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Background: The cytoplasmic adaptor protein CCM2
interacts with the TrkA receptor tyrosine kinase to induce
pediatric tumor cell death.
Results: STK25 interactswithCCM2, and its kinase activity
is necessary for TrkA-dependent death of medulloblastoma
cells.
Conclusion: STK25 mediates TrkA-CCM2 death signal-
ing in medulloblastoma cells.
Significance: These findings identify a downstream cat-
alytic effector for receptor tyrosine kinase death signaling.

The TrkA receptor tyrosine kinase induces death inmedullo-
blastoma cells via an interaction with the cerebral cavernous
malformation 2 (CCM2) protein.Weused affinity proteomics to
identify the germinal center kinase class III (GCKIII) kinases
STK24 and STK25 as novel CCM2 interactors. Down-modula-
tion of STK25, but not STK24, rescued medulloblastoma cells
fromNGF-induced TrkA-dependent cell death, suggesting that
STK25 is part of the death-signaling pathway initiated by TrkA
and CCM2. CCM2 can be phosphorylated by STK25, and the
kinase activity of STK25 is required for death signaling. Finally,
STK25 expression in tumors is correlated with positive prog-
nosis in neuroblastoma patients. These findings delineate a

death-signaling pathway downstream of neurotrophic receptor
tyrosine kinases that may provide targets for therapeutic inter-
vention in pediatric tumors of neural origin.

The Trk family of neurotrophin receptors are critical regula-
tors of cell survival in the nervous system (1), but paradoxically,
TrkA has also been reported to induce cell death in pediatric
tumor cells of neural origin (2). This atypical function of TrkA
is still largely unknown and is of keen interest in light of the fact
that high expression ofTrkA is strongly correlatedwith positive
prognosis in neuroblastoma patients (3).We recently identified
the protein product of the cerebral cavernous malformation 2
(CCM2) gene as a cytoplasmic interactor of TrkA thatmediates
its death effects in neuroblastoma and medulloblastoma (4).
CCM2 is one of three genes mutated in patients with cerebral
cavernous malformations (CCM),3 a common class of vascular
malformations in the central nervous system (5). The protein
products of these three genes,CCM1,CCM2, andCCM3, inter-
act with each other and with numerous other partners to form
a diversity of complexes that may mediate diverse functions in
different cell types (6). However, CCM2 was the only CCM-
related gene that could be linked to positive prognosis in neu-
roblastoma patients, in correlation with TrkA, suggesting that
the signaling pathways mediating TrkA-CCM2 death signaling
in cells of neural origin might be distinct from the pathways
leading to CCM effects on the vasculature (2, 4).
CCM2 is a cytoplasmic protein composed of twodomains, an

N-terminal phosphotyrosine binding (PTB) domain and a
C-terminal region with no obvious structural homologies or
known function, termed the Karet domain (4). CCM2 interacts
with TrkA via its PTB domain, but the interacting epitope in
TrkA lacks phosphorylatable residues, suggesting that CCM2
serves as an adaptor that links to downstream effectors rather
than directly impacting on TrkA signaling. Because both the
PTB and the Karet domains of CCM2 are required for media-
tion of TrkAdeath signaling (4), we hypothesized that theKaret
domain links TrkA-CCM2 to downstream effectors. Here we
describe a proteomics screen for interactors of the Karet
domain of CCM2, leading to identification of STK25 as an
effector of death signaling initiated by TrkA and CCM2.

EXPERIMENTAL PROCEDURES

Antibodies, DNA Constructs, shRNAs, and Cells—Primary
antibodies were acquired as follows. TrkA-RTA was a kind gift
of Dr. Louis Reichardt (University of California, San Francisco,
CA); HA 16B12 was from Covance; STK25 ab56654, STK24
ab51137, CCM2 ab123930, andGFP ab6556 were fromAbcam;
phospho-Mst4(p178)/Mst3(pT190)/Stk25(pT174) were from
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Epitomics; and Ysk1 sc-6865 and Trk sc-11 were from Santa
Cruz Biotechnology.
Human Stk24 (BC035578) and Stk25 (BC007852) cDNAs

were cloned into pcDNA3-FLAG using EcoRI and NotI sites.
The STK25mutants T174A, T174D, and D158A were cloned
into pcDNA5/FRT/TO (Invitrogen). pLC-Stk25wt-GFP and
pLC-Stk25K49R-GFP were a kind gift of Brian Howell
(UpstateMedicalUniversity, Syracuse,NY).HA-taggedCCM2,
PTB, and Karet expression constructs were as described (4).
shRNAs for human STK25 and STK24 were from Sigma.
Medulloblastoma D283MED-TrkA (MB-TrkA) (7) and

