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Patients with small cell lung cancer (SCLC) die because
of chemoresistance. Fibroblast growth factor-2 (FGF-2)
increases the expression of antiapoptotic proteins, XIAP
and Bcl-X;, and triggers chemoresistance in SCLC cells.
Here we show that these effects are mediated through the
formation of a specific multiprotein complex comprising
B-Raf, PKCe and S6K2. S6K1, Raf-1 and other PKC isoforms
do not form similar complexes. RNAi-mediated downregu-
lation of B-Raf, PKCe or S6K2 abolishes FGF-2-mediated
survival. In contrast, overexpression of PKCs increases
XIAP and Bcl-Xp levels and chemoresistance in SCLC
cells. In a tetracycline-inducible system, increased S6K2
kinase activity triggers upregulation of XIAP, Bcl-X;, and
prosurvival effects. However, increased S6K1 kinase acti-
vity has no such effect. Thus, S6K2 but not S6K1 mediates
prosurvival/chemoresistance signalling.
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Introduction

Small cell lung cancer (SCLC) represents 20% of all lung
tumours. Despite initial sensitivity to therapy, relapse with
chemoresistant disease is rapid and overall survival is very
poor. Therefore, elucidation of the mechanisms underlying
SCLC chemoresistance is necessary. Growth factors can pro-
vide prosurvival signals, and, in particular, fibroblast growth
factor-2 (FGF-2) has been implicated in driving chemoresis-
tance in cancers including SCLC (Pardo et al, 2002; Pardo
et al, 2003). Moreover, elevated serum concentrations of FGF-
2 is an independent prognostic factor for adverse outcome in
SCLC (Ruotsalainen et al, 2002). We previously reported that
FGF-2 induced the activation of the extracellular-regulated
kinase signalling pathway (MEK/ERK), thereby triggering
resistance to etoposide (Pardo et al, 2002; Pardo et al,
2003), a drug commonly used in the treatment of SCLC.
The prosurvival effect occurred via increased translation
of the antiapoptotic molecules Bcl-2, Bcl-X;, XIAP and
cIAP1 (Pardo et al, 2002; Pardo et al, 2003). Consequently,
further elucidation of the links between FGF-2-induced MEK/
ERK signalling and this translational response are warranted.

Ribosomal S6 kinases S6K1 and S6K2, also known as S6Ka
and S6KP (Gout et al, 1998; Shima et al, 1998; Lee-Frumen
et al, 1999), both regulate the translational machinery
(Dufner and Thomas, 1999). Each kinase has a cytoplasmic
and nuclear form but most work has focused on the cyto-
plasmic proteins, which for simplicity we refer to here as
S6K1 and S6K2. They were thought to have overlapping
functions as they both phosphorylate the S6 protein.
However, recent data suggest that their substrates and roles
may be distinct although the precise function of S6K2 is still
unclear (Valovka et al, 2003; Richardson et al, 2004). Thus,
despite high homology, they differ substantially in their
N- and C-terminal domains; S6K1 knockout mice are small
despite increased expression levels of S6K2 (Shima et al,
1998), whereas S6K2 null mice have no obvious phenotype
(Pende et al, 2004); the activation of S6K1 is insensitive to
MEK inhibition, but we and others have shown that S6K2 is
a novel target of MEK signalling (Martin et al, 2001; Pardo
et al, 2001; Wang et al, 2001). The latter findings raise
the possibility that S6K2 might mediate MEK/ERK-induced
chemoresistance.

S6K2 is also regulated by protein kinase C (PKC) (Valovka
et al, 2003), a family of proteins involved in the activation
of MEK/ERK in several cell systems including SCLC cells
(Kawauchi et al, 1996; Seufferlein and Rozengurt, 1996; Zou
et al, 1996). The PKC family comprises classical (cPKCs:
PKCa, PKCB, PKCy), nonclassical (nPKCs: PKCd, PKCe,
PKCn and PKCO) and atypical (aPKCs: PKC{ and PKCi/A)
classes. While the activation of cPKCs is both Ca®’" and
phorbol ester dependent, nPKCs only require phorbol esters
and aPKCs are independent of both agents (Way et al, 2000).
Depending on the stimulus used, distinct subclasses of PKC
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lead to different physiological effects (Way et al, 2000).
Interestingly, PKCe can mediate prosurvival/chemoresistance
in lung cancer cells (Ding et al, 2002), but the signalling
mechanism underlying this effect was not identified. Other
signalling molecules that could potentially be implicated in
this process include Raf-1 and/or B-Raf given their known
involvement in growth factor receptor coupling to MEK/ERK
and PKC (Cheng et al, 2001; Hamilton et al, 2001).

