
lished protocol'2. POMC-Cre transgenic mice were genotyped as described?!.
Primers for genotyping Skp2*/~ mice, Rb1'°*¥1°* mice??, Rosa26R(YFP) mice??
and p27T187A knock-in mice!” are listed in Supplementary Table 1.

The animals studied for ENU mutagenesis were C57BL/6]x129Sv hybrid
strain littermate mice from Skp2 heterozygous crosses. Skp2*/* and Skp2~/~
mice were injected intraperitoneallywith ENU (0.5 mmol per g body weight)
at P15 * 2 d as described??, Mice were killed at the first sign of morbidity,
which included abdominal swelling, hunched posture and rapid breathing.
Complete necropsies of all internal organs were performed including size
measurement of tumors.

All mouse study protocols were approved by the Albert Einstein College of
Medicine Animal Institute.

Protein blot and reverse transcriptase-PCR analyses. Normal pituitaries,
fractions of gross pituitary tumors and fractions of ENU-induced tumors were
snap-frozen in ethanol-dry ice and stored in —80 °C. For protein blot, frozen
tissues were homogenized with Dounce glass homogenizer in tissue lysis buffer
(50 mM HEPES, pH 7.2, 150 mM NacCl, 1 mM EDTA, 0.1% Tween-20, 1 mM
dithiothreitol and standard protease inhibitors). Tissue debris was removed
by centrifugation for 10 min at 14,000 r.p.m. in an Eppendorf Centrifuge
5415C (F-45-18-11 rotor) at 4 °C. Protein concentrations of the extracts were
determined by Bio-Rad protein assay kit, and equal amounts of protein sam-
ples were loaded on 10% SDS gels and blotted onto polyvinylidene fluoride
membrane. Antibodies to Skp2 (H435), p27 (C-19), cyclin A (C-19), cyclin E
(M-20) and Cdk2 (C-19) were from Santa Cruz Biotechnology.

For quantitative PCR (Q-PCR), tissue RNA was extracted by Trizol
reagent (Invitrogen). Total RNA was treated with RQ1 DNase (Promega)
at 37 °C for 30 min, and RQ1 was denatured at 65 °C for 20 min. T7 oligo-
nucleotides and SuperScript II (Invitrogen) were used for the synthesis of
the first-strand ¢cDNA at 42 °C for 60 min. The PCR primers for mSkp2 and
mGAPDH are listed in Supplementary Table 1. SYBR Green PCR Master Mix
(4309155; ABI) and the standard program of ABI Prism 7000 were used for
Q-PCR amplification.

Immunohistochemistry staining and frozen sectioning for fluores-
cence detection, Paraffin sections were stained with Histomouse-plus kit
(Zymed) with antibodies to PCNA (PC10) and p27 (C-19) from Santa Cruz

Biotechnology, and to BrdU (Ab-2) from Calbiochem, and Ki67 as primary
antibody (1 pg/ml). TUNEL staining was performed with the reagents and
instructions of Apoptosis Detection Kit (§7101) from Chemicon.

Pituitaries were fixed in 4% paraformaldehyde, 10% glucose in PBS for
30 min and embedded in Tissue Freezing Medium (H-TFM; Triangle
Biomedical Sciences) on dry ice for frozen sectioning. After fluorescence
photography, slides were counterstained by hematoxylin.

Lentivirus infection and analysis of human retinoblastoma cells. Y79 cells
were purchased from the American Type Culture Collection, and RB177 cells
were derived from a human retinoblastoma and passaged for approximately
2 months, with no evidence of a crisis phase, before the knockdown analy-
ses'®, Skp2 shRNAs were delivered by pLKO constructs TRCNG000007530 and
TRCN0000007534 (Open Biosystems) and were compared to a pLKO encod-
ing a nonsilencing control shRNA (Addgene). RB177 cells with constitutive
CDKN2AARF-null and pLKO-transduced controls were as described!®. pRb,
p27 and p27T187A were delivered using the bidirectional BE-GFP vector?>.
BE-GFP-p27+3’ and BE-GFP-p27T187A+3’ were produced by inserting a
Xmal-Xbal fragment of pCS+p27 and pCS+p27(T187A)?% extending from
the p27 coding region to the 3’ UTR between the corresponding Xmal site
and a vector Xbal site of BE-GFP-p27 (ref. 25). BE-GFP-Rb was as described?s,
Cells were cultured, infected and analyzed as described!®.

Statistical analysis. In the survival analysis, difference in Kaplan-Meier sur-
vival curves was analyzed by log-rank test (JMP Software). Differences in gross
tumor incidence and incidence of microscopic lesions in macroscopically nor-
mal pituitary and thyroid glands were analyzed by Fisher’s exact test (MedCalc
Software). Differences in TUNEL-labeling indices between Rb 1%, pOMC-
Cre;Skp2** and Rb1'9X19%, POMC-Cre;Skp2~/~ intermediate lobes and between
Rb11ox10% POMC-Cre;p27+!* and Rb1¥19%POMC-Cre;p27T187A/TI87A jnter.
mediate lobes were analyzed by Student’s t-test (MedCalc Software).

