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Background: Humanin, a secreted bioactive peptide, suppresses a variety of cell toxicities.

Results: An intracellular protein SH3BP5, which directly inhibits JNK activity, is identified as an effector of Humanin.
Conclusion: SH3BP5 is a physiological inhibitor of JNK and the firstly identified effector of Humanin.

Significance: The discovery provides a novel mechanistic insight into the actions of JNK and Humanin.

Humanin is a secreted bioactive peptide that suppresses cell
toxicity caused by a variety of insults. The neuroprotective effect
of Humanin against Alzheimer disease (AD)-related death is
mediated by the binding of Humanin to its heterotrimeric
Humanin receptor composed of ciliary neurotrophic receptor o,
WSX-1, and gp130, as well as the activation of intracellular sig-
naling pathways including a JAK2 and STAT3 signaling axis.
Despite the elucidation of the signaling pathways by which
Humanin mediates its neuroprotection, the transcriptional tar-
gets of Humanin that behaves as effectors of Humanin remains
undefined. In the present study, Humanin increased the mRNA
and protein expression of SH3 domain-binding protein 5
(SH3BP5), which has been known to be a JNK interactor, in neu-
ronal cells. Similar to Humanin treatment, overexpression of
SH3BP5 inhibited AD-related neuronal death, while siRNA-
mediated knockdown of endogenous SH3BP5 expression atten-
uated the neuroprotective effect of Humanin. These results
indicate that SH3BP5 is a downstream effector of Humanin.
Furthermore, biochemical analysis has revealed that SH3BP5
binds to JNK and directly inhibits JNK through its two puta-
tive mitogen-activated protein kinase interaction motifs
(KIMs).

Humanin was originally identified as a short peptide that
inhibited Alzheimer disease (AD)>-related neuronal death (1,
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2). Since then, multiple studies have shown that Humanin
inhibits cell death in cell-based AD-related neuronal death
models in vitro (Refs. 2— 4 for review). Humanin also suppresses
cell death in a variety of non-AD-related in vitro and in vivo cell
death models; for example, serum deprivation-induced death of
several cell types including PC12 neuronal cells (5), primary
peripheral lymphocytes (6), K562 myeloblasts (7), and cultured
islet B cells (8), as well as death of Leydig cells during the first
wave of spermatogenesis (9), ischemia-induced neuronal death
in a mouse ischemic stroke model (10, 11), gonadotropin-re-
leasing hormone antagonist-induced death of testicular germ
cells (12), ischemic death of myocardiocytes (13), and oxidized
LDL-induced death of vascular endothelial cells (14).

Humanin has other functions aside from inhibition of cell
death. Humanin ameliorates cognitive impairment in wild-type
mice caused by muscarinic receptor antagonists (15-17) or by
intracerebroventricular injection of amyloid 8 (AB) (18-21),
and cognitive impairment of aged familial AD-linked mutant
gene-transgenic mice (22-24).

Since cognitive impairment in the aforementioned transgenic
mouse model of AD is mainly caused by synaptic dysfunction of
cholinergic neurons (25), it is highly likely that Humanin amelio-
rates synaptic dysfunction of cholinergic neurons. Humanin
has also been shown to increase insulin sensitivity in the periph-
eral tissues via STAT3-mediated activation of the central nerv-
ous system (26) and preserve endothelial function and prevents
atherosclerotic plaque progression in hypercholesterolemic
apolipoprotein E-deficient mice (27).

Humanin elicits its activity by binding to its specific recep-
tors (Ref. 28 for review). Bax was the first receptor of Humanin
to be identified (29), and the binding of Humanin to intracellu-
lar Bax compromises the proapoptotic activity of Bax. Secreted
Humanin binds to cell-surface formyl peptide receptor-like-1
and inhibits AB-induced death of PC12 neuronal cells (30).
Humanin also inhibits AD-related neuronal death via the het-
erotrimeric Humanin receptor (htHNR) on the cell membrane,
which is composed of ciliary neurotrophic factor receptor «,

gen-activated protein kinase interaction motif; Sab, SH3 domain-binding
protein that preferentially associates with Bruton’s tyrosine kinase Btk;
SH3BP5, SH3 domain-binding protein 5; SH3BD, SH3-binding domain.
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WSX-1, and gp130 (31). The loss-of-function of any of the
htHNR subunits abolishes Humanin-induced inhibition of AD-
related neuronal death (31, 32). The binding of Humanin to
htHNR results in oligomerization of the receptor subunits and
the activation of JAK2 and STAT3 (22, 31-33), which is
thought to alter expression of target genes of Humanin. How-
ever, it remains unknown which target genes of Humanin
mediates the neuroprotective effect of Humanin.

SH3 domain-binding protein 5 (SH3BP5) was originally
cloned as an interactor with Bruton’s tyrosine kinase Btk (34)
and alternatively named as Sab (SH3 domain-binding protein
that preferentially associates with Btk). It was later cloned as an
interactor with c-Jun NH,-terminal kinse (JNK) (35). SH3BP5
regulates Btk function in B lymphocytes negatively (36) and
targets JNK to mitochondria where SH3BP5 may behave as a
platform for the IJNK-mediated signaling cascade (36).

In the current study, we found that Humanin increased
SH3BP5 expression. Furthermore, overexpression of SH3BP5
inhibited AD-related cell death, while reduction of endogenous
SH3BP5 expression attenuated the neuroprotective effect of
Humanin. High levels of SH3BP5 directly inhibited JNK in
vitro. These results indicate that SH3BP5 is an inhibitor of JNK
and plays a substantial role as a transcriptional target and a
downstream effector of Humanin.

