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Background: Scaffold proteins, such as the pro-apoptotic scaffold POSH (Plenty of SH3s), organize MAP kinase pathways

into functional modules.

Results: Sh3rf2 promotes the degradation of POSH and prevents apoptosis in multiple cell types.
Conclusion: Sh3rf2 antagonizes POSH-JNK signaling under basal conditions and provides a “brake” on apoptosis.
Significance: Sh3rf2 may provide a target in neoplasia and apoptosis involving POSH such as trophic factor deprivation.

We report that Sh3rf2, a homologue of the pro-apoptotic
scaffold POSH (Plenty of SH3s), acts as an anti-apoptotic
regulator for the c-Jun N-terminal kinase (JNK) pathway.
siRNA-mediated knockdown of Sh3rf2 promotes apoptosis of
neuronal PC12 cells, cultured cortical neurons, and C6 glioma
cells. This death appears to result from activation of JNK signal-
ing. Loss of Sh3rf2 triggers activation of JNK and its target c-Jun.
Also, apoptosis promoted by Sh3rf2 knockdown is inhibited by
dominant-negative c-Jun as well as by a JNK inhibitor. Investi-
gation of the mechanism by which Sh3rf2 regulates cell survival
implicates POSH, a scaffold required for activation of pro-apo-
ptotic JNK/c-Jun signaling. In cells lacking POSH, Sh3rf2
knockdown is unable to activate JNK. We further find that
Sh3rf2 binds POSH to reduce its levels by a mechanism that
requires the RING domains of both proteins and that appears to
involve proteasomal POSH degradation. Conversely, knock-
down of Sh3rf2 promotes the stabilization of POSH protein and
activation of JNK signaling. Finally, we show that endogenous
Sh3rf2 protein rapidly decreases following several different apo-
ptotic stimuli and that knockdown of Sh3rf2 activates the pro-
apoptotic JNK pathway in neuronal cells. These findings
support a model in which Sh3rf2 promotes proteasomal degra-
dation of pro-apoptotic POSH in healthy cells and in which apo-
ptotic stimuli lead to rapid loss of Sh3rf2 expression, and conse-
quently to stabilization of POSH and JNK activation and cell
death. On the basis of these observations, we propose the alter-
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native name POSHER (POSH-eliminating RING protein) for
the Sh3rf2 protein.

Eukaryotic cells depend on signal transduction pathways to
allow them to respond to various extracellular stimuli. The evo-
lutionarily conserved mitogen-activated protein kinase
(MAPK) pathways are sequential kinase cascades involved in a
variety of complex physiologic processes such as cell survival,
apoptosis, differentiation, proliferation, and migration (1). In
these pathways, a stimulus causes the activation of a serine/
threonine protein kinase (MAPK kinase kinase), which in turn
activates a MAPK kinase. The MAPK kinases activate the
MAPKSs through dual phosphorylation on threonine and tyro-
sine residues within a Thr-Xaa-Tyr motif. The MAPKs then
phosphorylate various downstream effectors including mem-
bers of the AP1 family of transcription factors, which alter the
transcription of target genes.

In mammals, three families of MAPKSs, the p38 MAPKs, the
extracellular-signal related kinases (ERKs), and the c-Jun
N-terminal kinase (JNKs) have been identified (1). Stresses
including DNA damage, trophic factor deprivation, hypoxia,
and oxidative stress activate the JNKs, which play a key role in
apoptosis following these stimuli (2—4). Three distinct genes
encode at least 10 distinct isoforms of JNKs.

JNK isoforms appear to have especially important physio-
logic roles in cell death within the nervous system. Gene dele-
tion studies identified a key role for juk1 and jnk2 in apoptosis in
the developing brain (5). In addition, hippocampal neurons
from jnk3~'~ mice are resistant to excitotoxicity-induced
death by kainic acid (6) and sympathetic neurons cultured from
these animals exhibit decreases in c-Jun phosphorylation and in
apoptosis in response to nerve growth factor (NGF) deprivation
(2). The JNK pathway also participates in neuronal injury in
vivo following a variety of insults including acoustic trauma (7)
and cerebral hypoxia-ischemia in adult and juvenile animals (3,
8) and has been implicated in several neurodegenerative disor-
ders (9-11).
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Increasing evidence suggests that kinase cascades organize
into functional modules, in some cases with the help of scaffold
proteins. In yeast, members of the MAPK pheromone response
pathway interact with the scaffold protein Ste5, and this inter-
action is required for effective signaling through this pathway
(12). In mammals, the JNK-interacting proteins, JIP1, JIP2, and
JIP3, are homologous scaffold proteins involved in the JNK
pathway (13). The JIPs interact with MKK4/7 and the JNKs and
potentiate activation of JNK by upstream signals. Importantly,
activation of the JNK pathway in response to excitotoxicity or
oxygen-glucose deprivation in hippocampal cultures requires
JIP1 (14). Interestingly, JIP1 appeared to be anti-apoptotic
when overexpressed following specific stimuli (15). One possi-
bility is that the molar ratio of individual pathway components
is important for determining the fate of the cell. Thus, over- or
underexpression of a scaffold protein might promote or pre-
vent apoptosis, and this might be context specific. For example,
an increase in JIP1 might segregate components of the pathway
from one another, preventing their efficient activation, whereas
underexpression may also prevent apoptosis by impairing
assembly of the signaling cascade.

Another JNK scaffold protein POSH (Plenty of SH3s)* was
initially identified as a Racl-binding protein with four SH3
domains (16). POSH binds to the active (GTP-bound) form of
Rac and promotes apoptosis when overexpressed (16—18). As
part of its scaffold function, POSH interacts directly with mem-
bers of the MLK (mixed lineage kinase) MKKK family and pro-
motes their activation (16, 17). It also interacts indirectly with
MKK4/7 and the JNKs through its interaction with the JIPs
(19). In this capacity, the POSH-JIP interaction leads to forma-
tion of a multiprotein complex (POSH-JIP apoptotic complex
or PJAC) that brings together key components of the JNK acti-
vation cascade. As with the JIPs, POSH is required for c-Jun
activation and apoptosis in response to multiple stimuli includ-
ing NGF deprivation in neuronal PC12 cells and sympathetic
neurons (17) and in vivo cerebral ischemia (20).