20. Leung, S.W. et al. A dynamic switch in Rb*~ mediated neuroendoctine tumorigenesis,
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Phospholipase C-related but Catalytically Inactive Protein Is
Required for Insulin-induced Cell Surface Expression
of y-Aminobutyric Acid Type A Receptors®
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The y-aminobutyric acid type A (GABA,) receptors play a
pivotal role in fast synaptic inhibition in the central nervous
system. One of the key factors for determining synaptic strength
is the number of receptors on the postsynaptic membrane,
which is maintained by the balance between cell surface inser-
tion and endocytosis of the receptors. In this study, we investi-
gated whether phospholipase C-related but catalytically inac-
tive protein (PRIP) is involved in insulin-induced GABA,
receptor insertion. Insulin potentiated the GABA-induced CI™
current (Igapa) by about 30% in wild-type neurons, but not in
PRIP1 and PRIP2 double-knock-out (DKO) neurons, suggesting
that PRIP isinvolved in insulin-induced potentiation. The phos-
phorylation level of the GABA, receptor B-subunit was
increased by about 30% in the wild-type neurons but not in the
mutant neurons, which were similar to the changes observed in
Igana- We also revealed that PRIP recruited active Akt to the
GABA , receptors by forming a ternary complex under insulin
stimulation. The disruption of the binding between PRIP and
the GABA, receptor B-subunit by PRIP interference peptide
attenuated the insulin potentiation of I;,p54. Taken together,
these results suggest that PRIP is involved in insulin-induced
GABA , receptor insertion by recruiting active Akt to the recep-
tor complex.

The y-aminobutyric acid (GABA)* type A (GABA ,) recep-
tors are GABA-gated chloride channels that mediate the major-
ity of fast synaptic inhibition in the central nervous system
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(1-5). The perturbation of GABA-GABA , receptors-mediated
neurotransmission causes several central nervous system dis-
orders including motor coordination, anxiety, insomnia,
schizophrenia, and epilepsy. Additionally, GABA , receptors
are important therapeutic drug targets for sedative, anxiolytic,
anticonvulsant, and hypnotic agents (1-5). Therefore, it is
important to uncover how synaptic strength is regulated in
GABAergic transmission. The GABA , receptors are hetero-
pentamers composed of a combination of 18 GABA , receptor
subunits, which are divided into seven subunit classes («1-6,
B1-3, y1-3, §, €1-3, 6, and 7) based on their sequence homol-
ogy (1~5). Each receptor subunit has a similar structure with a
large N-terminal extracellular region, which is the binding site
for GABA and psychoactive drugs such as benzodiazepines,
followed by four hydrophobic transmembrane domains
(TM1~4) with a large intracellular loop region between TM3
and 4. This intracellular loop region is a target for protein-
protein interactions, phosphorylation, ubiquitination, and
palmitoylation, which control receptor trafficking, stability,
and clustering on the synaptic membrane (1-5). Regulation of
the number of receptors on the postsynaptic membrane is one
of the key factors for determining synaptic strength, which is
maintained by a balance between the insertion and endocytosis
of receptors to/from the cell surface. Recently, it was reported
that the dephosphorylation of the GABA, receptor - or
v2-subunit triggers endocytosis by facilitating the binding to
the u2-subunit of adaptor protein 2 (AP2) complex, a critical
component of clathrin-dependent endocytosis (6-9). On the
other hand, it was reported that insulin stimulates GABA
receptor insertion into the cell surface membrane via Akt-me-
diated phosphorylation of the GABA, receptor B-subunit
(10-14).

We previously identified a new inositol 1,4,5-trisphosphate-
binding protein from rat brain lysate by affinity column chro-
matography (15). Our subsequent studies on the characteriza-
tion of the protein revealed that 1) it has a domain organization

glutathione S-transferase; lgapa GABA-induced Cl™ current; PP, protein
phosphatase; PRIP, phospholipase C-related but catalytically inactive
protein; WT, wild-type; NSF, N-ethylmaleimide-sensitive factor; P,
phosphatidylinositol.
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PRIP and GABA , Receptor Trafficking

similar to 8-type phospholipase C (PLC) but has no PLC activ-
ity, which is the reason for its name, PRIP (PLC-related but
catalytically inactive protein) (16, 17). 2) PRIP has two isoforms,
PRIP1 and 2, which are expressed mainly in the brain and ubig-
uitous organs, respectively (18 -20). 3) PRIP knock-out mice
are less sensitive to benzodiazepine-type drugs, such as diaze-
pam, suggesting that the cell surface expression of y-subunit-
containing GABA , receptors is diminished in these mutant
mice (21, 22). 4) PRIP facilitates GABA , receptor-associated
protein (GABARAP) mediated cell surface expression of
y2-subunit-containing GABA,, receptors by acting as a bridg-
ing molecule between GABARAP and receptors (22-24). 5)
PRIP regulates the phosphorylation level of the GABA , recep-
tor B-subunit by binding to protein phosphatases (25-27). 6)
PRIP is involved in clathrin-dependent constitutive endocyto-
sis of GABA , receptors (28). We also have reported that PRIP
modulates brain-derived neurotrophic factor (BDNF)-induced
GABA, receptor endocytosis through the regulation of the
receptor phosphorylation level (29). These results suggest that
PRIP regulates GABA, receptor function through receptor
trafficking, phosphorylation, and endocytosis (30, 31).

In this study, we investigated whether PRIP is involved in
insulin-induced GABA , receptor insertion. Insulin potentiated
the GABA-induced Cl1™ current {Ig,p,) by about 30% in wild-
type (WT) hippocampal neurons but not in neurons derived
from PRIP1 and PRIP2 double knock-out (DKO) mice. The
phosphorylation level of the B-subunit was increased by about
30% in the WT neurons but not in the DKO neurons, which was
similar to the changes observed in I5 5. Using an immunopre-
cipitation assay and a glutathione S-transferase (GST) pull-
down assay using brain lysate together with a HEK293 recon-
stitution system we revealed that PRIP recruited active Akt to
GABA , receptors. The disruption of the binding between PRIP
and the B-subunit by PRIP interference peptide attenuated the
insulin-potentiated I p.. Interestingly, pretreatment with
brefeldin A (BFA), an inhibitor of anterograde trafficking from
the ER to the Golgi (32, 33) decreased I 5, p o under insulin treat-
ment. Collectively, these results suggest that PRIP plays an
important role in insulin-induced GABA , receptor insertion
by recruiting active Akt to the receptor complex.