EXPERIMENTAL PROCEDURES

Synthetic Peptides and Other Materials—Humanin and S14G-
Humanin (named Humanin G and abbreviated HNG; a
Humanin analog with a 1000-fold stronger activity) (1, 2)
were synthesized by the Keck Foundation Biotechnology
Resource Laboratory of Yale University. Recombinant rat
IL-6 was purchased from R&D Systems (Minneapolis). Rat
CNTF was from PeproTech EC (London). A MitoTracker® was
purchased from Invitrogen. A JAK2 inhibitor AG490 was pur-
chased from Calbiochem.

Differential Display—Total RNA was prepared from human
neuroblastoma SH-SY5Y cells, coincubated with 100 nm HNG
for 3 h at 37 °C. The 1* strand cDNA was synthesized with
Sensiscript RTase (Qiagen) using an oligo (dT),, as a primer.
Double-stranded cDNAs were amplified with KOD polymerase
(TOYOBO, Tokyo, Japan) using a random hexamer/oligo
(dT),¢ primer mixture (Qiagen), and subjected to 7.5% acryl-
amide gel electrophoresis, and stained with ethidium bromide.
cDNAs, the levels of which were increased by co-incubation
with HNG, were dissected and eluted in distilled water. Eluted
c¢DNAs were subcloned into TOPO vector (Invitrogen). The
nucleotide sequences of the cDNAs were analyzed using an
automated sequencer (ABIPRISM310 Genetic Analyzer,
Applied Biosystems, PerkinElmer Life Sciences).

Quantitative Real-time PCR Analysis—Total RNA was
extracted from cells using ISOGEN II (Nippon Gene). Reverse
transcription and PCR were performed on an Applied Biosys-
tems StepOnePlus™™ Real Time PCR System (Applied Biosys-
tems) using the TagMan RNA to CT 1-Step Kit (Applied Bio-
systems). The primer pairs and TagMan probes for the target
mRNAs were designed based on the human and mouse mRNA
sequence using TaqgMan Gene Expression Assays (Applied Bio-
systems, Assay ID: mouse GAPDH, Mm99999915_g1; human
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GAPDH, Hs99999905_m1l; mouse SH3BP5, Mm00449407_
ml; human SH3BP5, Hs00163137_m1). Data analysis was
performed using StepOne Software version 2.0.2 (Applied
Biosystems). Data were normalized by level of mRNA
expression of GAPDH.

Genes and Vectors—A London-type familial AD-linked amy-
loid B precursor protein (APP), V642I-APP, in the pcDNA3
vector (Invitrogen) was as described (1, 31). A human and
mouse SH3BP5 cDNAs were PCR-amplified from total RNA of
human neuroblastoma SH-SY5Y and neurohybrid F11 cells,
respectively. For the generation of GST-human SH3BP5
(hSH3BP5) and 6 XHis-mouse SH3BP5 (mSH3BP5) in bac-
teria, the human or mouse SH3BP5 ¢cDNA was introduced
into the pGEX-2T vector (GE Healthcare), which encodes a
site for thrombin-mediated cleavage at the junction of GST
and a transgene, and the pQE30 vector (Qiagen). The pQE30
vectors encoding 6 XHis-mSH3BP5 deletion mutants and
6XHis-GST were similarly constructed. A recombinant pro-
tein generated by a pQE30 construct contains glycine between
N-terminal 6XHis and a transgene-encoded protein and is
detected by the antibody to HisG (Invirogen). The cDNAs
encoding human SH3BP5, mouse SH3BP5, and deletion
mutants of mouse SH3BP5 were introduced into the pFLAG
vector to generate C-terminally FLAG-tagged protein. pcDNA3-
FLAG-human JNK-1al (100% identical to mouse J]NKlal) was
purchased from Addgene. Constitutively active (ca) JNK and
caASK1-encoding vectors were as described previously (37, 38).
The mouse/rat (m/r) SH3BP5 ¢cDNA was the mouse SH3BP5
¢DNA in which three nucleotides of the mouse SH3BP5
siRNA-corresponding region were changed to the nucleotides
of the rat SH3BP5 (A261T; A267G; A273@G). All the other
nucleotides of the mouse SH3BP5 siRNA-corresponding
region of the rat SH3BP5 are equal to the mouse SH3BP5.

siRNA Plasmids—The siRNA vectors knocking down mouse
and human SH3BP5 were constructed using the pRNA/U6.1-
Shuttle vector or the pRNAT-U6.1-IRES-cGFP vector (Gen-
script) under the manufacturer’s instruction (40). The sense
and antisense DNA fragments of siRNAs were 5'-CGC-
GGATCCCGGCAAAGTACTATGTGCAGTTCAAGAGA-
CTGCACATAGTACTTTGCCTTTTTTCCAAAAGCTT-
CCC-3' and 5'-GGGAAGCTTTTGGAAAAAAGGCAAA-
GTACTATGTGCAGTCTCTTGAACTGCACATAGTACT-
TTGCCGGGATCCGCG-3’, for human SH3BP5; 5'-CGC-
GGATCCCGCTAGACGAACTGGCAAAGATTCAAGAG-
ATCTTTGCCAGTTCGTCTAGTTTTTTCCAAAAGCTT-
CCC-3'" and 5'-GGGAAGCTTTTGGAAAAAACTAGACG-
AACTGGCAAAGATCTCTTGAATCTTTGCCAGTTCGT-
CTAGCGGGATCCGCG-3' for mouse SH3BP5. These DNA
fragments were annealed by heating and cooling according to
the manufacturer’s instructions, and inserted into the pRNA-
U6.1-Shuttle vector and/or the pRNAT-U6.1-IRES-cGFP vec-
tor (GenScript).