Here we show that PKCe, B-Raf and S6K2 form a signalling
complex in SCLC and HEK293 cells in response to FGF-2
treatment. S6K1 or Raf-1 failed to associate with PKCe.
Downregulation of PKCe induced, while PKCe overexpression
protected SCLC cells from drug-induced cell death. This
correlated with increased S6K2, but not S6K1, activity and
enhanced Bcl-X;, and XIAP levels. Increased S6K2, but not
S6K1 kinase, activity also enhanced cell survival and upregu-
lated Bcl-X; and XIAP. However, downregulation of S6K2,
but not S6K1, prevented FGF-2-mediated antiapoptotic
effects. This is the first report of divergent biological activities
for S6K2 and S6K1. Thus, S6K2, unlike S6K1, is selectively
recruited into a signalling complex containing PKCe and
B-Raf and likely controls FGF-2-mediated translation of
mRNA species involved in the regulation of cell death.

Results

PKCs levels correlate with Bcl-X, and XIAP expression
and cell survival

In view of the reported involvement of PKCe in lung cancer
cell survival (Ding et al, 2002), we initially investigated
whether PKCe levels correlated with the expression of
Bcl-X;, and XIAP, known regulators of H510 and H69 SCLC
cell survival (Pardo et al, 2002; Pardo et al, 2003). Western
blots revealed that H69 cells with low levels of PKCe dis-
played lower Bcl-X; and XIAP expression than H510 cells that
contained high levels of PKCe (Figure 1A and B). A similar
correlation between PKCe XIAP and Bcl-X;, levels existed in
seven additional SCLC cell lines but was not seen for other
PKCs, including PKCS (data not shown). Also, in most cell
lines, an inverse correlation between the levels of PKCa and
PKCe seemed to exist (Figure 1A and Supplementary Figure
1C). These results suggested that PKCe might control the
expression of Bcl-X;, and XIAP in SCLC cells. Indeed, &-H69
cells overexpressing wild-type PKCe showed increased levels
of both Bcl-X; and XIAP compared to vector-alone (V-H69)
cells (Figure 1C). The &-HG69 cells also showed increased
background phosphorylation of ERK (Figure 1C), enhanced
survival in normal culture conditions (Figure 1D) and resis-
tance to etoposide (VP-16)-induced cell death (Figure 1E).

FGF-2-induced ERK phosphorylation is mediated

by PKCe

FGF-2-induced MEK/ERK signalling increases Bcl-2, Bcl-X;,
XIAP and cIAP1 expression in SCLC cells (Pardo et al, 2002,
2003). In view of the preceding results, we reasoned that
PKCs such as PKCe might mediate FGF-2-induced MEK/ERK
signalling in H510 cells. To investigate this notion, we tested
the effect of the cell-permeable Ca®" chelator BAPTA and a
panel of inhibitors including G66976, Hispidin, Rottlerin and
GF109203X which target PKCa/B1, PKCB, nPKCs or is non-
selective, respectively. Only GF109203X and Rottlerin inhibi-
ted FGF-2-mediated ERK phosphorylation in HS510 cells
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Figure 1 PKCe levels correlate with XIAP and Bcl-X; expression
and Erk phosphorylation in SCLC cells. (A) H69 and H510 cell
lysates were Western blotted for the expression of PKCa, PKCe,
XIAP, Bcl-X;, and actin. (B) Representative blots from (A) were
quantified by optical densitometry normalised for actin. (C) H69
cells transfected with empty (V) or a wt-PKCe-GFP-expressing
vector (¢) were analysed for phospho-ERK, XIAP and Bcl-X;, levels.
(D) Baseline level cell death in V-H69 and &-H69 cells growing in
10% FCS was determined by flow cytometry using Annexin V
staining. (E) &-H69 and V-H69 cells in SFM were treated with or
without 0.1 puM etoposide (VP-16) and cell numbers determined
96 h later. Conditions were performed in quadruplicates and the
average cell number+s.e.m. represented as fold over untreated.
(F) H510 cells in SFM were treated with or without 40 pM €TI-TITAT,
oTI-TITAT or TITAT for 4h before stimulation for 5min with or
without FGF-2 (0.1ng/ml). Cell lysates were Western blotted for
biphospho-ERK. (F-lower panel) Results from three independent
experiments were analysed by optical densitometry and represented
as average +s.e.m. fold increase over control. (G) H510 cells trans-
fected with PKCe or scrambled (sc) siRNA were stimulated with
or without FGF-2. Lysates were analysed for PKCe levels and Erk
phosphorylation. (A, C, F and G) Lamin B and actin immunodetec-
tion were used as loading controls.

although the compounds were all active as they blocked
acute PDBu-induced ERK phosphorylation (Supplementary
Figure 1A). Rottlerin inhibits both PKCS (Gschwendt et al,
1994) and PKCe (Davies et al, 2000), but taken together with
our previous findings, it is plausible that PKCe might be the
critical mediator of FGF-2-induced ERK signalling in HS10
cells. In agreement with this, comparison of PKC isoform
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expression levels in seven SCLC cell lines showed that only
PKCe correlated with FGF-2-induced ERK phosphorylation
(Supplementary Figure 1B).