HEK293 cells were grown and viability assays were performed
as described (4). Lentiviral preparations and cell transduction
were as described (8).
Proteomics—HEK293 Flp-In T-REx derivatives expressing

FLAG-tagged versions of CCM2 domains (supplemental Fig.
S1A) were generated as described previously (9), except that
pools of cells rather than individual clones were used. Immu-
nopurification with FLAG M2-agarose coupled to mass spec-
trometry was performed as described previously (10). High
confidence interactionswere further defined as those identified
with at least 20 spectra after removal of promiscuously inter-
acting proteins (supplemental Tables S1 and S2).
Phosphorylation Assays—STK25 was incubated at 30 °C for

1 h with equimolar amounts of GST-CCM2, CCM3, or myelin
basic protein in kinase assay buffer (20 mM MOPS, pH 7.2, 25
mM �-glycerophosphate, 5 mM EGTA, 1 mM NaVO4, 1 mM

DTT, 10 mMMgCl2, 10 mMMnCl2, 200 �M ATP, and 1.25 �Ci
of [�-32P]ATP), resolved by SDS-PAGE, and imaged. Phosphor-
ylation sites on CCM2 were identified by mass spectrometry as
described in supplemental Table S3.
Neuroblastoma Expression Analyses—Gene expression data

from 478 primary neuroblastoma were analyzed as described
previously (4), except for the threshold setting (11) for high
versus low risk tumors. A 10-fold cross-validation was per-
formed.Thresholds for high versus low expressionwere derived
from the mean values of the cross-validation.

RESULTS

GCKIII Kinases Interact with CCM2—We sought new effec-
tors of the TrkA-CCM2 death pathway. To this end, we gener-
ated tetracycline-inducible isogenicHEKcells stably expressing
either full-length CCM2 or its PTB or Karet domains, fused to a
FLAG epitope at the N terminus (supplemental Fig. S1A). Sta-
ble transfectants were selected and tested for expression of
FLAG-CCM2, FLAG-Karet, and FLAG-PTB. Expression was
induced in subconfluent cells for 24 h followed by FLAG immu-
noprecipitation of cell lysates, proteolytic digestion, and pep-
tide identification by mass spectrometry. High confidence
interactors for CCM2 or its subdomains are detailed in Fig. 1A
and supplemental Tables S1 and S2. In addition to the previ-
ously reported interactors CCM1, CCM3, and ICAP1 (6), we
foundCCM2or its subdomains interactingwithMST4, STK24,
and STK25, all members of the germinal center kinase class III
(GCKIII) family. STK24 and STK25 appeared to co-precipitate
specifically with the Karet domain in these assays and were
previously implicated in death signaling (12, 13); hence we
focused on these two kinases.

We verified STK24 and STK25 interactions with CCM2 by
co-immunoprecipitations (co-IPs) from transfected HEK or
HeLa cells. HA tagged-CCM2 co-precipitated with FLAG-
STK24 or FLAG-STK25 (Fig. 1B). The STK24 and STK25 inter-
actions with CCM2were confirmed in reverse co-IPs using HA
antibody for immunoprecipitation (IP) and FLAG for Western
blots (Fig. 1C). It is noteworthy that TrkA is also co-precipi-
tated with STK24 or STK25 (Fig. 1B), either in the presence or
in the absence of transfected HA-CCM2 (HEK cells express
endogenous CCM2). Finally, we used isogenic HEK cells
expressing FLAG-tagged CCM2 under the control of a tetracy-
cline-regulated promoter to further assessCCM2-STK25 inter-
actions at close to endogenous protein levels. STK24 was
expressed atmuch lower levels than STK25 in these cells; hence
the experiment was restricted to STK25. In the absence of tet-
racycline, these cells expressed low basal levels of FLAG-
CCM2. Indeed, an interaction between basal levels of FLAG-
CCM2 and endogenous STK25 could be detected under these
conditions (Fig. 1D), and both STK25-GFP and CCM2-RFP
were localized in the cytoplasm in transfected cells (supple-
mental Fig. S1B).
The affinity proteomics approach used in our screen identi-