Because of its pro-apoptotic activity, levels of POSH appear
to be tightly controlled. In healthy cells, POSH levels are low
due to rapid turnover of the protein. In response to apoptotic
stimuli, POSH appears to be stabilized, thereby permitting for-
mation of a sufficient number of PJAC complexes to drive apo-
ptosis (18). The mechanisms by which cellular levels of POSH
protein are regulated are presently only partially understood.
POSH has a RING domain that has a putative E3 ligase function
(17, 21), and the presence of the RING domain appears to be
required for the rapid turnover of POSH. Beyond this, however,
the means of POSH turnover in healthy cells are unknown.
Likewise, the events that lead to POSH stabilization under apo-
ptotic conditions are not fully clear. One mechanism appears to
be a “feed-forward” loop in which activation of JNKs in turn
promotes POSH stability (18). However, this does not fully
account for the increase in POSH levels with apoptotic stimuli
and additional mechanisms remain to be described.

We previously identified a homologue of POSH, “POSH2,”
which contains three SH3 domains as well as a RING domain

“The abbreviations used are: SH3, Src homology domain 3; MLK, mixed line-
age kinase; JIP, JNK-interacting protein.
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(22) (NCBIRef Seq NM_001034187, Sh3rf2). However, a differ-
ent POSH homologue in humans has also been identified that
contains four SH3 domains and is therefore more appropriately
called POSH2 (23). We therefore use the names Sh3rf2 or
POSHER (POSH-eliminating RING protein) throughout this
manuscript. As in the case of POSH, overexpression of Sh3rf2
promotes JNK activation and apoptosis of neuronal PC12 cells
(22). Here we report that in contrast to siRNA-mediated knock-
down of POSH, which is protective, siRNA-mediated knock-
down of Sh3rf2 promotes apoptotic cell death. This indicates
that unlike POSH, endogenous Sh3rf2 has anti-apoptotic activ-
ity. We further show that siRNA-mediated “knockdown” of
endogenous Sh3rf2 promotes POSH stabilization and, conse-
quentially, activation of the JNK cascade and apoptosis of mul-
tiple cell types. In healthy cells, Sh3rf2 binds to POSH and pro-
motes its degradation via a mechanism that requires the RING
domains of both proteins, although this domain is not required
for their interaction. Finally, we show that degradation of
Sh3rf2 rapidly occurs following trophic factor deprivation and
DNA damage and knockdown of Sh3rf2 promotes apoptosis of
healthy neurons. These findings support a model in which
Sh3rf2/POSHER protects healthy cells from apoptotic death by
promoting turnover of POSH, and in which apoptotic stimuli
lead to degradation of Sh3rf2 and consequent stabilization of
POSH and activation of apoptotic JNK signaling.

EXPERIMENTAL PROCEDURES

Materials—Adult rat brain RNA was obtained from Clon-
tech (Mountain View, CA). Cell culture media RPMI 1640,
Neurobasal, and B27 and Dulbecco’s modified Eagle’s medium
(DMEM) were obtained from Mediatech (Herndon, VA).
SP600125 and MG132 were from Calbiochem. The cell-perme-
able JNK inhibitor DJNKil (24) was obtained from BioMol
(Plymouth Meeting, PA). Lipofectamine 2000 was obtained
from Invitrogen. Recombinant human NGF (hrNGF) was
kindly supplied by Genentech (South San Francisco, CA).
Hoechst dye 33342 and anti-hrNGF antiserum were obtained
from Sigma. JNK/phospho-JNK, c-Jun/phospho-c-Jun, and
B-actin antibodies were from Cell Signaling (Denvers, MA).
Monoclonal anti-POSH and anti-Sh3rf2 were from Abnova
(Beijing, China). Anti-FLAG, anti-c-Myc, and anti-ERK2 were
obtained from Santa Cruz (Paso Robles, CA). Anti-FLAG beads
and anti-Myc beads were from Sigma. siRNAs were obtained
from Dharmacon (Lafayette, CO). Constitutively active (V) and
inactive (N) Racl in PRK5 were graciously provided by Dr. Alan
Hall. GST fusion proteins for Racl (N- and V-) were generated
by PCR using these constructs as templates. PCR products, not
including the start codon, were ligated in-frame into the
pcDNA3-GST vector. POSH, MLK3, MLK2, DLK, and JIP con-
structs have been previously described (17, 19) as have Sh3rf2
and the RING mutant of Sh3rf2 (22).

Generation of Plasmids and Primers—The sequence of all
newly generated constructs was confirmed by sequencing at the
DNA facility of the Columbia University Health Sciences or
University of Wisconsin-Madison campus using appropriate
primers. A 5" Myc tag was added to Sh3rf2 using the primer,
5'-AACCATGGAGCAGAAGCTGATCTCCGGGAGGAC-
CTGGTGATTTGACGTTACTTGATCTC. The synthetic
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siRNA for rat Sh3rf2 targets the sequence AAGCAAGT-
CAAAACCGTGAGA, corresponding to base pairs 1930 -
1950. An siRNA designed against both rat and the putative hu-
man Sh3rf2 orthologue (sihuSh3rf2) targets the sequence
GTGGAAGTCATCAAGCAGCTGCC, corresponding to base
pairs 535-557 of the rat sequence. We generated a vector ex-
pressing shSh3rf2 under control of the U6 promoter, which
targets this same sequence, using the instructions for the
pU6-siRNA vector. For PCR of Sh3rf2 from various tissues, we
used primers 5'-GAGTGAGAACCAGGATTGCCTGAC-
CTTCCTC-3’, and GGCTGTAATTCTGAAATCTCACG-
GTTTTGAC. For qRT-PCR we generated intron-spanning
primers for the housekeeping gene cyclophilin A (PPIA) 5'-
GGTCCTGGCATCTTGTCCAT and 3'-GCCTTCTTTCAC-
CTTCCCAAA and for Sh3rf2,5'-TTATCCACCTCCTCTGT-
GTCCTC and 3'-TCCCTGATTGAACTGGTCTCTG using
Primer3 software. Adenovirus expressing shRNAs were pro-
duced using the BLOCK-IT Adenoviral RNAi Expression Sys-
tem (Invitrogen) following the manufacturer’s instructions.
The inserted sequences were: Sh3rf2 (top), CACC-
GAAGCAAGTCAAAACCGTGAGACGAATCTCACGG-
TTTTGACTTG, Sh3rf2 (bottom), AAAAGCAAGTCAAAA-
CCGTGAGATTCGTCTCACGGTTTTGACTTGCTTC, and
control (top), CACCGAATTCTCCGAACGTGTCACGTCG-
AAACGTGACACGTTCGGAGAA, control (bottom), AAAA-
TTCTCCGAACGTGTCACGTTTCGACGTGACACGTTC-
GGAGAATTC. These sequences generate an shRNA targeting
the same sequence as siSh3rf2 (bp 1930-1950). Lentiviral
expression constructs were generated using the Sigma Mission
lentiviral pLKO.1-puro vector as per the manufacturer’s
instructions. We used one of the predetermined Sh3rf2 target-
ing vectors with the cDNA insert CCGGGACATCAGTTAT-
CACGCACAACTCGAGTTGTGCGTGATAACTGATGTC-
TTTTTG, which targets bp 794—-814 of the mouse Sh3rf2
sequence. The Sigma nonsilencing vector was used as the
control.