To confirm the involvement of PKCe in FGF-2-mediated
ERK signalling, we used a cell-permeable translocation in-
hibitor peptide for PKCe (¢TI-TITAT) and compared this with
a PKCa inhibitor («TI-TITAT) or carrier peptide alone (TITAT)
(Vives et al, 1997). Treatment with €TI-TITAT led to a 60%
inhibition of ERK phosphorylation in response to FGF-2
(Figure 1F). In contrast, neither oTI-TITAT nor TITAT inhib-
ited this response. To verify these findings, we downregulated
PKCs in HS10 cells using either synthetic short interfering
RNA (siRNA) as smart pools (P) or deconvoluted individual
siRNA’s. Preliminary experiments confirmed the efficacy
and selectivity of these pooled or individual siRNA’s
(Supplementary Figure 3A and data not shown). Figure 1G
demonstrates that such downregulation completely pre-
vented FGF-2-induced ERK activation while scrambled
siRNA had no effect. Similar results were seen in HEK293
cells using either the same siRNA molecules (data not shown)
or pSR vectors encoding short-hairpin RNAi (shRNAi) target-
ing distinct sequences within PKCe (Supplementary Figure
3C). In contrast, parallel experiments targeting other PKC
isoforms including PKCS had no such effect (data not
shown). Taken together, these results implicate PKCe in
FGF-2-mediated ERK signalling in both H510 and HEK293
cells.

PKCs, B-Raf and S6K2 form a multiprotein complex
following FGF-2 treatment in H510 cells

We have previously demonstrated that MEK/ERK signalling
is required for S6K2 activation by FGF-2 in H510 SCLC cells.
However, in H69 cells, where the FGF receptors are un-
coupled from MEK/ERK, FGF-2 fails to activate S6K2 (Pardo
et al, 2001) and also fails to induce chemoresistance (Pardo
et al, 2002). Hence, further investigation of these two cell
lines could provide a valuable opportunity to elucidate the
molecular mechanisms by which PKCe integrates signals to
both S6K2 and ERK following FGF-2 stimulation. Therefore,
lysates from H510 and HG69 cells treated with or without
FGF-2 were co-immunoprecipitated to identify potential
differences in PKCe phosphorylation and binding partners.
As phosphorylation of T566 and S729 on PKCe are known
to correlate with activity of this kinase (Parekh et al, 1999;
Cenni et al, 2002), phospho-specific antibodies to these sites
were employed in the analysis. In H510 cells, FGF-2 increased
phosphorylation of both these sites within 5min (Figure 2A
upper panel), a time-course consistent with ERK phosphory-
lation (Figure 2A lower panel). This correlated with the
co-immunoprecipitation of S6K2 and B-Raf but not S6K1 or
Raf-1. In contrast, in H69 cells, FGF-2 failed to induce phos-
phorylation of residues T566 or S729 on PKCe (Figure 2A).
Moreover, FGF-2 did not trigger coassociation of S6K2, S6K1,
B-Raf or Raf-1 with PKCe and, as previously described, failed
to induce ERK phosphorylation in these cells. However, these
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Figure 2 PKCe forms a multiprotein complex with B-Raf and S6K2 in H510 cells following FGF-2 and regulates S6K2 activity. (A) H510 and H69
cells in SFM were treated with FGF-2 for the times indicated. Cell lysates were subjected to immunoprecipitation with a PKCe antibody before
Western blotting (WB) for the molecules indicated. (A, lower panel) Total cell lysate was Western blotted as indicated. (B, E) S6K2 was
immunoprecipitated from V-H69 and &-H69 (B) or H510 cells (E) following 4 h treatment with or without €TI-TITAT, oTI-TITAT and TITAT.
Immunoprecipitates were subjected to in vitro kinase assays with S6-peptide as a substrate and the results shown are average c.p.m.+s.e.m.
from triplicates of a representative experiment. (C) The phosphorylation of the endogenous S6 protein from V-H69 and e-H69 cells in SFM
treated with or without eTI-TITAT was determined using a phospho-S6 antibody. (D, F) PKCe KO MEFs re-expressing (KO + €) or not (KO) PKCe
were (D) grown in 10% FCS and analysed for phospho-S6 levels or (F) stimulated with or without FGF-2 and FCS before S6K2
immunoprecipitation and Western blotted as indicated. (C and D) Lamin B and actin immunodetection were used as a loading control.
(A-F) Results shown are representative of at least three independent experiments.
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proteins were easily detected in total cell lysates from H69
cells (Figure 2A, lower panel). Thus, FGF-2 appears to
activate PKCe and may induce the formation of a novel
signalling complex comprising PKCe/B-Raf and S6K2 in
H510 cells but not in H69 cells.