Immunocytochemistry and Immunohistochemistry—Cells
were fixed with 4% paraformaldehyde-PBS and sequentially
immunostained with a primary antibody (SH3BP5 antibody)
and a secondary antibody, Texas-red-conjugated, or fluorescein
isothiocyanate (FITC)-conjugated goat anti-rabbit polyclonal
antibody (Jackson ImmunoResearch Laboratories). Nuclei were
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sometimes stained with DAPI (Sigma). The cells were observed
with a confocal microscope LSM710 (Carl Zeiss). Some cells
were transfected with an indicated vector or co-incubated with
Humanin or HNG with/without a JAK2 inhibitor AG490
(Sigma Aldrich) before immunostaining. In some experiments,
the SH3BP5 antibody was preabsorbed with an excess amount
of the immunizing antigen GST-SH3BP5 or a negative control
GST bound to glutathione-Sepharose beads to deplete SH3BP5-
recognizing immunoglobulin.

All of the experimental procedures with mice were approved
by the Institutional Animal Experiment Committees of Tokyo
Medical University. Immunohistochemical analysis was per-
formed as described previously (20). Mice were anesthetized,
perfused transcardially with 100 mm sodium phosphate buffer
(pH 7.4) and fixed with 100 mMm sodium phosphate buffer (pH
7.4) containing 4% paraformaldehyde. Brains were embedded
in frozen sections, and 10 wm coronal sections were prepared
on Matsunami adhesive silane-coated slides (MAS-GP; Matsu-
nami Glass, Osaka, Japan). Samples were subsequently washed
in PBS containing 0.1% Tween 20. Immunohistochemical
detection was performed with the SH3BP5 antibody (1:50 dilu-
tion) and visualized with Tyramide-FITC method (TSA plus
TMR/Fluorescein System; Perkin Elmer).

Protein Analysis—For the preparation of cell lysates, cells
were washed twice with PBS, and suspended in 50 mm HEPES
(pH7.4), 150 mm NacCl, 0.1% Nonidet P-40, and protease inhib-
itor mixture Complete (Roche Diagnostics). After 2X freeze-
thaw, cell lysates were centrifuged at 15,000 rpm for 10 min at
4 °C, and the supernatants were subjected to immunoprecipi-
tation, SDS-PAGE, and immunoblot analysis.

Recombinant SH3BP5—GST-SH3BP5 was expressed in Esche-
richia coli BL-21 at room temperature for 4 h in 1 mm isopropyl-
thio-B-p-galactopyranoside and purified using glutathione-
Sepharose (GE Healthcare) according to the manufacturer’s
instructions. 6 XHis-mSH3BP5, 6 XHis-mSH3BP5 deletion mu-
tants, and 6 XHis-GST were expressed in E. coli M15[pREP4]
(Qiagen) at 37 °C for 4 h in 1 mMm isopropyl-thio-B-p-galacto-
pyranoside and purified with TALON metal resin (Clontech).
Bound recombinant 6 XHis proteins were washed with 10 mm
imidazole solution and eluted with 250 mm imidazole solution
according to the manufacturer’s instructions. Eluted recombi-
nant 6 X His proteins were desalted by Zeba Desalting Column
(Pierce) and then one-tenth volume of 10XPBS was added to
the desalted protein solution. A considerable amount of non-
specific proteins contaminated the recombinant 6 XHis pro-
teins purified with TALON Metal Resin. Therefore, mock puri-
fication was done using E. coli M15[pREP4] expressing the
empty vector, and resulting contaminated proteins were used
as a negative control of 6 XHis-mSH3BP5. The concentration
of purified recombinant proteins was determined using the
BCA assay kit (Pierce).

Antibodies—The rabbit polyclonal antibody to human
SH3BP5 was raised against the whole recombinant GST-
hSH3BP5, produced in E. coli. Ready-made antibodies were
purchased from following companies: anti-Myc and anti-HisG-
HRP from Invitrogen; anti-FLAG (clone M2) from Sigma-
Aldrich; anti-APP (clone 22C11) from Chemicon; anti-total JNK
from Santa Cruz Biotechnology; anti-phospho-SAPK/JNK from

AUGUST 23,2013 +VOLUME 288-NUMBER 34

SH3BP5 Mediates Humanin Activity via JNK

Cell Signaling Technology; anti-total JNK from Santa Cruz Bio-
technology; anti-HA (clone 3F10) from Roche Diagnostics.

Cells, Cell Death, and Cell Viability—Neuronal cell death
assays related to AD were first performed by Yamatsuji et al.
(41) and previously described in detail (31). Human SH-SY5Y
neuroblastoma cells, were grown in DMEM/Ham’s F12 mix-
ture (DMEM/F12) (Wako) containing 10% FBS, seeded at 2 X
10°/well in six-well plates and incubated for 12—16 h, trans-
fected with the appropriate vectors for 3 h in the absence of
serum, and then cultured in DMEM/F12-10% FBS and/or
Humanin or HNG. At 24 h after transfection, the media were
replaced with DMEM/F12 containing N2 supplement (Invitro-
gen) and/or Humanin or its analog. At 48 h after the onset of
transfection, cells were harvested for Trypan Blue cell death
assays, cell viability assays using the WST-8 assay kit (Dojindo)
and calcein AM (Dojindo), and their microscopic views were
taken after staining with calcein AM to show viable cells that
were attached to cell plates (31). F11 neurohybrid cells are
described in earlier studies (1). F11 cells, seeded at 7 X 10%*/well
in 6-well plates in Ham’s F-12 plus 18% FBS and incubated for
12-16 h, were co-transfected with indicated vectors for 3 h in
the absence of serum and then incubated with Ham’s F-12 plus
18% FBS for 2 h. At 5 h after the onset of transfection, culture
media were replaced by Ham’s F-12 plus 10% FBS. At 24 h after
transfection, the media were replaced by Ham’s F-12 contain-
ing N2 supplement. At 72 h after the onset of transfection, the
cells were harvested to perform microscopic analysis, Trypan
Blue cell death assays, and WST-8 cell viability assays.