Cell Culture and Transfections—HEK293 cells were main-
tained in 1X DMEM supplemented with 10% fetal bovine
serum (FBS). Culture of PC12 cells, both naive and neuronally
differentiated was performed as previously described as was
NGF deprivation of PC12 cells (17). HEK293 cells were trans-
fected using the calcium phosphate method as previously
described (17). PC12 cells were transfected 2 days after NGF
treatment using Lipofectamine 2000 per the manufacturer’s
instructions. siPOSH 293 cells have been previously described
(22, 25). Primary cortical cultures were prepared from E18
mouse or rat pups as previously described (26). Cortical neu-
rons were maintained in Neurobasal medium supplemented
with B27. The final concentration of SP600125 was 20 um. The
final concentration of MG132 was 20 um. The final concentra-
tion of DJNKil was 5 um.

Immunoprecipitation, Western Immunoblotting, and in
Vitro Binding Assays—Co-immunoprecipitation and Western
immunoblotting and in vitro binding assays were performed as
previously described (17). Chemiluminescent signals were dig-
itally acquired using a Kodak Image Station 4000MM and
Kodak Molecular Imaging Software version 4.0.0 or with the
LiCor Odyssey system. Bands were identified visually and rela-
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tive intensity was determined using either Kodak or Odyssey
software or NIH Image].

For the in vitro binding assays, constitutively active (V-) and
inactive (N-) Racl were subcloned into the PGEX vector. GST-
Racl (V- or N-) were purified as previously described (17).
POSH and Sh3rf2 were used for in vitro transcription and trans-
lation using the TNT-coupled reticulocyte lysate system (Pro-
mega, Madison, WI). Incubation, washing, and resolution of
radiolabeled proteins was performed as previously described
(27).

Quantitative PCR—Neuronally differentiated PC12 cells
were subjected to NGF deprivation as previously described (17)
and collected at 0, 2, and 4 h after treatment. Cellular material
was mixed extensively in 1 ml of TRIzol Reagent (Invitrogen).
Initial extraction of total RNA was performed in chloroform
followed by precipitation in 75% ethanol. Clean up of RNA was
performed using the RNeasy Mini Protocol for RNA cleanup
(Qiagen, Valencia, CA) with final ethanol precipitation in 3 M
NaOAc. Purity and concentration of each sample was verified
by determination of the A,qo/Asg0 nm ratio, with an output of
1.8 -2. cDNA for qRT-PCR was synthesized using 1 ug of puri-
fied RNA and random hexamers (Invitrogen). Reactions were
run on a Lightcycler 2.0 (Roche Diagnostics) for 45 cycles. Data
were normalized to expression in the housekeeping gene, cyclo-
philin A, and relative values were determined.

Determination of Cell Death—Strip counting to determine
cell survival was performed as previously described (17).
Nuclear morphology was examined using Hoechst 33342 stain-
ing. The individual who carried out the counting was blinded to
the experimental groups in all cases. TUNEL labeling was per-
formed using the Click-iT® TUNEL Alexa Fluor® 488 Imaging
Assay. A minimum of 100 cells were counted in each condition.
Each experiment (in triplicate) was performed a minimum of
three separate times.

Statistics—Comparisons between groups were performed by
one-way analysis of variance followed by pairwise ¢-tests or Stu-
dent-Newman-Keuls for comparisons between more than one
pair.

RESULTS

Sh3rf2 Binds MLKs and JIPs—Given the structural homology
to POSH, and the JNK activation that occurs when Sh3rf2 is
overexpressed (22), we postulated that Sh3rf2 might bind to
components of the JNK pathway. To determine whether Sh3rf2
is capable of binding to upstream members of the JNK pathway,
we performed a series of co-immunoprecipitations. As shown
in supplemental Fig. S1A, MLK2 and DLK were immunopre-
cipitated by anti-FLAG antiserum when co-expressed with
FLAG-Sh3rf2, but not when co-expressed with empty GFP vec-
tor. Furthermore, JIP1, -2, and -3 also co-immunoprecipitated
with Sh3rf2 (supplemental Fig. S1B). The reciprocal co-immu-
noprecipitations revealed similar results (data not shown). As
seen in supplemental Fig. S1B, the interaction between Sh3rf2
and JIP1 appears stronger than that with JIP2 and JIP3. These
observations indicate that overexpressed Sh3rf2, like POSH
with which it bears considerable structural similarity, binds
multiple members of the JNK pathway. However, because such
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FIGURE 1. Sh3rf2, unlike POSH, binds to both active and inactive Rac1.
POSH and Sh3rf2 were transcribed and translated in vitro in the presence of
radiolabeled methionine. An aliquot was reserved as input. Products were
incubated with beads bound to either NRac-GST or VRac-GST fusion proteins
or uncoupled GST, washed, and resolved by SDS-PAGE and visualized by
autoradiography. Smaller bands represent incompletely translated protein,
which is still capable of interacting.

studies were performed under conditions of overexpression,
they left open the role of Sh3rf2 under physiologic conditions.