fied an interaction between the Karet domain of CCM2 and
STK24 or STK25. To determinewhether this interaction is spe-
cific for the Karet domain, we co-transfected the two CCM2
subdomains intoHEK cells together with FLAG-tagged-STK24
or STK25. Interestingly, both CCM2 subdomains were co-pre-
cipitated with either STK24 or STK25 (Fig. 1E), indicating that
there may be multiple points of interaction between CCM2 to
GCKIII kinases, or alternatively, that these interactions occur
within the framework of a larger complex.
STK25, but Not STK24, Is Implicated in TrkA-dependent

Medulloblastoma Cell Death—We tested whether STK24 and
STK25 might play a role in TrkA-induced cell death by down-
regulating their expression in the medulloblastoma cell line
MB-TrkA, which undergoes cell death upon NGF treatment
(7). Effective reduction of expression levels was achieved using
lentiviral shRNAs against STK24 or STK25 in MB-TrkA cells
(Fig. 2A and supplemental Fig. S2). Down-regulation of STK24
did not affect NGF-induced death of MB-TrkA cells, and sim-
ilar levels of viability were observed in control and in STK24-
down-regulated cells (Fig. 2,A andB, and supplemental Fig. S2).
In contrast, down-regulation of STK25 in MB-TrkA cells pro-
tected them from NGF-induced TrkA-dependent cell death
(Fig. 2, A and B, and supplemental Fig. S2). The anti-STK25
shRNA targets the 3�-UTR region in the endogenous transcript;
hence we used a construct containing the ORF of STK25 fused
to GFP to express STK25 that is not affected by the shRNA
(supplemental Fig. S2). Expression of STK25-GFP inMB-TrkA
cells did not affect viability of the cells in the absence of NGF
treatment (data not shown); however, transfection with the
STK25-GFP construct restored sensitivity of shRNA-treated
MB-TrkA cells to NGF-induced death (Fig. 2B), confirming
that the shRNA effect is specific for STK25. Moreover, NGF
treatment caused an increase in STK25 protein levels in MB-
TrkA cells, but had no effect on STK24 levels (supplemental
Fig. S2). Finally, we found that STK25 transfection induces
death inHEKcells, as reported previously (12), and that STK25-
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induced death is increased upon co-transfectionwith TrkA and
CCM2 (supplemental Fig. S2). In contrast, we did not observe
death of HEK cells upon STK24 transfection either alone or in
combination with TrkA and CCM2 (supplemental Fig. S2).
Thus, although both STK24 and STK25 can interact with
CCM2, only STK25 mediated TrkA-CCM2-dependent death.
We then examined mRNA expression levels of STK24 and

STK25 in correlation with clinical outcome in 478 neuroblas-
toma patients. TrkA and CCM2 expression was previously
shown to correlate with good prognosis in this cohort (4).

Expression levels of STK25, but not STK24, were significantly
correlated with those of TrkA and CCM2 (Pearson’s correla-
tion, r(STK25,CCM2)� 0.41, p� 2� 10�16; r(STK25,TrkA)�
0.23, p � 2 � 10�7). We then defined tumor expression level
thresholds for STK25 and STK24, as described previously (4),
and determined correlation with patient survival. A signifi-
cantly better outcome was observed for patients with STK25
expression values above the threshold, whereas in contrast,
higher expression levels of STK24 correlated with unfavorable
clinical outcome (Fig. 2C). These data support a role for STK25,
but not STK24, in TrkA-dependent retreat of neuroblastoma in
patients in vivo.
NGF Modulates STK25 Activity and STK25 Binding with