Primary Hippocampal Neurons (PHNs) and Cell Death
Assay—Mouse PHNs were prepared from hippocampi of mouse
E14 embryos, as shown in earlier studies (1, 32). They were seeded
in poly-L-lysine-coated 6-well plates (Sumitomo Bakelite) at
5 X 10° cells/well in Neuron medium (Sumitomo Bakelite).
After incubation for 3 days (DIV3), the culture medium was
replaced with DMEM containing N2 supplement. On DIV4,
transfection was performed with Lipofectamine 2000 (Invitro-
gen), according to instructions. After transfection, Humanin or
HNG was added to the media for co-incubation. At 48 h after
transfection, cells were fixed with 4% paraformaldehyde for 30
min. Expression of V642I-APP and SH3BP5-FLAG was moni-
tored by immunofluorescence analysis of these proteins in cells.
The introduction of the siRNA-encoding vector into cells was
monitored by immunofluorescence analysis of GFP in cells.
Apoptosis of PHNs was determined by morphological exami-
nation of nuclei stained with DAP]I, as described in our earlier
study (42).

In Vitro Binding Assays—FLAG-JNK-1al was overexpressed
in F11 cells by transfection. FLAG-JNK-1al, immunoprecipi-
tated from cell lysates with the FLAG antibody, was mixed with
recombinant 6XHis-GST, 6XHis-mSH3BP5, or a 6XHis-
mSH3BP5 deletion mutant, incubated at 4°C overnight,
washed extensively, and subjected to SDS-PAGE and immuno-
blot analysis.

In Vitro JNK Kinase Assays—F11 cells, transfected with the
pcDNA3-FLAG-JNK-1al, were coincubated with 10 um aniso-
mycin for 3 h, and the lysates were prepared from these cells.
Other lysates were prepared from F11 cells and transfected with
the empty vector or the vector encoding human SH3BP5.
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FIGURE 1. Both mRNA and protein expressions of SH3BP5 are induced by Humanin. A, real-time PCR analysis of SH3BP5 and GAPDH mRNAs, prepared from
mouse PHNs and human SH-SY5Y cells, incubated with 10 um HN or distilled water (DW) for 24 h. This experiment was performed with n = 3; *** p < 0.001; *,
p < 0.05. B, F11 cells, transfected with the pCMV-human SH3BP5 vector, were immunostained with the SH3BP5 antibody (red), not preabsorbed (left),
preabsorbed with GST (middle), or preabsorbed with GST-SH3BPS5 (right), which had been immobilized onto glutathione-Sepharose, for 24 h. Nuclei were
stained with DAPI (blue). C,immunocytochemical analysis of SH-SY5Y cells with the SH3BP5 antibody (red), incubated with 100 nm Humanin G (HNG) or distilled
water (DW) in the presence or the absence of 5 um AG490 for 24 h. Nuclei were stained with DAPI (blue).

FLAG-tagged JNK-lal-containing lysates were then mixed
with the lysates containing or not containing exogenously
expressed SH3BP5 and incubated at 4 °C for 4 h. Then, FLAG-
JNK-1al in the mixed lysates was immunoprecipitated with the
FLAG antibody (M2), and immunoprecipitates were used for in
vitro JNK kinase assay using a recombinant c-Jun protein as a sub-
strate (KinaseSTAR JNK Activity Assay Kit, BioVision Research
Products). Supernatants of in vitro JNK kinase assays were frac-
tionated with SDS-PAGE, and the amount of phosphorylated
¢-Jun (phospho c-Jun) was analyzed by immunoblot analysis with
antibodies to phospho c-Jun. Amounts of FLAG-JNK-1al and
human SH3BP5 bound to the beads were similarly examined by
immunoblot analysis with the antibodies to FLAG and SH3BP5.

In some experiments, FLAG-JNK-1al, immunoprecipitated
from the lysates, was mixed with a defined amount of recombi-
nant 6 XHis-mSH3BP5 (and/or its negative control), purified
from bacteria, and a recombinant c-Jun protein as a substrate
(BioVision), and incubated at 30 °C for 4 h. The whole reaction
mixtures (30 ul) containing beads were then mixed with the 1/3
volume of the 3X SDS-PAGE sample buffer and subjected to
SDS-PAGE and immunoblot analysis with the antibody to
phospho c-Jun, the FLAG antibody (M2) for the detection of
FLAG-JNK-1al, and the HisG-HRP antibody for the detection
of 6 XHis-mSH3BP5.

Statistical Analysis—All cell death experiments were per-
formed with n = 3. All values in figures are means*S.D. Statis-
tical analysis was performed using one-way analysis of variance,
followed by Bonferroni/Dunn post hoc analysis. All data were
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analyzed using StatView (version 5.0.1) software from SAS
Institute (Cary) (***, p < 0.001; **, p < 0.01; *, p < 0.05; n.s., not
significant).

RESULTS

SH3BPS Is a Transcriptional Target of Humanin—To search
for transcriptional targets of Humanin, a RT-PCR-assisted dif-
ferential display screening was performed using mRNA from
SH-SY5Y neuroblastoma cells that had been incubated with
Humanin. We identified several genes, including SH3BP5,
whose mRNA levels were increased by treatment with Huma-
nin. In the current study, we investigated whether SH3BP5
mediates the neuroprotective effect of Humanin.

Using a quantitative PCR analysis, we confirmed that mRNA
expression of SH3BP5 was up-regulated by approximately
10-fold by treatment with Humanin in both primary mouse
hippocampal neurons (PHNs) and SH-SY5Y cultured human
neuroblastoma cells (Fig. 1A4).

Immunocytochemical analysis of F11 cells transfected with
human SH3BP5 revealed SH3BP5 immunoreactivity. This was
absent when the SH3BP5 antibody was preincubated with
immunizing antigen GST-SH3BP5 (right panel), but not with
GST (middle panel) (Fig. 1B), indicating that the antibody spe-
cifically recognized SH3BP5. Immunocytochemical analysis of
SH3BP5 showed that incubation with a Humanin analog S14G-
Humanin (named Humanin G; abbreviated HNG) (100 nm)
increased SH3BP5 expression in SH-SY5Y cells (Fig. 1C). The
effect of Humanin is mediated by a JAK2 and STAT3-mediated
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signaling pathway, which is triggered by the binding of Humanin
to the htHNR (31). In agreement with this notion, addition of
AG490, a specific JAK2 inhibitor, to the incubation media nullified
the HNG-induced increase in SH3BP5 expression (Fig. 1C).