EXPERIMENTAL PROCEDURES

Chemicals, Plasmids, and Animals—Insulin and okadaic acid
were obtained from Wako. Wortmannin, BFA, and crosstide
were purchased from Sigma. The PRIP1-(553-565) peptide and
its scrambled peptide were described previously (29). Anti-
PRIP1 and anti-PRIP2 polyclonal antibodies were described
previously (20, 21). Anti-Akt polyclonal antibody, antiphos-
pho-Akt (Thr-308 or Ser-473) polyclonal antibodies, and anti-
insulin receptor B-subunit monoclonal antibody (clone 4B8)
were purchased from Cell Signaling. Anti-GABA, receptor
al-subunit and anti-GABA, receptor y2-subunit polyclonal
antibodies were obtained from Alpha Diagnostic International.
Anti-GABA, receptor B2/3-subunit monoclonal antibody
(clone 62-3G1) and anti-N-ethylmaleimide-sensitive factor
(NSF) polyclonal antibody were from Upstate. Anti-GST
polyclonal antibody was purchased from Santa Cruz Bio-
technology. Horseradish peroxidase-conjugated anti-rabbit

4838 JOURNAL OF BIOLOGICAL CHEMISTRY

and anti-mouse IgG were obtained from GE Healthcare.
[32P]Orthophosphate (5.55 GBq/ml) and [y-3?P]ATP (185
MBq/ml], specific activity: 111 TBg/mmol) were purchased
from PerkinElmer. Construction of the mammalian expres-
sion vectors for the Myc- and FLAG-tagged GABA , receptor
subunit (a1, B2, and y2S) was described previously (34). Briefly,
the Myc or FLAG tag was introduced between amino acids 4
and 5 of the mature form of each receptor subunit. For the
mammalian GST fusion protein expression vector
pcDNA3.1(-)/GST1, GST was amplified using primers M-81,
5'-AAA AAG CTA GCC ACC ATG TCC CCT ATA CTA
GG-3' (underlining denotes the Nhel site) and M-82, 5'-AAA
AACTCGAGATCGATA CCGTCGACCTCG A-3’ (under-
lining denotes the Xholsite) and pGST4 as a template. The PCR
products were digested using Nhel/Xhol and cloned into the
same sites of pcDNA3.1(-). The rat PRIP1 (rPRIP1) was ampli-
fied using primers M-85, 5'-AAA AAC TCG AGC ATG GCT
GAG GGC GCG GCT A-3' (underlining denotes the Xhol site)
and M-86,5-AAA AAAAGCTTT CACAACTTICCCGTTC
TCT TC-3' (underlining denotes the HindIII site) and pcMT31
(16) asa template. The PCR products were digested using Xhol/
HindIIl and cloned into the same sites of pcDNA3.1(-)/GST1 to
produce pcDNA3.1(-)/GST1-rPRIP1. The PRIP1 expression
plasmid pSG5/rPRIP1 was described previously (16). The
mammalian expression vector for Akt pECE/Akt was kindly
provided by Dr. U. Kikkawa (Kobe University, Japan) (35). The
generation of the DKO mice was described previously (22, 29).
The handling of the mice and all procedures were approved by
the Animal Care Committee of Kyushu University, according
to the guidelines of the Japanese Council on Animal Care.

Electrophysiology—Electrophysiological measurements were
performed in acutely isolated hippocampal CA1 pyramidal
neurons using the conventional whole cell patch-clamp tech-
nique. The acutely dissociated neurons were prepared from
postnatal day 1014 WT or DKO mice, as described previously
(36). All recordings were performed under voltage clamp con-
ditions at a holding potential of ~50 mV and a patch-clamp
amplifier (EPC-7plus, HEKA Instruments Inc). All experiments
were performed at a room temperature of 22-25 °C. The ionic
composition of patch pipette solution containing 80 mm KCl,
70 mMm potassium methanesulfonate, 4 mm ATP-Mg, 2 mm
EGTA, 1 mmMgCl,, 10 mMm HEPES, and adjusted pH to 7.2 with
Tris-base. Extracellular solution containing 150 mm NaCl, 2.5
mum KCl, 2 mm CaCl,, 1 mm MgCl,, 10 mm HEPES, and 10 mM
glucose. The pH was adjusted to 7.4 with Tris-base. Reagents
dissolved in extracellular solution were applied by using the
Y-tube perfusion system, which allows rapid exchange of the
solution surrounding a cell (37, 38). All data are expressed as
the means =+ S.D.