We confirmed the protein identities of this new FGF-2-
induced signalling complex in H510 cells, by repeating the co-
immunoprecipitation experiments using antibodies directed
against S6K2, S6K1, Raf-1 or B-Raf (Supplementary Figure 2A
and B). As B-Raf activation has repeatedly been implicated in
ERK signalling (Peraldi et al, 1995; Erhardt et al, 1999; Calipel
et al, 2003; Dillon et al, 2003; Wan et al, 2004), our results
suggest the existence of a signalling module in which both
B-Raf and PKCe might be required for ERK phosphorylation
downstream of FGF-2. In addition, the association of S6K2
to PKCe in an FGF-2-dependent manner raised the possibility
of this PKC isoform being involved in S6K2 activation.

To investigate this, we compared the basal S6K2 activity
in the PKCe-overexpressing H69 cells (¢-H69) with that in the
empty-vector-transfected cells (V-H69). Background S6K2
activity was increased by two-fold in €-H69 as compared to
V-HG9 cells (Figure 2B). This increase was dependent on
PKCe basal activity as PKCe inhibition with TI-TITAT low-
ered S6K2 activity in e-H69 cells to a level comparable to that
found in V-H69 cells (Figure 2B). In contrast, incubation of ¢-
H69 cells with the PKCa translocation inhibitor (a«TI-TITAT)
or TITAT alone had no effect on S6K2 activity. This elevated
S6K2 activity correlated with increased S6 phosphorylation
in vivo, which was prevented by eTI-TITAT (Figure 2C).
Conversely, in PKCe null MEFs (KO), re-expression of PKCe
(KO + ¢) (Ivaska et al, 2002) enhanced S6 phosphorylation in
response to serum or FGF-2 (Figure 2D and data not shown).
We have previously shown that the KO+& MEF cell line
shows equivalent physiological responses to wild-type MEF
cell lines despite slightly increased PKCe expression levels
(Ivaska et al, 2002; Kermorgant et al, 2004). Moreover, in
H510 cells, FGF-2-induced S6K2 activation was also inhibited
by eTI-TITAT but not by oTI-TITAT or TITAT (Figure 2E). To
further substantiate the role of PKCe in S6K2 activation by
FGF-2 or serum, we compared PKCe null MEFs (KO) with the
KO + ¢ cells for coassociation of PKCe with S6K2 and phos-
phorylation of T388 in the C-terminal of S6K2, a site known
to correlate with activation of this kinase. Only the KO+¢
MEFs showed FGF-2-induced association of PKCe with S6K2,
which paralleled enhanced phosphorylation of S6K2 upon
T388 (Figure 2F). Serum also induced coassociation of these
two kinases, but unlike FGF-2, stimulated T388 phosphory-
lation both in the KO and KO + ¢ cells. Taken together, these
data demonstrate that PKCe, B-Raf and S6K2 are part of
a multiprotein complex that forms in response to FGF-2
stimulation and regulates S6K2 activity.

A PKCs¢, B-Raf and S6K2 complex forms in HEK293 cells:
PKCt downregulation disrupts B-Raf association with
S6K2

To determine whether FGF-2 could induce formation of the
B-Raf/PKCe/S6K2 complex in additional cell types, we uti-
lized HEK293 cells, KO and KO + ¢ cells. B-Raf could be co-
immunoprecipitated with either PKCe or S6K2 following FGF-
2 stimulation in 293 cells or KO + ¢ but not in the KO cells
lacking PKCe (Figure 3A, C and 2F and data not shown).
Moreover, neither PKCa, Raf-1 nor S6K1 associated with S6K2
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(data not shown). Thus, induction of this novel signaling
complex by FGF-2 is not restricted to SCLC cells.

To identify the possible sequence of interactions involved
in the assembly of this multiprotein complex, we selectively
downregulated B-Raf, PKCe or as controls PKCa and PKCS
and assessed the effect on complex formation. HEK293 cells
were transfected with pooled or individual siRNA or pSR
vectors encoding shRNAi. Target selectivity and ability to
impair FGF-2-induced ERK phosphorylation was determined
(Supplementary Figure 3A-C and data not shown). We then
assessed the effect of downregulating these proteins on the
associations of B-Raf and PKCe with S6K2 in response to
FGF-2. Knockdown of PKCS or -a or use of a scrambled RNAi
had no effect on the formation of the complex (Figure 3B and
Supplementary Figure 3D). In the absence of B-Raf, PKCe still
associated with S6K2. However, B-Raf failed to associate with
S6K2 in the absence of PKCe (Figure 3B and Supplementary
Figure 3D). Importantly, identical results were seen with
siRNA or shRNAI strategies targeting different sequences,
although the former was more efficient at target protein
knockdown. This suggests that while PKCe association to
S6K2 could be direct, B-Raf association to S6K2 requires
PKCe. In agreement with this, FGF-2 only induced association
of B-Raf with S6K2 in the KO + ¢ but not KO cells (Figure 3C).