SH3BPS5 Is Expressed Ubiquitously in Neuronal Tissues—Im-
munohistochemical analysis was performed to examine the
endogenous expression of SH3BP5 in neuronal tissues. Although
SH3BP5 was ubiquitously expressed in neuronal cells including
mouse hippocampal and cortical neurons, the level of SH3BP5
expression among neurons was not uniform. The level of
SH3BP5 expression was high in the neurons of the CA3 region
of hippocampus, pons, and hypothalamus, whereas it was low
in the neurons of cortex, dentate gyrus of hippocampus, and
cerebellum (Fig. 24). By doubly staining F11 cells with the
SH3BP5 antibody and Mitotracker®, a mitochondrial marker,
we confirmed that SH3BP5 was colocalized with mitochondria
(Fig. 2B), as shown in a previous study (39).

Overexpression of SH3BP5 Inhibits V6421-APP-induced Neu-
ronal Death—Based on the finding that SH3BP5 is a transcrip-
tional target of Humanin, we hypothesized that SH3BP5 medi-
ates the neuroprotective effect of Humanin. Exogenous
expression of V642I-APP, a London-type familial AD-linked
gene, causes death of certain types of cultured neuronal cells
(Refs. 43, 44 for review). Using this in vitro model, we examined
the effect of overexpression of SH3BP5 on V642I-APP-induced
neuronal death. Reproducibly, exogenous expression of V6421-
APP induced death of F11 neurohybrid cells (Fig. 3, A-D).
Coexpression of SH3BP5 with V642I-APP attenuated V642I-
APP-induced death (Fig. 3, A-D), and this effect was recapitu-
lated in PHNs (Fig. 3E) and SH-SY5Y cells (Fig. 4).

Reduction of Endogenous SH3BPS Expression Attenuates the
Neuroprotective Effect of Humanin—We next asked whether
SH3BP5 is essential for Humanin-mediated neuroprotection.
To this end, plasmid-based siRNAs (40) for human and mouse
SH3BP5 were constructed, and their silencing effects were
tested. Cotransfection of a vector encoding a siRNA for human
SH3BP5 with a vector encoding human SH3BP5 attenuated the
level of human SH3BP5 expression (Fig. 54). Similarly, co-ex-
pression of a siRNA for mouse SH3BP5 with a vector encoding
mouse or rat/mouse SH3BP5 (see “Experimental Procedures”)
attenuated the level of mouse or rat/mouse SH3BP5 (Fig. 5A).

As shown previously (1), incubation with 10 um Humanin
reproducibly inhibited the V642I-APP-induced death of F11
cells (Fig. 5, B-D). Coexpression of the siRNA for mouse
SH3BP5 with V6421-APP attenuated the Humanin-induced
inhibition of the V642I-APP-induced death of F11 cells (Fig. 5,
B-D). Similarly, coexpression of the siRNA for human and
mouse SH3BP5 attenuated the Humanin-induced inhibition of
V642I-APP-induced death of SH-SY5Y cells (Fig. 6, A-C) and
PHNs (Fig. 6D), respectively. These results indicate that
SH3BP5 is required for the Humanin-mediated neuroprotec-
tive effect in these cells.

Overexpression of SH3BPS5 Inhibits Neuronal Death Induced by
Constitutively Active ASKI (caASK1) and ca]NK—V6421-APP-in-
duced death is intracellularly mediated by apoptosis signal-stimu-
lating kinase-1 (ASK1) and JNK (37, 38, 43, 44). Given that Huma-
nin also inhibits caASK1- and caJNK-triggered neuronal cell
death (37, 38), we first examined whether expression of
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FIGURE 2. SH3BP5 is ubiquitously expressed and localized in mitochon-
dria. A, immunohistochemical analysis of SH3BP5 expression in various
mouse neuronal tissues using the SH3BP5 antibody (green). The SH3BP5 anti-
body was preincubated (preabsorbed) with GST (a negative control) or GST-
SH3BP5 (immunizing protein), bound to glutathione-Sepharose, for 24 h.
Nuclei were stained with DAPI (blue). B, F11 cells were immunostained with
the SH3BP5 antibody (green) and the MitoTracker® (red). Nuclei were stained
with DAPI (blue). The SH3BP5 antibody was preincubated (preabsorbed) with
GST (a negative control) or GST-SH3BP5 (immunizing protein), bound to glu-
tathione-Sepharose, for 24 h. Nuclei were stained with DAPI (blue).

SH3BP5 prevents this cell death. Both caASK1- and caJNK-
elicited cell deaths were inhibited by overexpression of SH3BP5
(Fig. 7, A and B). This result indicates that at least one target of
SH3BP5 is JNK itself or its downstream molecule.

SH3BPS Is a Direct Inhibitor of INK—W e next hypothesized
that SH3BP5 directly interferes with JNK. To test this, we per-
formed two independent in vitro reconstitution JNK assays.
Cell lysates from F11 cells overexpressing FLAG-JNK-1al and
SH3BP5 were combined, and then FLAG-JNK-1al was immu-
noprecipitated. In vitro JNK assays were performed using the
FLAG-JNK-1al immunoprecipitates and recombinant c-Jun
protein as a JNK substrate. SH3BP5 bound to JNK and inhibited
JNK activity in a SH3BP5 dose-responsive fashion (Fig. 84).
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FIGURE 3. Overexpression of SH3BP5 inhibits V6421-APP-induced death of mouse neuronal cells. A-D, F11 cells were cotransfected with the empty pFLAG
vector (vector) or the pFLAG vector encoding mouse SH3BP5 (mSH3BP5) together with the empty pcDNA3 vector (vector) or pcDNA3-V6421-APP (V642I-APP).
At 72 h after transfection, they were harvested for microscopic analysis (A), Trypan Blue cell death assays (B), and WST-8 cell viability assays (C). Cell lysates were
subjected to SDS-PAGE and immunoblot analysis with FLAG antibody (M2) and APP antibody (22C11) (D). E, PHNs were cotransfected with the empty pFLAG
vector (vector) or the pFLAG vector encoding mSH3BP5 together with the empty pcDNA3 vector (vector) or pcDNA3-V642I-APP (V642I-APP). At 48 h after
transfection, the cells were immunostained with both the APP and FLAG antibodies. Nuclei were stained with DAPI. For the calculation of cell-death percent-
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50-100 cells were counted per well. ***, p < 0.001; n.s., not significant.