TrkA and CCM2—To determine whether NGF regulates
STK25 activity, we examined phosphorylation of Thr-174 in
STK25 after NGF stimulation of MB-TrkA cells. STK25 phos-
phorylation increased upon NGF treatment, in parallel with an
increase in co-precipitation of STK25 with TrkA (Fig. 3). NGF
treatment also increased CCM2 co-precipitation with STK25
(Fig. 3).
STK25 Kinase Activity Is Required for NGF-induced

MedulloblastomaCell Death—We then sought to further char-
acterize the STK25-CCM2 interaction with the help of specific
constructs mutated at residues affecting kinase activity of the
protein (14). Two activity-reducingmutants (T174AandK49R)
and one constitutively active kinasemutant (T174D) co-precip-
itated with CCM2 in a similar manner as wild type STK25,
whereas another kinase-reducing mutation, D158A, revealed a
much reduced interaction with CCM2 (Fig. 4, A and B). Thus,
although kinase activity per se is not required for the interac-
tion, Asp-158 in STK25 facilitates efficient CCM2 co-precipi-
tation. A kinase activity assay demonstrated CCM2 phosphor-
ylation by STK25 (Fig. 4C).Mass spectrometric analyses further
revealed Ser-384 as the major site for CCM2 phosphorylation
by STK25 (Fig. 4D), in addition to four less prominent sites
(supplemental Table S3). We therefore tested whether STK25
kinase activity is required for TrkA-dependent death.
MB-TrkA cells with reduced STK25 expression were trans-

FIGURE 1. Identification of STK24 and STK25 as CCM2 interactors. A, schematic representation of CCM2 interactions identified by affinity purification and mass
spectrometry. Intact lines indicate high confidence interactions, whereas dashed lines indicate putative interactions that did not meet all filtering criteria. For additional
details, please see supplemental Tables S1 and S2. B, anti-FLAG IP of HA-CCM2 and TrkA with FLAG-STK24 and FLAG-STK25 from co-transfected HEK cells. C, reverse IP
from co-transfected HEK cells using anti-HA antibody. D, co-IP of endogenous STK25 from HEK cells stably expressing FLAG-CCM2. E, co-IP of FLAG-STK24 or FLAG-
STK25 from HEK cells co-transfected with HA-tagged CCM2 subdomains PTB or Karet. White arrowhead indicates Karet, and black arrowhead indicates PTB.

FIGURE 2. STK25 is required for NGF-induced death in pediatric tumor
cells of neural origin. A, representative fields of shRNA-transduced MB-TrkA
cells after 72 h in culture with or without NGF (100 ng/ml). Scale bar, 40 �m. B,
viability of shRNA-transduced MB-TrkA cells as measured by XTT after 72 h of
NGF treatment. n � 4, average � S.D., *** indicates p � 0.001 (Student’s t test).
C, overall survival (OS) of neuroblastoma patients as correlated with STK24
and STK25 mRNA levels in the tumors. 4.6e-4, 4.6 � 10�4; “6.8e-11, 6.8 � 10�11.
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duced with lentiviral vectors expressing shRNA-resistant
STK25 constructs, either thewild type or the K49R kinase-dead
mutant (supplemental Fig. S2D). There was no reduction in the

viability of NGF-treated cells expressing the K49Rmutant (Fig.
4E), indicating that STK25 kinase activity is required for TrkA-
CCM2-dependent death in medulloblastoma cells.

DISCUSSION

Wehave previously shown that CCM2 is a cytoplasmic inter-
actor of TrkA that is necessary for NGF-induced cell death in
pediatric tumor cells (4). Herewe found that theGCKIII serine-
threonine kinases STK24, STK25, and MST4 are new molecu-
lar partners of CCM2, and we identified a role for STK25 in
TrkA-CCM2-dependent cell death in medulloblastoma cells.
Although all three GCKIII kinases were identified as CCM2
interactors in our screen, initial results with the Karet domain
directed our focus to STK24 and STK25. Further experiments
revealed that both the PTB and the Karet domains of CCM2
interact with STK24 and STK25 and that STK25 can phosphor-
ylate CCM2. Interestingly, GCKIII kinases are known to inter-
act with CCM3 (10, 15, 16), and CCM3 was also reported to be
an STK25 substrate (15). A recent phosphorylation mapping
study on a CCM1-associated complex demonstrated multiple
phosphorylation sites on CCM2 (17); however, to date, the
kinases involved inCCM2phosphorylation are not known.Our
results suggest that STK25 is likely one of the serine/threonine
kinases responsible for CCM2 phosphorylation.
Our data specifically implicate STK25 in NGF-induced cell