To further investigate this and examine whether PKCe and/
or B-Raf could modulate the phosphorylation status of S6K2,
purified preparations of these kinases were coincubated in
various combinations with 3*Pi-ATP. When activated B-Raf
(V69°EB_Raf) was coincubated with S6K2 no phosphorylation
of S6K2 was seen, although in parallel experiments V*°°EB-
Raf could efficiently phosphorylated MEK (Figure 3D lower
panel). In contrast, PKCe induced a marked phosphorylation
of S6K2, which was further enhanced by the addition of
V600EB_Raf (Figure 3D, lower panel). Coomassie staining
confirmed that these changes were not a consequence of
unequal loading of the added kinases (Figure 3D, upper
panel). Repetition of this experiment using cold ATP and
Western blotting for T388S6K2 (also detects T389S6K1 and
an equivalent site on PKCe) showed that this was not the
phosphorylation site on S6K2 induced by PKCe or V" BRaf
(Figure 3E). Collectively, these results indicate that PKCe can
directly associate and phosphorylate S6K2, whereas B-Raf
likely requires the presence of PKCe to join the complex.

S6K2, but not S6K1, kinase activity increases survival
and upregulates of Bcl-X; and XIAP

As FGF-2-induced cell survival requires PKCe, which forms
a complex with BRaf and S6K2, but excludes S6KI1, it
is plausible that the two S6K isoforms differ in their ability
to control cell survival. To test this hypothesis, we generated
several clones of HEK293Tet cells (Invitrogen) expressing
kinase active tetracycline-inducible constructs of the cyto-
plasmic forms of both S6K1 and S6K2. Tetracycline selec-
tively increased the protein levels of transfected S6K isoforms
with no effect on the parental cell line (293Tet) in all clones
tested (Figure 4A and data not shown). In vitro kinase assay
and Western blotting for S6 phosphorylation confirmed that
tetracycline treatment increased the activity of the corre-
sponding kinase (Figure 4B and D) similar to that seen
following FGF-2 stimulation ((Pardo et al, 2001) and data
not shown). We then assessed the effect of this selective
increase in kinase activity on the ability of HEK293Tet cell
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Figure 3 PKCe is required for B-Raf association with S6K2. (A) HEK293 cells were stimulated with FGF-2 and immunoprecipitates (IP) for the
molecules indicated analysed by Western blotting (WB) for either B-Raf or PKCe. (B) HEK293 cells transfected with siRNAi for B-Raf, PKCo,
PKCe, PKCS or scramble control (sc) were stimulated with FGF-2 and S6K2 immunoprecipitates analysed by WB for B-Raf and PKCe. (C) MEFs
from PKCe KO mice, re-expressing (KO + ¢) or not (KO) PKCe were stimulated with or without FGF-2. B-Raf immunoprecipitates were analysed
by WB for S6K2. (D, E) Recombinant PKCe, V¢°°B-Raf and S6K2 proteins were combined as indicated and subjected to in vitro kinase
assay with >*P-yATP (D) or cold ATP (E). Recombinant GST-MEK was used as a positive control for Y*°°*B-Raf activity. Samples were run on
SDS-PAGE, Coomassie-stained (D, upper panel) or transferred to nitrocellulose (E), then exposed to an X-Ray film (D, lower panel) or subjected
to WB for the molecules indicated (E). Results shown are representative of a minimum of three independent experiments.
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(black bars) and the proportion of apoptotic cells determined using annexin V staining. (D) Cell lysates from 2KA and 1KA-293 cells treated
with or without tetracycline, FGF-2 and PD098059 were analysed for Bcl-X;, expression and S6 phosphorylation. (E) HEK293 cells incubated
with or without FGF-2 (4 h) before serum deprivation (18 h) were analysed by annexin V staining. (A, D) Actin and lamin B immunodetections
were used as a loading control. (B, C, E) Results represent the average of triplicates+s.e.m. (A-E) Results are representative of at least three
independent experiments.
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clones to survive serum starvation. In the absence of tetra-
cycline. the proportion of cell death was similar in the
KA-S6K1, KA-S6K2 and vector alone HEK293Tet cells. Follow-
ing tetracycline exposure. only the KA-S6K2-overxpressing
cells had reduced cell death (Figure 4C), seen between 12 and
24h after serum withdrawal (Supplementary Figure 4A).
These results could not be attributed to enhanced cell pro-
liferation as KA-S6K2-expressing cells showed no increase in
DNA synthesis compared to V-293Tet cells. However, Bcl-Xp
and XIAP expression were selectively increased in KA-S6K2
cells. This was not further induced by FGF-2, could not be
suppressed by selective MEK inhibition with PD098059 and
was not seen in either KA-S6K1- or wild-type S6K2-over-
expressing cells (Figure 4D and data not shown). Like the
KA-S6K2-overexpressing cells, stimulation of HEK293Tet cells
with FGF-2 showed increased survival and Bcl-X; and XIAP
expression, but the latter could be blocked by MEK inhibition
(Figure 4E, Supplementary Figure 4C). Taken together, these
results suggest that S6K2 but not S6K1 regulates Bcl-X;, and
XIAP expression and that activated S6K2 is sufficient to
reproduce FGF-2-induced prosurvival effects.