We also examined whether purified recombinant SH3BP5
N-terminally tagged with 6 XHis (H6-SH3BP5), produced in
bacteria, interferes JNK activity in vitro. To this end, we mixed
FLAG-JNK-1al, which was immunoprecipitated from F11
cells, with varying amounts of H6-SH3BP5 and performed in
vitro JNK assays. H6-SH3BP5 inhibited JNK activity in a dose-
dependent fashion (Fig. 8B).

SH3BP5 Mediates the Humanin-induced Inhibition of JNK
Phosphorylation, Caused by Exogenous Expression of V642I-APP—
We next examined whether Humanin affected the phosphory-
lation of JNK. In accordance with the finding that the V642I-
APP-induced death is mediated by a signaling pathway that
involves JNK (37, 38, 43, 44), exogenous expression of V642I-
APP increased the level of phosphorylated JNK (p-JNK) (Fig.
8C, lane 5). Furthermore, the increase in the level of p-JNK was
reduced by treatment with 10 um Humanin (Fig. 8C, lane 6).
Importantly, we found that siRNA-mediated reduction of
endogenous SH3BP5 expression abolished the Humanin-in-
duced reduction of p-JNK (Fig. 8C, lanes 7 and 8). This finding
indicates that SH3BP5 is essential for the Humanin-induced
inhibition of the phosphorylation of JNK caused by exogenous
expression of V642I-APP.

24696 JOURNAL OF BIOLOGICAL CHEMISTRY

Both KIM 1 and 2 of SH3BP5 Are Involved in Inhibiting JINK
Activity—SH3BP5 contains an SH3-binding domain (SH3BD)
and two putative mitogen-activated protein kinase interac-
tion motifs (KIMs) named KIM1 and KIM2 (Fig. 94) (35, 39).
To identify domain(s) of mouse SH3BP5 that are involved in
functionally interacting with JNK, we produced a recombinant
N-terminally 6 X His-tagged mouse SH3BP5 protein that lacks
SH3BD, KIM1, KIM2, KIM1 plus KIM2, or SH3BD plus KIM1
plus KIM2, in bacteria (Fig. 94). Deletion of KIM1 and/or KIM2
did not increase but rather slightly decreased the migrating dis-
tance from the origin in SDS-PAGE for unknown reasons (Fig.
9, B and C, compare full-length SH3BP5 with SH3BP5 lacking
KIM1, KIM2, or KIM1 plus KIM2). In vitro binding assays
showed that SH3BP5 lacking SH3BD plus KIM1 plus KIM2 did
not bind to JNK, while any other deletion mutant did (Fig. 9D).
This result suggests that SH3BP5 binds to JNK through SH3BD,
KIM1, and KIM2. On the other hand, in vitro JNK kinase assays
revealed that SH3BP5 lacking KIM1 plus KIM2 or SH3BP5
lacking SH3BD plus KIM1 plus KIM2 did not inhibit the JNK
kinase activity, while any other deletion mutant did (Fig. 10A).
In accordance with the latter result, overexpression of C-termi-
nally FLAG-tagged SH3BP5 lacking KIM1 plus KIM2 or
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FIGURE 4. Overexpression of human SH3BP5 inhibits V642I-APP-induced
death of SH-SY5Y cells. SH-SY5Y cells, cotransfected with the empty pFLAG
vector (vector) or the pFLAG vector encoding human SH3BP5 (hSH3BP5)
together with the empty pcDNA3 vector (vector) or pcDNA3-V642I-APP
(V6421-APP). At 48 h after transfection, they were harvested for microscopic anal-
ysis after staining with calcein (A) and Trypan Blue cell death assays (B). Cell lysates
were subjected to SDS-PAGE and immunoblot analysis with M2 antibody to
FALG and APP antibody (22C11) (C). ***, p < 0.001; n.s., not significant.

SH3BP5 lacking SH3BD plus KIM1 plus KIM2 did not inhibit
V6421-APP-induced death of SH-SY5Y cells, while any other
deletion mutant did (Fig. 10B). These results indicate that
deletion of both KIM1 and KIM2 is necessary to disrupt the
JNK-inhibiting activity of SH3BP5 and that both KIM1 and
KIM2 of SH3BP5 are independently involved in inhibiting
JNK.