Cell Culture and Transfection—HEK293 cells were grown in
Dulbecoo’s modified Eagle’s medium (DMEM) containing 10%
fetal bovine serum supplemented with 100 units/ml penicillin
and 0.1 mg/ml streptomycin. The cells were maintained at
37 °C in a humidified 5% CO, incubator. Plasmid transfection
was performed using the calcium phosphate method as
described elsewhere (39) or Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. Briefly, 1.5 ug of each
GABA , receptor subunit (a1, 2, and y2S) with or without 2.5
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FIGURE 1. Electrophysiological analysis of | ; 55 , in insulin-stimulated hip-
pocampal CA1 neurons and phosphorylation of the GABA, receptor
B2/3-subunit. A, effect of insulin on g5, Electrophysiological experiments
were performed using acutely prepared hippocampal CA1 neurons from WT
(closed circles, n = 5) or DKO (open circles, n = 5) mice. GABA (3 um) was
applied for 15 s (3-min interval}, and whole cell currents were recorded. Insu-
lin {1 um) was applied for the time period indicated by the double-headed
arrow in graph. Upper panel shows representative GABA-induced current
traces at 0 min or 15 min after insulin stimulation of WT or DKO neurons.
Vertical and horizontal scales show 200 pA and 15 s, respectively. The graph
shows the amplitude of I .5, normalized to that seen without insulin. All data
are represented as means =+ S.D, Significance was determined using the Stu-
dent’s t test (**, p < 0.01, compared with the results from DKO). B, phosphor-
ylation of the B-subunit in response to insulin stimulation. The cultured cor-
tical neurons {DIV, 14-18) of the WT or DKO mice were metabolically labeled
with [*2Plorthophosphates for 4 h. The neurons were stimulated with 500 nm
insulin for the indicated time, and then the cell lysates were subjected to
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ug of pSG5/rPRIP1 and/or pECE/Akt were transfected into
7.5 X 10° cells. For the GST pull-down assay, 1.0 pg of
pcDNA3.1(-)/GST1 or pcDNA3.1(-)/GST1-rPRIP1 was trans-
fected with 2.5 ug of pECE/Akt. After 48 h of incubation, the
cells were used for each experiment. Cortical neurons were pre-
pared from postnatal day 0 (P0) W'T or DKO mice, as described
previously (21, 29) and were cultured for 1418 days in vitro
(DIV) before the experiments.

Immunoprecipitation, GST Pull-down, and Western Blotting—
Cell lysates were prepared from cortical neurons or plasmid-
transfected HEK293 cells using ice-cold lysis buffer containing
50 mm Tris-HCl, pH 7.5, 150 mm NaCl, 5 mMm EDTA, 1 mm
EGTA, 1% Triton X-100, phosphatase inhibitors (50 mm NaF,
10 mMm Na,P,0,, 20 mm B-glycerophosphate, and 1 mm
Na,;VO,), and protease inhibitors (1 mm phenylmethylsulfonyl
fluoride, 100 um (p-amidinophenyl)methanesulfonyl fluoride
hydrochloride, 10 ug/ml leupeptin, 10 pg/ml pepstatin A, and
3.4 ug/ml aprotinin). The mouse whole brain lysates of WT or
DKO mice were also prepared using the same buffer. In the case
of co-precipitation of NSF, 0.5 mM ATP was added to the lysis
buffer. The lysates were subjected to immunoprecipitation
using the indicated antibodies. For the GST pull-down assay, 20
ul of glutathione-Sepharose™ 4B (GE Healthcare) were added
to cell lysates expressing the GST fusion protein. The immuno-
complex was washed five times with 1 ml of ice-cold lysis buffer
containing phosphatase inhibitors. The lysates and immuno-
complexes were subjected to SDS-polyacrylamide gel electro-
phoresis (PAGE) and then transferred onto polyvinylidene
fluoride membrane. Western blotting was performed using the
indicated antibodies, and signals were detected using the ECL
plus Western blotting detection system (GE Healthcare) and
LAS3000 mini (Fuji Film).

32p Labeling of Cultured Neurons—Cultured cortical neu-
rons (DIV 14-18) were incubated with 1 ml of phosphate-free
DMEM for 1 h and then labeled with 7.4 MBqg/ml of
[3*Plorthophosphate for 4 h at 37 °C. The neurons were stimu-
lated with 500 nu insulin for the indicated times at 37 °C. The
cells were then washed twice with ice-cold phosphate-buffered
saline and extracted with 500 ul of ice-cold lysis buffer contain-
ing phosphatase inhibitors and protease inhibitors. The cell
lysates were subjected to immunoprecipitation using an anti-
GABA, receptor B2/3-subunit monoclonal antibody. The
immunocomplexes were washed five times with 1 ml of ice-cold
lysis buffer containing phosphatase inhibitors and subjected to
SDS-PAGE. Phosphorylated proteins were detected by autora-
diography using a Bio-Image analyzer BAS2500 (Fuji Film).

immunoprecipitation using an anti-GABA , receptor $2/3-subunit antibody.
The immunocomplexes were separated by SDS-PAGE and then subjected to
autoradiography. Phosphorylated bands were detected using BAS2500. The
autoradiograph represents one of four independent experiments. The other
experiments gave similar results. The graph shows quantitative data concern-
ing the phosphorylation of the GABA,, receptor 82/3-subunit of WT {(closed
circles) or DKO {open circles) neurons. As mentioned above, 3P incorporation
was analyzed, because the phosphospecific antibody currently available rec-
ognizes the di-phosphorylated B3-subunit at both Ser-408 and Ser-409 (29,
41), and insulin causes a single phosphorylation at Ser-410 or Ser-409 of 82-or
B3-subunit, respectively (11, 12). Data are represented as means £ S.D. (n =
4). Significance was determined using the Student’s t test (*, p < 0.05; **, p <
0.01, compared with the results from DKO).
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A) WT

1 uM Insulin

DKO DKO Neurons—In this study, we
investigated whether PRIP is
1 pM Insulin involved in insulin-induced GABA ,

receptor insertion. We first investi-
gated the effect of insulin on Ig g
using acutely isolated hippocampal
CA1 neurons from either WT or
DKO mice. I5,p, Wwas increased
maximally by 30% during 15 min of
1 pM insulin stimulation in WT
neurons (Fig. 14), which is consis-
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6 9 12 15 18 21 24 tent with previous reports by other
groups {10-13). In the DKO neu-
rons, however, no insulin effect was
observed (Fig. 14).