S6K2 but not S6K1 downregulation enhances cell death
and inhibits clonogenic growth

To further support the notion that S6K2 is a critical mediator
of cell survival, we employed RNAi to specifically down-
regulate S6K isoforms and examined cell death by counting
viable cells. First, S6K1 or S6K2 RNAi pSR vectors were
transfected into HEK293 cells and selective downregulation
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of the respective targets was verified by Western blotting
(Figure 5A, upper panel). Compared to S6K1 (S6K1pSR), down-
regulation of S6K2 (S6K2pSR) increased cell death by about
two-fold in normal growth conditions (Figure 5A, lower panel).
Upon serum withdrawal, background cell death increased in
both vector and S6K1 knockdown cells. However, S6K2 knock-
down induced more cell death (Figure 5A, lower panel).

In H510 cells, S6K1pSR and S6K2pSR also induced specific
downregulation of the corresponding protein (Figure 5B,
upper panel). Moreover, while expression of S6K1pSR had
no effect on cell survival as compared to empty vector control
(pSR), S6K2 downregulation increased basal cell death by
greater than two-fold over control (Figure 5B lower panel).
This correlated with an increase in the cleavage of lamin B,
a substrate of caspase 3 and 7 (Figure 5B lower panel). In
addition, S6K2pSR-H510, unlike the pSR- or S6K1pSR-HS10
cells, could not be propagated in culture owing to cell death
(data not shown). These results support our earlier findings
that S6K2 but not S6K1 plays a crucial role in promoting cell
survival.

As an additional approach to examine the specific effects
of S6K2, we employed clonogenic assays, which at least in
part reflect cell survival. Figure 5C demonstrates that only
RNAi-mediated knockdown of S6K2 and not S6K1 expression
inhibited the clonogenic growth of HEK293 cells. Similar
findings were seen with PKCe knockdown by shRNAi
(Figure 5C). Importantly, these results were not specific to
HEK293 cells but could be reproduced in A549 human non-
SCLC (NSCLC) and in MCF7 human breast carcinoma cell
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Figure 5 S6K2 and PKCe downregulation decreases cell viability and clonogenic cell growth in mammalian cells. (A) HEK293 cells were
transfected with empty-vector (pSR), or pSR encoding for S6K1 (S6K1pSR) or S6K2 (S6K2pSR) RNAi sequences. Cells were grown in 5% FCS or
serum-free medium for 18 h and cell viability was determined by trypan blue exclusion. (B) Lysates from H510 cells expresssing pSR, S6K1pSR
or S6K2pSR were Western blotted as indicated (upper panel). The baseline cell death in 10% FCS was determined by Annexin V staining
(middle panel). Lamin B cleavage was used as readout for caspase 3 activity (lower panel). pSR cells treated with FGF-2 (pSR + F) were used as
negative control. (C) MCF-7, A549, HEK293 and NIH3T3 cells were transfected with the indicated pSR shRNAi constructs and grown in 5% FCS
for 10 days. The OD of crystal violet-stained colonies was determined at 590 nm. For each cell line, results were normalised for absorbance
found in pSR empty-vector cells. (D) KO or KO + ¢ MEFs were plated in the absence of FCS for the times indicated and the proportion of Trypan
blue-positive cells determined. For (A, lower panel) and (B, middle panel) results represent the average of triplicates +s.e.m. For (A-C), the
results shown are representative of at least three independent experiments.
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lines (Figure 5C). The effect of S6K2 downregulation was also
not species specific, as downregulation of S6K2 in NIH3T3
murine fibroblasts using the same vector (which targets a
conserved sequence) led to a decrease of clonogenic growth
(Figure 5C). In contrast, the PKCe targeting sequences used
here, which are not conserved between human and mouse,
did not reduce NIH3T3 cell PKCe levels or clonogenic growth
(Figure 5C and data not shown). However, the importance of
PKCe in mediating prosurvival effects in murine cells was
seen in the KO+ ¢ cells which survived serum withdrawal
much better than the KO cells (Figure 5D). Taken together,
these data show that S6K2, but not S6K1, promotes cell
survival of HEK293 and H510 SCLC cells and might be widely
involved in regulating mammalian cell clonogenic growth.