DISCUSSION

JNK promotes apoptosis through two pathways: the first path-
way is mediated by JNK-induced phosphorylation and transacti-
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FIGURE 5. siRNA-mediated reduction of endogenous SH3BP5 expression
inhibits the neuroprotective effect of Humanin in F11 neurohybrid cells.
A, F11 cells were transfected with the empty pFLAG vector (vector) or the pFLAG
vector encoding human SH3BP5 (hSH3BP5), mouse SH3BP5 (mSH3BP5), or
mouse SH3BP5 in which three nucleotides in the mouse SH3BP5 siRNA cor-
responding region were changed to the nucleotides of the rat SH3BP5
(m/rSH3BP5), together with the pRNA-U6.1-Shuttle vector (sivector) or the
pRNA-U6.1-Shuttle vector encoding siRNA for human and mouse SH3BP5
(sihSH3BP5 and simSH3BP5). At 72 h after transfection, cell lysates were sub-
jected to SDS-PAGE and immunoblot analysis with antibodies to FLAG (M2)
and actin. B-D, F11 cells were cotransfected with the empty pcDNA3 vector
(vector) or pcDNA3-V642I-APP (V642I-APP) together with the pRNA-U6.1-
Shuttle vector (sivector) or the pRNA-U6.1-Shuttle vector encoding siRNA for
mouse SH3BP5 (simSH3BP5) in the presence or the absence of 10 um HN. At
72 h after transfection, they were harvested for Trypan Blue cell death assays
(B), and WST-8 cell viability assays (C). Cell lysates were subjected to SDS-PAGE
and immunoblot analysis with the APP antibody (22C11) (D). ***, p < 0.001;
n.s., not significant.

vation of multiple transcription factors such as c-Jun and ATF2,
which up-regulate the expression of proapoptotic genes and
down-regulate anti-apoptotic genes; and the second pathway,
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FIGURE 6. siRNA-mediated reduction of SH3BP5 attenuates the neuroprotective effect of Humanin in human SH-SY5Y cells and mouse primary
hippocampal neurons. A-C, SH-SY5Y cells, cotransfected with the empty pcDNA3 vector (vector) or pcDNA3-V642I-APP (V642I-APP) together with the
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counted for the pcDNA3 vector-transfected cells. This study was performed with n = 3; 50-100 cells were counted per well. ***, p < 0.001; n.s., not significant.

which is mediated by JNK-induced phosphorylation and mod-
ulation of proapoptotic and anti-apoptotic proteins in the mito-
chondria (45). SH3BP5 targets JNK to mitochondria (39),
which is a function that is essential for the activation of mito-
chondrial JNK and the occurrence of a certain types of cell
death. In support of this, the blockade of the binding of SH3BP5
to JNK by a peptide mimic of the Sab kinase-interacting motif-1
(46) or the shRNA-mediated reduction of endogenous SH3BP5
expression leads not only to a reduction in the activation of
mitochondrial JNK, but also the inhibition of acetaminofen-
and TNFa-induced hepatotoxicity (47), the 6-hydroxydop-
amine-induced toxicity (48), and ischemia/reperfusion injury
in cardiomyocytes (49).

V642I-APP-induced neuronal death is mediated by APP, Go,
Racl (or Cdc42), ASK1, JNK, NADPH oxidase, and caspases in
order of activation (37, 38, 43, 44). NADPH oxidases, contain-

24698 JOURNAL OF BIOLOGICAL CHEMISTRY

ing six transmembrane domains, localize in the plasma mem-
brane and other intracellular membranes (50) and play a central
role in the synthesis of reactive oxygen species in the non-mi-
tochondrial cytoplasm. The essential role of NADPH oxidases
in V642I-APP-induced death suggests that cytoplasmic JNK, but
not mitochondrial JNK, may mediate this signal. Consistent with
this, the siRNA-mediated reduction of endogenous SH3BP5
expression, which inhibited the SH3BP5-mediated targeting of
JNK to mitochondria, did not impair V6421-APP-induced death
(Fig. 5, Band C).

By performing in vitro reconstitution JNK assays, the present
study demonstrated that SH3BP5 directly inhibits JNK in a
dose-responsive fashion in vitro (Fig. 8, A and B). Considering
this result and the published data indicating that the endoge-
nous level of SH3BP5 targets JNK to mitochondria and thereby
positively regulates JNK (47-49), we postulate that when the
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overexpressing and/or the empty vector-transfected F11 cells. Lysates of empty vector-transfected cells were added to make the total amounts of lysates equal
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JNK kinase assays using recombinant c-Jun as a substrate. JNK activity was monitored by the detection of phospho c-Jun in the supernatants. Amounts of
co-precipitated SH3BP5 and FLAG-JNK-1a1 on the beads were also monitored by SDS-PAGE and immunoblot analysis with the SH3BP5 and JNK antibodies. B,
FLAG-JNK-1a1, immunoprecipitated from the cell lysates with the FLAG antibody, was mixed with indicated amounts of recombinant 6xHis-mSH3BP5
(H6-SH3BP5) and subjected to in vitro JNK kinase assays using recombinant c-Jun as a substrate. Appropriate amounts of the negative control protein (H6-NC),
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the antibody to FLAG for the detection of FLAG-JNK-1a1. C, SH-SY5Y cells were cotransfected with the empty pcDNA3 vector (vector) or pcDNA3-V642|-APP
(V642I-APP) together with the pRNA/U6.1-Shuttle vector (sivector) or the pRNA-U6.1-Shuttle vector encoding siRNA for human SH3BP5 (sihSH3BP5). Humanin
(HN) was added to the culture medium (10 um) just after the end of transfection. At 72 h after the start of transfection, the cells were harvested for SDS-PAGE
and immunoblot analysis with indicated antibodies.
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PAGE and immunoblot analysis. Immunoblot analysis was performed with the antibody to HisG for the detection of 6 X His-tagged recombinant proteins and

the M2 antibody to FLAG for the detection of FLAG-JNK-1a1.

molar ratio of SH3BP5 to JNK in the SH3BP5/JNK complex is
below a certain threshold level, SH3BP5 only functions as a
carrier of JNK to mitochondria. When the molar ratio exceeds
this threshold level, SH3BP5 inhibits JNK.

JNK-interacting protein-1 (JIP-1) was originally identified as
an inhibitor of INK (51). In vitro reconstitution assays show that
recombinant JIP-1 directly inhibits JNK by competing with the
substrates of JNK for binding to JNK. In addition, overexpres-
sion of JIP-1 retained JNK in the cytoplasm. Through these two
mechanisms, JIP-1 inhibits the JNK-mediated phosphoryla-
tion of its substrates (51). In agreement, overexpression of
JIP-1 suppressed the effects of the JNK signaling pathway on
cellular proliferation, including transformation by the Bcr-
Abl oncogene (51). However, the subsequent investigation
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on JIP-1 has established that JIP-1 is an essential scaffold
protein for MAP kinase cascade consisting of mixed-lineage
kinases (or dual leucine zipper kinases), MKK7/MKK4, and
JNK (52).