Sh3rf2 Binds Both Active and Inactive Rac1—Because POSH
was originally detected as a binding partner for activated Racl,
we assessed whether this was also the case for Sh3rf2. When the
sequences of POSH and Sh3rf2 are compared, the region of
Sh3rf2 corresponding to the putative Racl-binding site of
POSH identified by Tapon et al. (16) has lower homology than
other defined domains (22). To determine whether Sh3rf2 also
binds selectively to the activated (GTP-bound) form of Racl, we
performed in vitro binding assays using in vitro translated,
radiolabeled POSH and Sh3rf2. GST fusion proteins of consti-
tutively active (V-) and inactive (N-) Racl were used to bind
these radiolabeled proteins in parallel assays. As shown in Fig. 1,
radiolabeled Sh3rf2 binds directly to both the active and inac-
tive forms of Racl, but not to GST alone. Reciprocal in vitro
binding assays using a Sh3rf2-GST fusion protein confirmed
these results (data not shown). This provides an interesting
contrast to POSH which, in agreement with previously
reported data (16), binds selectively only to active Racl. This
suggests a functional difference from POSH, and we therefore
sought to determine whether other functional differences exist.

Sh3rf2 Is an Anti-apoptotic Protein in Several Cell Types—As
we previously reported, overexpressed Sh3rf2 activates JNK in
HEK?293 cells and promotes apoptosis in neuronally differenti-
ated (“neuronal”) PC12 cells, which is blocked by a dominant-
negative form of c-Jun (22). This is consistent with a JNK scaf-
fold activity when overexpressed as suggested by our above
data. We therefore initially postulated that Sh3rf2 performs a
complimentary or additive function with POSH following apo-
ptotic stimuli. To test this idea, we designed a small inhibitory
RNA (siRNA) to suppress expression of endogenous Sh3rf2
(siSh3rf2, see “Experimental Procedures”). Fig. 2A (upper
panel) shows that siSh3rf2 effectively reduces expression of
overexpressed, FLAG-tagged Sh3rf2.

Surprisingly, unlike the case with POSH siRNA, which pro-
tects against death (17), expression of a Sh3rf2 siRNA (siSh3rf2)
in neuronal PC12 cells promoted enhanced apoptosis upon
NGF deprivation relative to a scrambled siRNA (supplemental
Fig. S2). Moreover, siSh3rf2 reduced the survival of neuronal
PC12 cells, even in the absence of a death stimulus as shown in
Fig. 2B. To confirm that the reduced survival was a conse-
quence of Sh3rf2 knockdown, we generated an shRNA plasmid
(shSh3rf2) expressing an shRNA directed against a different
region of Sh3rf2 (see “Experimental Procedures”) under control
of the U6 promoter. shSh3rf2 also effectively knocks down
Sh3rf2, as shown in Fig. 2A (lower panel). This construct also
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reduced survival of neuronal PC12 cells when compared with
empty pU6 vector (Fig. 2C).

We next determined whether Sh3rf2 knockdown promotes
apoptosis in another cell type. We examined nuclear morphol-
ogy of proliferating rat C6 glioma cells expressing siSh3rf2. Co-
transfection of pCMS-EGFP was used to identify transfected
cells. siSh3rf2 significantly increased the percentage of EGFP™"
cells with apoptotic nuclei 48 h after transfection (Fig. 2D).
Transfection efficiency was ~25% in these experiments. Simi-
lar results were also obtained with a second siRNA sequence,
sihuSh3rf2 (see “Experimental Procedures,” data not shown).
Supplemental Fig. S3 shows the efficiency of knockdown by
sihuSh3rf2. Both siRNAs induced substantial knockdown of
endogenous Sh3rf2 protein (Fig. 2E), despite the low transfec-
tion efficiency. Thus, loss of Sh3rf2 promotes death in at least
two very different cell types and it therefore appears that endog-
enous Sh3rf2 has an anti-apoptotic role.

Knockdown of Sh3rf2 Promotes JNK Activation, Which
Depends on POSH—We next explored the mechanisms by
which Sh3rf2 knockdown could promote cell death. We tested
the hypothesis that endogenous Sh3rf2 might act to suppress
JNK activation and that loss of Sh3rf2 would therefore promote
activation of pro-apoptotic JNK signaling. To carry out this
evaluation we turned to HEK293 cells, which permit high trans-
fection efficiency and thus examination of endogenous JNKs
after Sh3rf2 knockdown. After transfection of sihuSh3rf2 (or
scrambled siRNA) into HEK293 cells, we performed immuno-
blots for activated (phospho-) JNK and total JNK. Co-transfec-
tion with pCMS-EGFP confirmed transfection efficiencies
greater than 80% for each experiment (data not shown). As
shown in Fig. 34, sihuSh3rf2, but not the scrambled siRNA,
induces JNK activation without affecting total levels of JNK
protein. Similarly, sihuSh3rf2 activates the downstream tran-
scription factor c-Jun as shown in Fig. 3B.

We next sought to determine whether such JNK activation
requires POSH, which would implicate Sh3rf2 in antagoniz-
ing POSH under basal conditions. For these experiments we
utilized HEK293 cells that constitutively express siRNA tar-
geting POSH (siPOSH cells) and that consequently have sig-
nificantly reduced expression of endogenous POSH (27). We
examined wild-type (WT) and siPOSH cells transfected with
sihuSh3rf2 or a scrambled siRNA for JNK and c-Jun activa-
tion. Transfection efficiency was again >80% as determined
visually by EGFP positive cells. As shown in Fig. 3, C and D,
activation of JNK and c-Jun by knockdown of Sh3rf2 was
greatly reduced in the siPOSH cells. These findings thus sup-
port a model in which POSH is required for siSh3rf2-in-
duced JNK activation.