S6K2 but not S6K1 downregulation inhibits the
antiapoptotic effects of FGF-2

The preceding results suggest that S6K2 mediates the prosur-
vival effects of FGF-2. To substantiate this, we targeted S6K1
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and -2 in HS510 cells using the retroviral RNAi vectors de-
scribed above and subjected the resulting cell lines to etopo-
side treatment with or without FGF-2. Empty vector (pSR)
and S6K1-downregulated (S6K1pSR) H510 cells underwent an
equivalent amount of cell death in response to etoposide and
were both rescued by preincubation with FGF-2 (Figure 6A).
As previously described (Pardo et al, 2002, 2003), this rescue
was mirrored by an increase in Bcl-X; and XIAP protein levels
(Figure 6B). In contrast, H510 cells knocked down for S6K2
(S6K2pSR) demonstrated a higher background death rate
and were almost entirely depleted by etoposide (Figure 6A).
Moreover, pretreatment with FGF-2 failed to upregulate XIAP
or Bcl-X;, and could not rescue these cells from etoposide
killing (Figure 6A and B). These results support the hypo-
thesis that S6K2 mediates FGF-2-induced chemoresistance.
However, the overwhelming cell death induced by etopo-
side, as well as the elevated background death rate in the
H510 S6K2pSR cells could interfere with the ability to observe
the prosurvival effects of FGF-2. Therefore, we repeated these
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Figure 6 S6K2, but not S6K1, downregulation prevents FGF-2-mediated survival of H510 and HEK293 cells. (A-C) H510 cells were subjected to
downregulation of the indicated proteins either by pSR RNAI retroviral vectors (A, B) or oligonucleotide RNAi (C). (A) Cells were preincubated
with or without FGF-2 before etoposide treatment (VP-16). (B) Lysate from H510 cells infected with the indicated vectors and treated as shown
were Western blotted for XIAP and Bcl-X;. (C) H510 cells treated with oligonucleotide RNAis were (upper panel) lysed and Western blotted
as indicated or (lower panel) treated as described in (A). (D-F) HEK293 cells were subjected to downregulation of the indicated proteins
by transfection of RNAi-encoding pSR vectors. (D) Cells were preincubated with or without FGF-2 before serum depletion. (A and D) Survival
was determined by trypan blue exclusion. (E) HEK293 cells transfected as indicated were Western blotted for phosphoS729-PKCe (P-PKCe).
(F) Transfected HEK293 cells incubated with or without FGF-2 were Western blotted for phosphoS412-S6K2. (A, C, D) Results are
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experiments using pooled siRNA’s, targeting sequences with-
in B-Raf, S6K2 or S6K1 distinct from those recognised by the
pSR shRNAi’s. Figure 6C (upper panel) shows that B-Raf,
S6K2 and S6K1 were selectively downregulated in H510 cells
with the respective pooled siRNA’s similar to results seen in
HEK293 cells (Supplementary Figure 3A). Moreover, transi-
ent downregulation of S6K2 completely blocked FGF-2-
triggered rescue from etoposide killing (Figure 6C, lower
panel). Similar results were obtained with the B-Raf siRNA
(Figure 6C, lower panel). In contrast, transient knockdown
of S6K1 failed to block FGF-2-induced chemoresistance.
Similar results were seen when these experiments were
repeated using individual siRNA to distinct target sequences
(Supplementary Figure 5). Thus, B-Raf, S6K2 but not S6K1
are required for FGF-2 to provide prosurvival signals that
prevent etoposide killing in H510 SCLC cells.

To demonstrate the importance of S6K2 and B-Raf in FGF-
2-induced prosurvival signalling in a distinct cell system, we
transiently transfected the same pSR constructs in HEK293
cells followed by serum deprivation in the presence or
absence of FGF-2. In addition, RNAi vectors for PKCe, PKCa
and S6K1 were tested in parallel. While similar amounts
of cell death were induced by serum deprivation of pSR
and S6K2pSR cells, FGF-2 increased the survival of pSR
cells alone (Figure 6D). Similarly, FGF-2 failed to rescue
cells downregulated for B-Raf or PKCe, the two proteins
shown to interact with S6K2. In contrast, FGF-2 completely
rescued HEK293 cells knocked down for PKCa (Figure 6D).
Intriguingly, these cells demonstrated a high basal survival
rate in the absence of serum and FGF-2. This could poten-
tially be explained by an increase in PKCe phosphorylation
at S729, a site linked to its kinase activity (Figure 6E).
Alternatively, PKCo might be required for the induction of
cell death in HEK293 cells. Surprisingly, S6K1 downregula-
tion resulted in cell death levels comparable to those
observed in pSR cells treated with FGF-2 (Figure 6D). This
might reflect involvement of S6K1 in the induction of cell
death. However, downregulation of S6K1 enhanced phos-
phorylation of S6K2 on S401, a site known to correlate with
S6K2 activity, similar to that seen in response to FGF-2
stimulation (Figure G6F). In contrast, the basal phosphory-
lation levels of S401 were greatly reduced in the presence
of the RNAIi targeting S6K2 when compared to control pSR
cells (Figure 6F). Thus, downregulation of S6K1 probably
increases S6K2 basal activity mimicking the prosurvival
effects induced by FGF-2. Moreover, this likely explains
why the addition of FGF-2 fails to further improve the survi-
val of cells knocked down for S6K1, as these cells already
have activated S6K2. Taken together, these data demonstrate
that S6K2 is the mediator of FGF-2 prosurvival effects. They
also reveal the nonoverlapping roles of S6K1 and S6K2 in cell
survival.