Importantly, as a scaffold protein, JIP-1 positively regulates
the progression of this signal transduction cascade (52). These
findings suggest that, similar to SH3BP5, JIP-1 may behave an
inhibitor of JNK only when its overexpression magnitude
exceeds a certain threshold level, although the detailed mecha-
nism underlying this functional alteration remains undefined.

SH3BP5 may have targets aside from JNK. In the current
study, the siRNA-mediated reduction of endogenous SH3BP5
expression attenuated the Humanin-mediated suppression of
the V642I-APP-induced increase in the phosphorylation of
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subjected to SDS-PAGE and immunoblot analysis with the M2 antibody to FLAG and the APP antibody (22C11). ***, p < 0.001; n.s., not significant.

JNK (Fig. 8C). Two mechanisms may underlie this; 1) overex- kinase located upstream of JNK, and directly inhibits their
pressed SH3BP5 binds to JNK and prohibits MKK4/MKK7 kinase activities. Although it remains undefined which, if
from accessing JNK and 2) overexpressed SH3BP5 binds to either, of these mechanisms occurs, it is apparent that overex-
MKK4/MKK?7, another JNK-activating MAPKK, or another pressed SH3BP5 inhibits the JNK-activating kinase-mediated
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phosphorylation of JNK. This finding on SH3BP5 is in contrast
to the finding that JIP-1 enhances the MKK7-induced phos-
phorylation of JNK (52). It was also reported that the overex-
pression of SH3BP5 led to the reduction of B cell antigen recep-
tor-induced tyrosine phosphorylation of Btk and significantly
reduced both early and late B cell antigen receptor-mediated
events (36). This finding suggests that SH3BP5 may inhibit the
Btk-mediated signal. It is also possible that SH3BP5 affects
other MAP kinase signaling pathways, and this should be
addressed in future investigations.

It is highly likely that SH3BP5 is not the single downstream
effector of Humanin, for a number of reasons. First, there are so
many transcriptional targets for Humanin. Indeed, we identi-
fied several other transcriptional target genes of Humanin
using differential display screening, some of which may con-
tribute to the neuroprotective effect of Humanin. Second, given
that htHNR belongs to the interleukin-6 receptor family, which
activates ERK signaling (53), it is likely that the binding of
Humanin to htHNR activates intracellular signals via ERK inde-
pendently of STAT3. Third, phosphoinositide 3 kinase- and
Akt-mediated signaling is activated by Humanin in a mouse
stroke model (10). Finally, the signals activated by the Humanin
binding to Humanin receptors other than htHNR, such as Bax
(29) and formyl peptide receptor-like protein 1 (30), may also
contribute to the protective effect of Humanin. Each of these
aforementioned signals may contribute to the activity of Huma-
nin in a context-dependent manner.

A high-level of SH3BP5 overexpression is sufficient to inhibit
V6421-APP-induced neuronal death in F11 neurohybrid cells
and SH-SY5Y cells (Figs. 3 and 4). Therefore, if the endogenous
expression of SH3BP5, induced by Humanin, reaches the level
that is sufficient to inhibit neuronal death, other effectors than
SH3BP5 are not necessary in these cells. However, it is quite
difficult to determine whether the levels of SH3BP5 overex-
pression are sufficient or not. Importantly, considering that
siRNA-mediated knockdown of endogenous SH3BP5 almost
completely inhibited the neuroprotective effect of Humanin in
the same cells (Figs. 5 and 6), it is reasonable to conclude that
SH3BP5 “centrally” mediates the neuroprotective effect of
Humanin in these cells, although other downstream effectors
may cooperate with SH3BP5 to exert the neuroprotective effect
of Humanin. The level of SH3BP5 expression is not uniform
between neurons in distinct brain areas. While it is relatively
high in the CA3 region of hippocampus, it is relatively low in
both dentate gyrus of hippocampus and cortex (Fig. 2). Conse-
quently, it is possible that SH3BP5 centrally contributes to the
effect of Humanin in the CA3 region of hippocampus, whereas
it only minimally contributes to the effects in dentate gyrus of
hippocampus and cortex.

In this study, the co-immunoprecipitation experiments
showed that SH3BP5 bound to JNK through SH3BD, KIM1,
and KIM2 (Fig. 9D). This result is not in agreement with the
result in the former study (35, 39), where it was shown that
SH3BP5 bound to JNK only through KIM1. The discrepancy
may be originated from differences in the employed co-precip-
itation procedure. First, we used 6 XHis-tagged SH3BP5 dele-
tion mutants, while they used GST-tagged SH3BP5 deletion
mutants. Second, we immunoprecipitated FLAG-JNK1al with
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the FLAG antibody and examined co-precipitated SH3BP5
deletion mutants by immunoblot analysis, while they pulled
down GST-tagged SH3BP5 deletion mutants with glutathione
beads and examined co-precipitated JNK by immunoblot
analysis.

SH3BP5 has been identified to be a downstream effector of
Humanin. In a previous study (22), the level of phosphorylated
STAT3, an activated STAT3, was reduced in neurons of hip-
pocampus of AD cases, which has led to the assumption that
the Humanin signal may be down-regulated there and the
down-regulation of the Humanin signal contributes to the
AD pathogenesis. If the assumption is true, the level of
SH3BP5 may be down-regulated in neurons of hippocampus
of AD cases.

In summary, the present study shows that SH3BP5 directly
inhibits JNK, and that SH3BP5 is an important downstream
effector of Humanin, which contributes to Humanin-induced
neuroprotective activity.
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