We next investigated insulin-in-
duced phosphorylation of the

GABA, receptor B-subunit using

DKO
1 uM Insulin

®) wT
1 M Insulin

1.6 < » -4
3 N o N
314 ¢ None one
B = Wort, o 0. o o Wort,
§ 2 | o«
E 1.0 - i
p- 08 *x¥E #e 4

cortical neurons from each geno-
type because insulin-induced mem-
brane insertion of GABA , receptors
is accompanied by the phosphoryla-
tion of the B-subunit (11, 12). For
this purpose, cultured neurons
were metabolically labeled with
[**P]orthophosphate for 4 h and

Time after insulin stimulation (min)

FIGURE 2. Effect of okadaic acid or wortmannin on the insulin-potentiation of 1;,z,. A, effect of okadaic
acid on the insulin potentiation of I aga. Neurons from WT (left panel, closed triangles, n = 8) or DKO (right panel,
open triangles, n = 3) mice were pretreated with 10 um okadaic acid, an inhibitor of the protein phosphatases
PP1 and PP2A (42), for 15 min and throughout the experiment. The experiment was performed as shown in Fig.
1A except for the okadaic acid treatment. All data are represented as means = S.D. The 5, from WT (left panel,
closed circles, dashed line) or DKO (right panel, open circles, dashed line) mice without okadaic acid (none), which
were taken from Fig. 14, are also shown as references. B, effect of wortmannin on the insulin potentiation of
lasa- Neurons from WT (left panel, closed squares, n = 6) or DKO (right panel, open squares, n = 3) mice were
pretreated with 100 nm of wortmannin, a potent Pl 3-kinase inhibitor (45), for 15 min and throughout the
experiment, The experiments were performed as shown in Fig. 1A except for the wortmannin treatment. All
data are represented as means *+ S.D. The Ig,ua from WT (left panel, closed circles, dashed line) or DKO {right
panel, open circles, dashed line) mice without wortmannin (none), which were taken from those shown in Fig.
1A, are also shown as references. Double-headed arrows indicate the period of insulin stimulation. Significance
was determined using the Student's t test (**, p < 0.01 from the results obtained in the absence of the drug).

none, no addition; OA, okadaic acid; Wort, wortmannin.

Akt Kinase Assay—The Akt kinase assay was described pre-
viously (40). Briefly, immunocomplexes created using an anti-
Akt polyclonal antibody were washed once with ice-cold 1 ml of
Akt kinase assay buffer (50 mm Tris-HCl, pH 7.5, 10 mm MgCl,,
and 1 mM dithiothreitol) and then resuspended in 30 ul of the
same buffer containing 100 pMm peptide substrate, crosstide, and
10 pm [y-**P]JATP (37 kBq/reaction). After incubation for 30
min at 30 °C, the reaction was stopped by adding 10 ul of 300
mM H;PO,. The reaction products were spotted onto peptide
binding paper (Whatman P81 cation exchange paper) and then
washed three times with 75 mm H,PO, to remove nonspecific
radioactivity. After drying, the paper was subjected to liquid
scintillation counting. Data are expressed as means = S.D.

RESULTS

Insulin Potentiates GABA-induced CI~ Current and Phos-
phorylation of the GABA , Receptor B-Subunit in WT but Not
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then stimulated with 500 nM insulin
for 5, 15, or 30 min. The GABA
receptor B-subunits were precipi-
tated using an anti-GABA, recep-
tor B2/3-subunit antibody, followed
by separation by SDS-PAGE and
autoradiography. As shown in Fig,
1B, phosphorylation of the GABA ,
receptor B-subunit was increased by
about 30% after 5 min of insulin
stimulation and continued for 30
min in WT, but no such increase in
phosphorylation was observed in
the DKO neurons. These results
suggest that PRIP participates in the
insulin-induced phosphorylation of the GABA, receptor
B-subunit, leading to the insulin-induced potentiation of
IGABA'

Two possible explanations for the low phosphorylation of the
B-subunit observed in DKO neurons are higher activity of
phosphatases or lower activity of kinases. We previously
reported that PRIP participates in the regulation of the phos-
phorylation level of the GABA , receptor B-subunit by acting as
a scaffolding protein for protein phosphatases (PP1 and PP2A)
(27, 29). So, we investigated the effects of protein phosphatase
inhibitors on the insulin-induced potentiation of Ig z.. We
pretreated neurons with 10 uM okadaic acid for 15 min, which
inhibits both PP1 and PP2A at this concentration (42) and then
measured the effect of insulin on I, 5 . Pretreatment with oka-
daic acid had no effect on I 4 o in the presence of insulin stim-
ulation with DKO neurons (Fig. 24, right panel). If higher phos-
phatase activity is responsible for the low phosphorylation of
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FIGURE 3. PRIP deficiency caused little changes in the expression level of molecules possibly involved in
insulin signaling. A, Western blotting analysis of the expression level of insulin signaling molecules. WT or
DKO cortical neurons were cultured for 14-18 days and then stimulated with 500 nm insulin for the indicated
time. The cell lysates were analyzed by Western blotting using the indicated antibodies shown on the left. The
blot shown s a typical result from six experiments. B, Western blotting analysis of Akt activation. The WT or DKO
cortical cell lysates were prepared in the same way as described above and analyzed by Western blotting using
antiphospho-Akt antibodies. The blot and graph shown are a typical result and the summary of seven exper-
iments, respectively. The densities of phospho-Akt at Thr-308 (left panel) and Ser-473 (right panel) relative to the
total amount of Akt are shown. The filled and open columns represent the results obtained for WT and DKO
mice, respectively. C, Akt kinase activity assayed in vitro. The celi lysates of WT (filled columns) or DKO (open
columns) neurons stimulated with 500 nu insulin for 15 min were subjected to immunoprecipitation using an
anti-Akt antibody. The immunocomplexes were subjected to an Akt kinase assay using crosstide as a substrate
and [y->?P]ATP. Data are represented as means * S.D. (n = 3). Significance was determined by Student’s t test
(*, p < 0.05; **, p < 0.01, compared with the result before insulin stimulation), but no difference was detected
between WT and DKO.