Death Promoted by Knockdown of Sh3rf2 Is Mediated by
c-Jun—If loss of Sh3rf2 activates the JNK pathway and pro-
motes activation of c-Jun, then this suggests that death evoked
by Sh3rf2 knockdown may be mediated by JNK/c-Jun signaling.
To assess this possibility, we co-expressed dominant-negative
c-Jun (or empty CMV vector) with pCMS-EGFP and siSh3rf2 in
neuronal PC12 cells. Under these conditions, dominant-negative
c-Jun completely restored cell survival to levels seen in cells
expressing scrambled siRNA (Fig. 3E). Furthermore, a cell-perme-
able specific inhibitor of the JNK pathway (DJNKil)(24) protects
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FIGURE 2. Sh3rf2 knockdown promotes JNK-dependent apoptosis in both proliferating and post-mitotic cells. A, upper panel, FLAG-tagged Sh3rf2 in
pCMS-EGFP was expressed in HEK293 cells in the presence of either scrambled (nonsilencing) siRNA or siSh3rf2. Lysates were collected 24 h later and subjected
toimmunoblot for FLAG. Membranes were reprobed for GFP to confirm equal loading and transfection efficiency. In the lower panel, FLAG-tagged Sh3rf2 was
co-expressed with 4-fold excess of shRNA targeting Sh3rf2 in the pU6 vector (shSh3rf2), or empty vector. Cells were collected 24 h later and immunoblotting
was performed for FLAG-Sh3rf2. The membrane was reprobed with GFP to ensure equal transfection efficiency for Sh3rf2. B, neuronal PC12 cells were
co-transfected with pCMS-EGFP and either scrambled siRNA or siSh3rf2. Transfected cells were counted starting 24 h after transfection (Day 7). Shown is one
experiment performed in triplicate (¥, p < 0.03; **, p < 0.01). The experiment was performed three times with similar results. C, an shRNA plasmid (shSh3rf2)
targeting Sh3rf2 was transfected into primed PC12 cells in 4-fold excess to pCMS-EGFP ensuring all fluorescent cells express shRNA. Again EGFP™ cells were
counted starting 24 h after transfection (Day 7). Shown is one experiment performed in triplicate (¥, p < 0.03). The experiment was performed three times with
similar results. D, C6 glioma cells were transfected with pCMS-EGFP and the indicated pre-synthesized siRNAs. Cells were fixed 24 h later, stained for eGFP, and
stained with Hoechst 33342 to visualize nuclear morphology. The percentage of cells with condensed and fragmented nuclei was determined for each
condition. Shown is one experiment performed in triplicate (*, p < 0.01). The experiment was performed three times with similar results. E, to confirm
knockdown of endogenous Sh3rf2, C6 glioma cells were transfected with the indicated presynthesized siRNAs. Twenty hours later, cells were collected and
subjected to immunoblot as indicated. The experiment was performed three times with similar results.

neuronal PC12 cells from apoptosis induced by siSh3rf2 (supple-
mental Fig. S4). Thus, knockdown of Sh3rf2 promotes POSH-de-
pendent activation of JNK and c-Jun, which is required for induc-
tion of apoptosis. This raises the possibility that Sh3rf2 interacts
with POSH to regulate pro-apoptotic JNK signaling.

POSH and Sh3rf2 Interact in Mammalian Cells—To deter-
mine whether Sh3rf2 physically interacts with POSH, we car-
ried out co-immunoprecipitation experiments. A FLAG-
tagged RING mutant of Sh3rf2 (RING2) (22), or empty vector
was co-expressed in 293 cells with a Myc-tagged RING deletion
mutant of POSH (AZn-POSH) (17). These RING mutant
forms were used because they are much more stable than the
wild-type forms, yet function similarly in other ways when
overexpressed (17, 22). As shown in Fig. 44, after immuno-
precipitation with anti-Myc, RING2 was detected only in
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immunoprecipitates from cells co-expressing Myc-AZn-
POSH. Reciprocal immunoprecipitation experiments con-
firmed this interaction (data not shown).

We next sought to determine whether endogenous
(nontagged) Sh3rf2 and POSH interact by co-immunoprecipi-
tation. Because both proteins are degraded by the proteasome,
and therefore expressed at low levels under basal conditions
(18) (and see Fig. 6 and supplemental Fig. S5), we treated corti-
cal neurons with the proteasome inhibitor MG-132. 20 h later,
cell lysates were divided into equal aliquots and subjected to
immunoprecipitation with either monoclonal POSH antibody
or an equal quantity of mouse IgG. As shown in Fig. 45, a sig-
nificant amount of endogenous Sh3rf2 was detected only in
POSH immunocomplexes. Identical results were obtained
from PC12 cells treated with MG-132 (data not shown).
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FIGURE 3. Knockdown of Sh3rf2 promotes JNK and c-Jun activation in a
POSH-dependent fashion. A, HEK293 cells were transfected with a siRNA
targeting human Sh3rf2 (sihuSh3rf2) or scrambled siRNA. Lysates were col-
lected 20 h later and subjected to immunoblotting using an antibody specific
for phospho-JNK. Membranes were then reprobed for total JNK. B, HEK293
cells were treated as above and lysates were subjected to immunoblot using
an antibody specific for phospho-c-Jun. Membranes were reprobed with an
antibody detecting total c-Jun. C and D, HEK293 cells constitutively express-
ing siRNA targeting POSH (siPOSH cells) were treated as in A and B, respec-
tively. Note the lack of JNK and c-Jun activation in these cells. E, primed PC12
cells were co-transfected with pCMS-EGFP and the indicated constructs in
pCMV. Cells were transfected with the indicated synthetic siRNAs and trans-
fected (EGFP+) cells were counted beginning 24 h later (Day 1). Shown is one
experiment performed in triplicate. The experiment was performed three
times with similar results (¥, p < 0.01 relative to same time point for siSh3rf2
with dominant-negative c-Jun and siSCRAM with empty vector).