death in medulloblastoma cells. The apparent specificity of the
pathway for STK25 over STK24 is intriguing, given the fact that

FIGURE 3. NGF modulates STK25 phosphorylation and interaction with
TrkA and CCM2. MB-TrkA cells were treated with NGF (100 ng/ml) for the
indicated times, and cell lysates were then subjected to IP and Western blots
as indicated. n � 3 in all cases. P Tyr, phospho-Tyr; P Stk25, phospho-STK25.

FIGURE 4. STK25 kinase activity is required for NGF-induced death. A, co-IP of HA-CCM2 from HEK cells co-transfected with FLAG-tagged STK25 and
mutants. Relative amounts of HA-CCM2 co-precipitated with the different STK25 mutants are shown in the graph below (n � 3). B, co-IP of GFP fusions of STK25
or STK25K49R with HA-CCM2 from co-transfected HEK cells. Relative levels of co-precipitation are shown below (n � 3). C, in vitro kinase assay. STK25 was
incubated with either GST-CCM2 or the known substrates CCM3 or myelin basic protein (MBP). Autoradiography (32p) and Coomassie Blue staining are shown.
D, representative spectrum for a phospho-serine 384 CCM2 peptide. For further details, please see supplemental Table S3. AMU, atomic mass units. E, viability
of shRNA-transduced MB-TrkA cells after 72 h of culture with NGF (100 ng/ml). Note that the kinase-dead K49R STK25 mutant cannot restore cell death response
in MB-TrkA cells silenced for STK25 (n � 4). Average � S.D., *** indicates p � 0.001, ** indicates p � 0.01 for all panels (t test).
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both these kinases have been implicated in cell death in differ-
ent systems (18). STK25 depletion by RNAi rescues TrkA-ex-
pressing medulloblastoma cells from NGF-induced death,
whereas similar depletion of STK24 had no effect. Introduction
of shRNA-resistant STK25 restored cell death in STK25-si-
lenced cells, whereas the kinase-dead K49R STK25mutant had
no such effect. NGF treatment of TrkA-expressing medullo-
blastoma cells activates STK25 and increases its interactions
with both TrkA and CCM2. Finally, STK25 expression levels in
tumors correlate with those of CCM2 and TrkA and with good
prognosis in neuroblastoma patients. Thus, active STK25
kinase participates in TrkA- and CCM2-mediated death in
pediatric tumor cells of neural origin.
STK25 was originally identified as an oxidant stress-acti-

vated kinase (13) and subsequently implicated in apoptotic
death induced by chemical anoxia (12). Nonapoptotic roles
have been described for STK25 in hippocampal neurons (19), as
indeed have been described for TrkA or CCM2 in other cell
types (2). The extent of cell death induced by STK25 was sug-
gested to depend on its expression levels (12), and indeed, we
observed an increase in STK25 levels upon NGF stimulation of
TrkA-expressing medulloblastoma cells and a correlation
between STK25 expression levels and neuroblastoma progno-
sis, as previously shown for CCM2 and TrkA (4). Overexpres-
sion of TrkA from the tau locus has been shown to cause exten-
sive neuronal death in vivo (20). Caspase activation is required
for both CCM2-mediated death in medulloblastoma cells (4)
and STK25-mediated cell death after chemical anoxia (12).
Thus, the TrkA-CCM2-STK25 pathway likely represents a
switch mechanism activated by correlated and increased
expression, leading to activation of canonical apoptosis path-
ways. Future elucidation of the mechanisms underlying this
selectivity should provide new avenues to target pediatric
tumors of neural origin.
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