the B-subunit, okadaic acid would have increased Igapa. WT
neurons exhibited a marginal increase of I,z insulin
potentiation, but the effect was not significant (Fig. 24, left
panel). These results indicate that the PRIP deficiency caused
the failure of kinase(s) action, rather than the regulation of
phosphatases.
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It is well known that insulin acti-
vates the phosphatidylinositol 3-ki-
nase (PI 3-kinase)-Akt signaling
pathway (43, 44) and the Akt-medi-
ated phosphorylation of the GABA
receptor B-subunit, and the poten-
tiation of miniature inhibitory
postsynaptic currents (mIPSCs) is
also reported to require the process
(11, 12). We pretreated neurons
with 100 nm wortmannin, a potent
PI 3-kinase inhibitor (45) for 15 min
prior to insulin stimulation. Con-
sistent with previous reports (12,
13), pretreatment with wortmannin
completely blocked the insulin
potentiation of Ig,5. in WT neu-
rons (Fig. 2B, left panel), while wort-
mannin had no effect on the I,
in DKO neurons (Fig. 2B, right
panel), confirming that the PI 3-ki-
nase signaling pathway was re-
quired in our experiments.

Akt Activation following PI 3-Ki-
nase Activation in Response to Insu-
lin Stimulation—To find reasona-
ble explanations for the failure of
the phosphorylation of the GABA ,
receptor B-subunit in response to
insulin stimulation observed in the
DKO neurons, we investigated
whether PRIP deficiency impaired
the insulin signaling pathway. For
this purpose, we first examined the
expression level of molecules in-
volved in insulin signaling. Cortical
neurons from WT or DKO mice
were cultured until 14-18 DIV.
After serum starvation for 4 h, the
neurons were stimulated with 500
n™ insulin for 5, 15, or 30 min, and
cell lysates were prepared, followed
by Western blotting using relevant
antibodies. As shown in Fig. 3A4,
PRIP deficiency had no effect on the
expression levels of the insulin
receptor B-subunit, Akt, or several
GABA, receptor subunits, and
insulin stimulation for up to 30 min
also had no effect on the expression
of these molecules.

We then examined Akt activation

in response to insulin stimulation by monitoring the Akt phos-
phorylation at the Thr-308 and Ser-473 residues using
antiphospho-Akt antibodies. As shown in Fig. 3B, the phos-
phorylation of Akt, an index of Akt activation was increased at
5 min stimulation and sustained for 30 min, which did not differ
between the WT and DKO neurons. Wortmannin completely
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FIGURE 4. Complex formation among GABA , receptor, PRIP, and Akt. A, GABA , receptors were immuno-
precipitated using an anti-GABA, receptor 2/3-subunit antibody from WT or DKO brain lysates. The cell
lysates (left panel) and immunoprecipitates (right panel) were analyzed by Western blotting using the indicated
antibodies shown on the [eft. The blots shown are from one of three independent experiments. The other
experiments gave similar results. B, Myc-tagged GABA , receptor subunits (a1, 82, and y25) and Akt with or
without PRIP1 were exogenously expressed in HEK293 cells. After stimulation with 500 nm insulin for the
indicated time, the cell lysates were subjected to immunoprecipitation using an anti-Myc antibody. The immu-
nocomplexes were separated by SDS-PAGE and then analyzed by Western blotting using an anti-Akt antibody.
The cell lysates were also analyzed by Western blotting using the indicated antibodies. The blots shown are one
of three independent experiments. The other experiments gave similar results. The graph shows quantitative
data concerning the Akt co-precipitated with GABA , receptors in PRIP expressing (filled columns) or control
(open columns) cells. Significance was determined using the Student's t test (**, p < 0.01 from the control cells
without exogenous PRIP1). C, HEK293 cells were transfected with Akt and GST-PRIP1 (or GST) expression
plasmids. After stimulation with 500 nm insulin for 15 min, GST fusion proteins were precipitated with gluta-
thione-Sepharose™ 4B. The protein complexes were separated by SDS-PAGE and then analyzed by Western
blotting using an anti-Akt antibody, an antiphospho-Akt (Thr-308), and an anti-GST polyclonal antibody. The
cell lysates were also analyzed by Western blotting using the indicated antibodies. The blots shown are one of
three independent experiments. The other experiments gave similar results.

blocked the increase in phospho-Akt (results not shown). The
activity of Akt was biochemically assayed: immunoprecipitates
of anti-Akt antibody attached to WT or DKO neurons stimu-

N0
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lated with insulin for 15 min were
subjected to an Akt kinase assay in
vitro using crosstide as a substrate
and [y-*>P]ATP. As shown in Fig.
3C, the immunoprecipitates from
the neurons stimulated with'insulin
exhibited an ~2-fold increase of **P
radioactivity incorporation, and
there was no significant difference
between the genotypes. The results
indicate that Akt kinase activation,
which is probably responsible for
insulin-induced phosphorylation of
the GABA , receptor B-subunit (11,
12), was not impaired by PRIP
deficiency.