Sh3rf2 Promotes Degradation of POSH under Basal (Survival)
Conditions—The present and past data indicate that 1) knock-
down of Sh3rf2 promotes POSH-dependent JNK activation; 2)
POSH and Sh3rf2 interact physically; 3) Sh3rf2 has a putative
E3 ligase activity (22); and 4) POSH overexpression drives JNK
and c-Jun activation and cell death (17). We therefore hypoth-
esized that Sh3rf2 might promote the degradation of POSH
under basal conditions, thereby preventing POSH accumula-
tion and consequent JNK activation and apoptosis. To assess
this possibility, we co-expressed pCMS-EGFP-POSH with
pcDNA-Sh3rf2 in HEK293 cells. This was carried out in the
presence of the JNK inhibitor SP600125 to prevent stabilization
of POSH via the previously identified JNK-dependent feed-for-
ward loop (18). Under these conditions, levels of POSH expres-
sion were dramatically reduced compared with cells co-ex-
pressing empty pcDNA (Fig. 5A4). Blot membranes were
reprobed for eGFP expression, which indicated similar
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FIGURE 4. Sh3rf2 and POSH physically interact in mammalian cells.
A, Sh3rf2 co-immunoprecipitates (/P) with POSH. Myc-tagged AZn-POSH was
co-expressed with a FLAG-tagged RING mutant of Sh3rf2 (mRING2) or empty
pCMS-EGFP vector. Lysates were collected 20 h later, before significant death
occurred. An aliquot of total lysate was reserved and the remaining sample
was immunoprecipitated with anti-FLAG beads and the immunoprecpitates
were subjected to Western immunoblotting and probed with anti-Myc.
Lysates were also subjected to immunoblot for Myc to confirm equal expres-
sion of POSH under both conditions. B, mouse cortical neurons were treated
with the proteasome inhibitor MG132 (20 um) for 20 h. Cells were collected,
lysed in immunoprecipitation (IP) buffer, and split into equal quantities for
immunoprecipitation with anti-POSH or mouse IgG. Immunoprecipitates
were resolved by SDS-PAGE and immunoblots were performed for Sh3rf2.
Total cell lysate was examined in parallel. The experiment was performed
three times with similar results.

transfection efficiencies and cell survival under all condi-
tions (Fig. 5A4).

Because POSH is regulated by the proteasome, and the
tagged protein was expressed under control of the CMV pro-
moter of the vector, this suggests the Sh3rf2 promotes the deg-
radation (rather than blocking the transcription) of POSH
under basal conditions. To confirm a role of the proteasome in
degradation of POSH by Sh3rf2, we repeated this experiment in
the presence and absence of the proteasome inhibitor MG132.
MG132 was added for 6 h beginning 20 h after transfection to
allow near equilibrium as the half-life is less than 1 h of POSH.”
As shown in Fig. 5B, MG132 treatment markedly reduced the
effects of Sh3rf2 on POSH protein levels. We performed three
consecutive experiments and in each the expression of POSH
(normalized to GFP to control for transfection efficiency and
surviving cell number) co-expressed with empty vector was
used as control (100% expression). In the presence of Sh3rf2,
POSH levels are reduced to 48% of levels in the presence of
vector alone (95% CI, 41-55%) (Fig. 5B, lower panel). However,
when MG132 was added for 6 h, POSH levels in the presence of
Sh3rf2 were 85% of control levels (95% CI, 74-96%). This was
not due to decreased expression of Sh3rf2 as levels of Sh3rf2
were slightly increased in the presence of MG132 (1.7 = 0.6-
fold), consistent with its own proteasomal turnover (22).

If Sh3rf2 acts to promote POSH turnover, then loss of Sh3rf2
should in turn result in POSH accumulation. To determine
whether endogenous Sh3rf2 performs such a function, we
examined the effects of siSh3rf2 on levels of tagged POSH
expressed in HEK293 cells. Once again, these experiments were
performed in the presence of the JNK inhibitor SP600125 (to
prevent POSH stabilization via the feed-forward loop) and the
EGEFP signal was used to control for transfection efficiency and
cell survival. As shown in Fig. 5C, siSh3rf2 promotes increased
POSH expression compared with scrambled siRNA.

We also examined levels of endogenous POSH protein in
HEK293 cells treated with scrambled siRNA, an siRNA
(siSh3rf2) that targets only rat (and not human) Sh3rf2 or an

> M. Wilhelm, unpublished data.
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FIGURE 5. Sh3rf2 reduces POSH levels under basal conditions by a pro-
teasome-dependent mechanism, which requires the RING domain of
both proteins. A, FLAG-tagged, wild-type POSH in pCMS-EGFP was co-ex-
pressed in HEK293 cells with either Sh3rf2 in the pcDNA3.1 vector or
pcDNA3.1 alone. Cells were collected 20 h later and subjected to immuno-
blotting for FLAG. Membranes were reprobed for GFP to confirm equal trans-
fection. SP600125 (20 um) was added to prevent JNK activation by overex-
pressed POSH and self-stabilization of POSH. B, FLAG-tagged POSH in
pCMS-EGFP was expressed in HEK293 cells with the indicated cDNAs in the
pcDNA3.1 vector. The experiment was again performed in the presence of
SP600125 (20 um), and MG132 (20 um) was added as indicated 20 h after
transfection. Cells were collected 6 h after the addition of MG132. Equal quan-
tities of cell lysate were subjected to immunoblotting for FLAG. Membranes
were reprobed for GFP to confirm equal transfection efficiency and loading.
Membranes were then reprobed for Myc to determine expression of tagged
Sh3rf2. The lower panel shows a darker exposure of the Myc blot to show
expression levels of the RING mutant. The graph at the bottom shows the
results from three consecutive experiments. Band intensity in each case was
determined, with POSH expression in the presence of pcDNA being set to 1.
EGFP intensity was used to control for transfection efficiency and loading. The
marked reduction in GFP in lanes containing RING2 is due to enhanced cell
death in these cells. C, FLAG-tagged, wild-type POSH in pCMS-EGFP was
expressed in HEK293 cells. Cells were treated with siRNA targeting human
Sh3rf2 (sihuSh3rf2) or control siRNA in the presence of SP600125 (20 um). Cells
were collected 20 h later and subjected to immunoblot for FLAG. Membranes
were reprobed for GFP to confirm equal transfection. D, HEK293 cells were
treated with the indicated synthetic siRNAs in the presence of SP600125
(20 um) for 20 h. Equal quantities of lysates were subjected to immunoblot for
endogenous POSH. Membranes were reprobed for B-actin to ensure equal
loading. E, Myc-tagged POSH lacking the RING domain (AZn-POSH) in pCMS-
EGFP was co-expressed with the indicated cDNAs in the pcDNA3.1 vector in
the presence or absence of SP600125 (20 um). Lysates were collected 20 h
later and subjected to Western immunoblot as indicated. Membranes were
reprobed with anti-GFP to confirm equal loading and transfection.

siRNA targeting human Sh3rf2 (sihuSh3rf2), which is expected
to decrease endogenous Sh3rf2 in the human-derived HEK293
cells. Co-transfection of pCMS-EGFP confirmed greater than
80% efficiency in all cases. Fig. 5D shows that knockdown of
human Sh3rf2 promotes increased levels of endogenous POSH
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protein. Blot membranes were reprobed for actin to confirm
equal levels of total protein under each condition.

Destabilization of POSH in the Presence of Sh3rf2 Requires
RING Domain of Both Proteins—The RING domains of POSH
and Sh3rf2 both possess putative E3 ligase activity. To assess
whether reduction of POSH protein levels by Sh3rf2 might
require the latter’s RING domain, we co-expressed wild-type
POSH with a mutant of Sh3rf2 (mRING2) lacking a functional
RING domain or with empty vector. As shown in Fig. 5B, under
these conditions and in contrast to findings with wild-type
Sh3rf2, POSH expression levels did not decrease (and some-
what increased). The lower GFP protein levels observed in cells
co-expressing POSH and mRING?2 reflect a marked reduction
in cell survival, which was confirmed by visual inspection. Thus,
the increase in POSH protein is even more dramatic when this
is taken into account. This suggests that the RING domain of
Sh3rf2 plays an important role in reducing POSH protein levels.
Not surprisingly, there is no effect of the proteasome inhibitor
MG132 under these conditions (Fig. 5B, far right lane). In addi-
tion, neither wild-type Sh3rf2, nor the RING mutant decreased
expression of mutant POSH protein with a deleted RING
domain (AZnPOSH) (Fig. 5E). Thus it appears that the RING
domains of both proteins participate in promotion of POSH
degradation by Sh3rf2.

Sh3rf2 Is Rapidly Degraded following Trophic Factor
Deprivation—As Sh3rf2 appears to regulate cell survival
through its effects on POSH levels, we hypothesized that loss of
Sh3rf2 might occur in death paradigms involving POSH. We
therefore subjected neuronal PC12 cells to trophic factor dep-
rivation as previously described (17) and monitored Sh3rf2
expression. Endogenous Sh3rf2 levels decreased within 1-2 h
following NGF deprivation and were nearly undetectable
beyond this time (Fig. 64, top panel). Consistent with the idea
that Sh3rf2 degrades POSH under basal conditions, the time of
Sh3rf2 loss is earlier than that previously reported for POSH
stabilization following NGF deprivation (19).

To confirm similar events in primary neurons, we next exam-
ined Sh3rf2 levels in sympathetic ganglion neurons at several
time points following NGF deprivation. Although Sh3rf2
remained detectable at all time points examined, levels are
reduced as early as 6 h after NGF deprivation (Fig. 6A, bottom,
shows data at 8 h of NGF deprivation). Reduction in Sh3rf2
levels was observed at 8, 10, and 16 h of trophic factor depriva-
tion; levels were reduced on average to 57 * 14% of basal (n = 3,
95% CI: 41-73%). A similar loss of Sh3rf2 occurred in cortical
neurons treated with the DNA damaging agent camptothecin, a
neuron death model previously shown to involve POSH-depen-
dent JNK activation (18) (supplemental Fig. S5).

The rapid decrease in Sh3rf2 following NGF withdrawal sug-
gests a post-translational mechanism. However, because Sh3rf2
is itself degraded by the proteasome under basal conditions
(22), a decrease in the corresponding mRNA levels might result
in a rapid fall of cellular Sh3rf2 protein. We therefore used
quantitative PCR to determine whether Sh3rf2 mRNA levels
decrease following trophic factor deprivation of neuronal PC12
cells. Cells were examined 2 and 4 h after NGF deprivation,
times corresponding to partial and complete reduction in the
Sh3rf2 protein (Fig. 6A4). As shown in Fig. 6B, Sh3rf2 mRNA
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FIGURE 6. Decrease in Sh3rf2 protein is an early event in POSH-JNK-dependent apoptosis induced by trophic factor deprivation. A, top panel, PC12 cells
were treated with NGF for 5-7 days and then subjected to NGF deprivation as described under “Experimental Procedures.” Cells were collected at the indicated
times following treatment, and equal quantities were subjected to immunoblot as shown. Membranes were reprobed with anti-ERK2 to confirm equal loading.
Bottom panel, sympathetic cervical ganglion neurons (SGNs) were treated with NGF deprivation as described under “Experimental Procedures.” Cells were
collected 8 h after treatment and subjected to immunoblot as shown. B, after priming for 5 days, PC12 cells were subjected to NGF deprivation for 0, 2, or 4 h.
mRNA was collected and quantitative PCR was performed as described under “Experimental Procedures.” The ratios of Sh3rf2 mRNA relative to a housekeeping
gene, cyclophilin (PPIA), for each time pair were determined as indicated. C, cortical neurons were cultured for 14-21 days prior to treatment with lentivirus
expressing shRNAs as indicated. 96 h later, cells were collected and subjected to immunoblot with the indicated antibodies. The same blot was reprobed
serially. The Sh3rf2 band shown here runs at 55 kDa. shSh3rf2 induced a 2-fold increase of p-JNK when normalized to total JNK. The graph shows combined
results from 3 experiments (¥, p < 0.002 relative to control shRNA). Nearly identical results were obtained when normalizing to actin (not shown). D, murine
cortical neurons were treated identically to those in C. 5 days later, cells were fixed and TUNEL-labeled as described under “Experimental Procedures.” DNA
(Hoechst 33342) and TUNEL (Alexa 488) images are shown in grey scale and the merged image shown in color. Note the marked increase in TUNEL positivity and
contracted, fragmented nucleiin the Sh3rf2-treated neurons. Greater than 100 cells were counted per condition. This experiment was performed twice and the
graph represents the results from one experiment performed in triplicate (*, p < 0.05 versus control shRNA).

levels were not significantly changed from baseline at both time
points, supporting a post-translational mechanism of POSH
degradation.