PRIP Facilitates Complex Forma-
tion between GABA , Receptors and
Akt—Because PRIP deficiency had
no effect on insulin-induced Akt
activation but caused the impair-
ment of the insulin-induced phos-
phorylation of the GABA , receptor
B-subunit, we hypothesized that
PRIP might function as a scaffolding
molecule that makes Akt more
accessible to the GABA , receptor
B-subunit. To examine this possibil-
ity, we performed a co-immunopre-
cipitation assay using brain lysates.
The brain lysates prepared from
WT or DKO mice were immuno-
precipitated using an anti-GABA ,
receptor P2/3-subunit and then
analyzed by Western blotting using
anti-PRIP1, anti-PRIP2, and anti-
Akt antibodies. Assessment by
Western blotting of the amount
of immunoprecipitated GABA,
receptor P2/3-subunits was not
possible because the corresponding
bands overlapped with that for the
immunoglobulin heavy chain used
for the immunoprecipitation. How-
ever, we confirmed in advance that
the antibody we used was able to
precipitate the GABA, receptor
B-subunit using a HEK293 reconsti-
tution system with GABA , receptor
subunits in combination with the
[**S]methionine pulse-chase tech-
nique (results not shown). Consist-
ent with our previous reports (27,
28), PRIP1 and -2 in the WT brain
lysates were co-immunoprecipi-

tated with the GABA , receptor S-subunit (Fig. 44, right panel).
There were no corresponding bands for PRIP1 or 2 in the
immunocomplexes produced from the DKO brain lysates (Fig.

VOLUME 285-NUMBER 7-FEBRUARY 12,2010



4A, right panel). The amount of Akt co-precipitated with the
GABA , receptor (32/3-subunit was much greater in the WT
lysates than in the DKO lysates (Fig. 44, right panel), indicating
that PRIP promotes complex formation between the 82/3-sub-
unit and Akt. It is noteworthy that PRIP deficiency caused no
effect on the direct binding between GABA, receptor B2/3-
subunit and NSF, one of the 8-subunit-binding proteins (46)
(Fig. 4A, right panel). We next investigated whether insulin
affects this complex formation, using a cultured reconstitution
system. We exogenously expressed Myc-tagged GABA , recep-
tor subunits (a1, B2, and y2S) and Akt, with or without PRIP1
in HEK293 cells, which intrinsically contain trace amounts of
PRIP1 and 2. After insulin stimulation for 5, 15, or 30 min, the
cell lysates were subjected to immunoprecipitation using an
anti-Myc antibody, followed by Western blotting for Akt
The amount of immunoprecipitated GABA , receptors was not
apparent for the same reason as mentioned above. A small
amount of Akt was seen in fractions co-precipitated with
GABA , receptors in the nonstimulated cells. Insulin stimula-
tion only increased the amount of Akt co-precipitated with
GABA,, receptors in the PRIP-expressing cells (Fig. 4B, the left
and right panels show typical blots and a summary of multiple
experiments, respectively), suggesting that PRIP facilitates
complex formation between the GABA, receptor and Akt
under insulin stimulation.

We next examined the direct binding between PRIP1 and
Akt using an in vivo GST pull-down assay. Genes for GST or
GST-rat(r)PRIP1 were transfected with Akt into HEK293 cells.
After insulin stimulation for 15 min, GST alone or GST-rPRIP1
was precipitated from the cell lysates using glutathione-conju-
gated beads, followed by Western blotting for Akt and phos-
pho-Akt. As shown in Fig. 4C, GST-rPRIP1, but not GST,
bound to Akt when the cells were stimulated with insulin.
Taken together, these results suggest that PRIP recruits phos-
phorylated (active) Akt to GABA, receptors by forming a ter-
nary complex under insulin stimulation. Thus, PRIP might be
implicated in Akt-dependent phosphorylation of GABA,
receptors, leading to their insertion into the cell surface
membrane.

PRIP1-(553-565) Peptide Attenuates Insulin Potentiation of
I ;44— We next investigated whether such complex formation
is important for the insulin potentiation of I;,z,. To address
this issue, PRIP1-(553~565) peptide at 3 pug/ml, which reduces
the binding between PRIP1 and GABA , receptor -subunit in
cultured cells (29), was applied into WT neurons through a
patch pipette, and then I 5,5, was measured in the presence of
insulin. As shown in Fig, 5, the PRIP1-(553-565) peptide but not
the control peptide (scrambled peptide of PRIP1-(553-565))
partially attenuated the insulin potentiation of I, g,4, indicat-
ing that the association between the B-subunit and PRIP is
important for making Akt accessible to the receptor 8-subunit,
resulting in the potentiation of I5,pa.

BFA Reverses the Effect of Insulin on I, ;,—Insulin triggers
the activation of Akt, leading to the phosphorylation of GABA ,
receptors, which are resistant to internalization, by inhibiting
its association with AP2 complex (6 —9). Therefore, the appar-
ent potentiation of 5,5, Observed in WT neurons could have
resulted from the inhibition of insulin-induced internalization
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FIGURE 5, Effect of PRIP1-(553-565) peptide on insulin potentiation of
Igaga in hippocampal CA1 neurons. A, PRIP1-(553-565) peptide (3 ng/ml)
{open triangles, n = 3), which diminishes the binding between PRIP and the
GABA,, receptor S-subunit (29), or its scramble peptide (3 ug/ml) (closed tri-
angles, n = 3) were introduced using a patch pipette. The experiment was
performed in the same way as that shown in Fig. 1A. A double-headed arrow
indicates the time period of insulin application. Data are represented by the
means * S.D.. The lgapa from WT (closed circles, dashed line) or DKO {(open
circles, dashed line) mice without the peptide, which were taken from those
shown in Fig. 14, are also shown as references. B, graph shows the potentia-
tion of lgaga at 15 min after insulin stimulation in WT (filled columns) or DKO
{open column) neurons with or without the indicated peptides (Pep., PRIP1-
(553-565 peptides); Scr., PRIP1-(553-565) scramble peptides; (—), no pep-
tides). Data are represented as means = S.D. Significance was determined
using the Student’s t test (*, p < 0.05; **, p < 0.01, between indicated two
columns).

rather than insulin-induced facilitation of GABA, receptor
insertion. To examine this possibility, we pretreated WT neu-
rons with 5 pg/ml BFA, an inhibitor of anterograde trafficking
from the ER to the Golgi (32, 33) for 15 min and measured the
effect of insulin on Ig,g4. If the assumption is correct, BFA
would have had little effect; however, BFA caused further
decreases in L5 p, below the control level after insulin treat-
ment (Fig. 6, left panel). This effect was not observed under
nonstimulated conditions (time: —6 to 0 min) (Fig. 6, left
panel). BFA had no effect on I 5, 5, in the DKO neurons {Fig. 6,
right panel). The results suggest that insulin induces both
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FIGURE 6. Effect of BFA on insulin potentiation of I ,5,. Neurons from either WT (left panel, closed triangles,
n = 3) or DKO (right panel, open triangles, n = 3) were pretreated with 5 pg/ml of BFA, which inhibits antero-
grade trafficking from the ER to the Golgi apparatus (32, 33) for 15 min and throughout the experiment. The
experiment was performed in the same way as that described for Fig. 1A, All data are represented as means *+
S.D. The Igag, from either WT or DKO without BFA, which were taken from those shown in Fig. 1A, are also
shown as references. Significance was determined using the Student’s t test (**, p < 0.01, from the results
obtained in the absence of the drug). Double-headed arrows indicate the time period of insulin stimulation.

none, no drug; BFA, brefeldin A.
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FIGURE 7. Schematic representation of the role of PRIP in insulin-induced
membraneinsertion of GABA, receptors. A, insulin stimulation induces Akt
activation in a Pl 3-kinase-dependent manner. Subsequent phosphorylation
of the B-subunits of GABA, receptors by Akt is facilitated by PRIP through the
ternary complex formation with activated Akt and g-subunit, which triggers
an enhancement of the insertion of GABA, receptors into the postsynaptic
membrane. B, absence of PRIP fails in making activated Akt accessible to
B-subunit. Arrows indicate the signaling pathways to activate downstream
target. Dashed arrows indicate the complex formation. White arrow indicates
membrane insertion of GABA, receptor. InsR, insulin receptor; GABA,R,
GABA, receptor, PI3K, Pl 3-kinase; PIP,, phosphatidylinositol 4,5-bisphos-
phate; PIP,, phosphatidylinositol 3,4,5-trisphosphate, PRIP, PLC-related but
catalytically inactive protein. Circled P indicates the phosphorylation.

GABA , receptor insertion and subsequent endocytosis of the
GABA, receptor and that this insertion mainly occurs in WT
neurons. Additionally, the result indicates that PRIP is an

4844 JOURNAL OF BIOLOGICAL CHEMISTRY

amplitude of GABA , receptor-me-
diated mIPSCs (10). The underlying
molecular mechanisms have been
proposed as follows: insulin elicits
tyrosine phosphorylation at resi-
dues Tyr-372 and Tyr-379 of the
B2-subunit of GABA , receptors by
unknown kinase(s), and these phos-
photyrosines are then recognized by
the SH2 domain of p85 (13), a regu-
latory subunit of PI 3-kinase. The PI
3-kinase bound to GABA, receptors produces phosphatidyl-
inositol 3,4,5-trisphosphate, an upstream activator of serine/
threonine kinase Akt around the receptors, leading to the phos-
phorylation of the intracellular loop region of the B-subunits
(Ser-409 in B1, Ser-410 in 82, or Ser-409 in 83), which is essen-
tial for the membrane insertion of GABA , receptors (11, 12).

The current study was motivated by the finding that no effect
of insulin on the potentiation of I5,5, Was seen in neurons
derived from PRIP-deficient mice, indicating that PRIP is
involved in process(es) triggered by insulin stimulation. There-
fore, our studies exploring the possible mechanisms in which
PRIP is implicated have continued to examine each step
involved in known insulin signaling pathways (43, 44). PRIP
deficiency neither perturbs protein expression profiles includ-
ing those of insulin receptors and Akt nor impairs the activation
of Akt in whole cell extract, as assessed by the phosphorylation
of residues Thr-308 and Ser-473 and in vitro enzymatic activity
using synthetic peptide substrate. However, the phosphoryla-
tion of the GABA , receptor B-subunit in neurons from DKO
mice was not augmented by insulin stimulation. This phe-
nomenon is probably attributed to the fact that Akt is not
accessible to GABA , receptor B-subunits in the absence of
PRIP. Based on the observations, we propose that PRIP func-
tions as a scaffolding protein that presents the active form of
Akt to GABA, receptors, enabling insulin signaling to
potentiate I, (Fig. 7).

We previously reported that PRIP is involved in the regula-
tion of BDNF-induced endocytosis of GABA , receptors (29). In
this case, PKC, which directly associates with the GABA,
receptor B-subunit, is activated by BDNF stimulation and trig-
gers the phosphorylation of the Ser-408 and Ser-409 residues of
the B3-subunit. These residues are subsequently dephosphor-
ylated by PP2A, which is recruited to the vicinity of the recep-
tors via PRIP (29, 41). Thus, BDNF stimulation triggers
transient phosphorylation of the B-subunit, followed by long-
lasting dephosphorylation. The p2-subunit of AP2 complex
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