These observations are consistent with a model in which
Sh3rf2 is degraded in response to apoptotic stimuli, leading to
POSH stabilization and subsequent JNK activation and apopto-
sis. To determine whether knockdown of Sh3rf2 promotes JNK
activation and death in primary neurons as predicted by this
model, we examined cultured cortical neurons infected with
lentivirus expressing shRNAs. As shown in Fig. 6C, neuron cul-
tures infected with shSh3rf2-expressing lentivirus had a signif-
icant increase in phosphorylated JNK as determined by West-
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ern blot when compared with neurons transduced with
lentivirus expressing a nonsilencing shRNA. Furthermore,
treatment with shSh3rf2-epxressing lentivurus also increased
the number of TUNEL-positive (apoptotic) neurons (Fig. 6D).
This occurs despite a relatively modest overall reduction in
Sh3rf2 protein levels (Fig. 6C). Similar results on neuronal sur-
vival were obtained using adenovirus expressing a different
Sh3rf2-targeting shRNA sequence (supplemental Fig. S6).
These data confirm that reduction of cellular Sh3rf2, as occurs
following a death stimulus, is sufficient to promote activation of
the pro-apoptotic JNK-POSH pathway and cell death in pri-
mary cortical neurons.
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FIGURE 7. Model for regulation of POSH-dependent JNK signaling by Sh3rf2.

DISCUSSION

Several scaffold proteins interact with the JNK pathway to
regulate JNK activation and cell survival in different paradigms.
The JIPs and POSH have been shown to enhance JNK signaling
and promote apoptosis in neuronal and nonneuronal cells, at
least following certain apoptotic stimuli. Interestingly, some
research has suggested that JIP1 is anti-apoptotic in certain
settings (28). Thus, not only are levels of individual proteins in
the JNK pathway tightly regulated, their expression relative to
one another may also determine cell fate. Here we have identi-
fied another protein that regulates apoptosis through the JNK
pathway, albeit with a different mechanism than for those pre-
viously described.

Although initial work suggested that overexpression of Sh3rf2
promotes JNK activation and apoptosis (22), siRNA-mediated
knockdown revealed an anti-apoptotic function of endogenous
Sh3rf2. Furthermore, knockdown of Sh3rf2 promotes stabiliza-
tion of POSH as well as JNK activation. This appears to be the
mechanism by which Sh3rf2 knockdown promotes apoptosis as
dominant-negative c-Jun protects cells following Sh3rf2 knock-
down. The lack of JNK and c-Jun phosphorylation by siSh3rf2
in HEK293 cells lacking POSH also supports this model.
Although this suggests that the basal function of Sh3rf2 in cells
is to inhibit apoptosis, this does not exclude the possibility that
induction of extremely high levels of Sh3rf2 protein could also
promote apoptosis. Other proteins have been identified that
promote apoptosis with both high and absent levels (e.g. Omi/
HtrA2)(29). Whether high levels of Sh3rf2 are induced with
specific pro-apoptotic stimuli remains an active area of investi-
gation in our laboratory.

Levels of pro-apoptotic proteins must be tightly controlled to
prevent unregulated apoptosis. This is particularly important
for proteins such as POSH, which are able to amplify the apo-
ptotic signal once activated (18). POSH is proteolytically
cleaved by the proteasome; a function that is dependent on its
own RING domain. The RING domain of Sh3rf2, which regu-
lates its own proteasomal degradation, also promotes the deg-
radation of POSH. The RING domain of Sh3rf2 therefore has
two potential anti-apoptotic functions. First, it keeps basal lev-
els of POSH below the apoptotic threshold. Second, it may pre-
vent excessive levels of Sh3rf2 expression, which also promote
JNK activation and apoptosis in unstressed cells. Interestingly,
Sh3rf2 is unable to degrade POSH lacking a functional RING
domain. The mechanism by which these two RING domains
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interact to promote degradation of POSH requires further
investigation. However, our results indicate that the two pro-
teins are capable of physical interaction in the absence of both
RING domains (Fig. 44).

The degradation of Sh3rf2 at early time points following
trophic factor deprivation of PC12 cells strongly suggests that it
is responsible for POSH stabilization in this model. We previ-
ously showed that siRNA-mediated knockdown of POSH pro-
tects these cells. Although it would be ideal to show that pre-
venting Sh3rf2 degradation is also protective, the death invoked
by overexpression of Sh3rf2 prohibits these experiments.
Future work will determine the mechanism(s) by which Sh3rf2
is degraded in this model. This should allow blockade of degra-
dation to determine its effect on cell survival. Another
approach would be to determine whether specific Sh3rf2
mutants do not promote apoptosis when overexpressed, and to
examine whether they can protect in trophic factor deprivation.
Ongoing work in our lab is aimed at identifying such Sh3rf2
mutants.

Our work identifies, to our knowledge, the first anti-apop-
totic JNK scaffold. Sh3rf2 promotes the proteolytic degradation
of POSH under basal conditions, and therefore prevents unre-
strained JNK activation and apoptosis. We propose the model
shown in Fig. 7 for the regulation of POSH by Sh3rf2. In the
presence of NGF (top), Sh3rf2 promotes the proteasomal deg-
radation of POSH and thereby prevents activation of pro-apo-
ptotic JNK signaling. Once trophic factor is removed (Fig. 7,
bottom), levels of Sh3rf2 decrease, promoting increased POSH
protein, formation of the POSH-JIP apoptotic complex (PJAC),
and JNK-dependent apoptosis. Because Sh3rf2 appears to limit
POSH levels under basal conditions, we now propose that this
protein be referred to as POSHER (POSH-eliminating RING
protein). Importantly, degradation of Sh3rf2/POSHER appears
to play a role in trophic factor deprivation-induced death of
neuronal PC12 cells and sympathetic ganglion cells and in
camptothecin-induced death of cortical neurons, presumably
through stabilization and elevation of cellular POSH levels.

Our findings indicate that basal levels of Sh3rf2/POSHER are
required to maintain survival of neuronal PC12 cells as well as
of cultured cortical neurons. In addition to neuronal cells, we
found that Sh3rf2/POSHER regulates cell survival of a second
cell type derived from a glioma. Moreover, loss of Sh3rf2/
POSHER also regulates POSH levels and JNK activity in embry-
onic kidney cells. Prior observations (22) indicated that POSH

JOURNAL OF BIOLOGICAL CHEMISTRY 2255



Sh3rf2/POSHER Antagonizes POSH-mediated JNK Signaling

and Sh3rf2/POSHER are widely expressed in various tissues,
thus suggesting that these may regulate JNK pathway signaling
and cell survival/death in a variety of cell types and conditions.
Future work will be needed to determine whether Sh3rf2/
POSHER has physiologic functions other than antagonizing
pro-apoptotic JNK signaling by POSH.
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