Discussion

Most common cancers such as SCLC are incurable principally
because of chemoresistance. Therefore elucidation of the
mechanism(s) involved is urgently required. We have pre-
viously shown that FGF-2 prevents apoptosis induced by the
chemotherapeutic agent etoposide (Pardo et al, 2002). This
prosurvival effect is mediated by MEK/ERK signalling which
enhances the translation of several antiapoptotic proteins
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including Bcl-X; and XIAP (Pardo et al, 2002; Pardo et al,
2003). However, the kinases coupling FGFRs to MEK/ERK
and the translational upregulation of these antiapoptotic
proteins was unclear. Fortuitously, some SCLC cell lines
(e.g. H510) have FGFRs that couple to MEK/ERK and pro-
survival signaling, while other lines (e.g. H69) fail to elicit
these responses despite having functional receptors (Pardo
et al, 2001; Pardo et al, 2002; Pardo et al, 2003). This provided
us with a useful opportunity to further dissect the signalling
molecules involved in FGF-2-triggered prosurvival.

The PKC family including PKCe were potential candidates
in this process as they are known to couple to MEK/ERK
signalling (Schonwasser et al, 1998; Soh et al, 1999).
Moreover, PKCe had already been shown to induce prosurvi-
val effects in several cancers (Tillman et al, 2003; Wu et al,
2004) including lung cancer cells where it prevents caspase
3-mediated apoptosis induced by various chemotherapeutic
agents (Ding et al, 2002). However, the underlying mechan-
isms involved had not been further defined. Here, we show
that PKCe is both necessary and sufficient to couple FGFRs to
MEK/ERK, Bcl-X; and XIAP upregulation and prosurvival
effects in both SCLC and HEK293 cells (Figures 1, 5, 6 and
Supplementary data). Thus, (1) comparison of PKC family
member expression levels in a panel of SCLC cell lines
revealed that only PKCe correlated with the ability of FGF-2
to induce MEK/ERK signalling and upregulation of Bcl-X|,
and XIAP, (2) overexpression of PKCe was sufficient to
induce MEK/ERK signalling, upregulation of Bcl-X; and
XIAP and prosurvival effects, (3) selective suppression of
PKCe function or expression prevented these FGF-2-induced
effects.

The mechanism by which PKCe might couple to MEK/ERK
signalling has been previously investigated. In endothelial
cells, PKCe and PKCa can be co-immunprecipitated with
Raf-1 in stress-mediated MEK/ERK activation (Cheng et al,
2001). In NIH-3T3 cells, PKCe can reside in a latent and
inactive complex with Raf-1, which can be stimulated by
phorbol ester to trigger MEK/ERK signalling (Hamilton et al,
2001). In contrast to these reports, we were unable to
demonstrate a complex between PKCe or PKCo with Raf-1
in either SCLC or HEK293 cells. However, our results showed
that FGF-2 inducibly triggered the association of PKCe with
B-Raf (Figures 2, 3 and Supplementary Figure 3). Moreover,
downregulation of B-Raf with various selective RNAI species
blocked FGF-2-induced MEK/ERK signalling and prosurvival
effects (Figure 6, Supplementary Figure 3 and 5).

So how might PKCe, BRaf and MEK/ERK signalling mod-
ulate the translational machinery to upregulate the expres-
sion of Bcl-X;. and XIAP, thereby promoting chemoresistance?
Our previous work provided potential clues, in that FGF-2-
induced MEK/ERK signalling, which was necessary for pro-
survival effects (Pardo et al, 2002, 2003), was also required
for the activation of S6K2 but not S6K1 (Pardo et al, 2001).
Several other findings suggested that S6K2 might have dis-
crete functions as discussed in the introduction. Thus, we
postulated that S6K2 might associate with the PKCe/BRaf
complex and mediate chemoresistance.

Our exciting new findings presented here show that S6K2,
but not S6K1, does indeed associate with the FGF-2-induced
PKCe/B-Raf complex, a finding common to both SCLC,
HEK293 and MEF cells. Intriguingly, it was not possible to
reproducibly show the presence of either MEK or ERK in this
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complex perhaps because the association was weak, transient
or blocked antibody recognition. Nevertheless, RNAi knock-
down studies in intact cells and coassociation studies of
purified kinases in vitro indicate that the association
of PKCe with S6K2 is direct and results in phosphorylation
of S6K2. In contrast, B-Raf only associates with S6K2 in the
presence of PKCe in intact cells and cannot directly phos-
phorylate S6K2 in the absence of PKCe. However, incubation
of all three enzymes together further enhances the phos-
phorylation of S6K2 raising the possibility that B-Raf might
phosphorylate S6K2 when PKCe is present. Alternatively,
B-Raf might alter the conformation of PKCe and/or S6K2
providing further PKC sites on S6K2. A recent report examin-
ing phorbol ester-stimulated HEK293 cells suggest that S486
within the C-terminal domain of S6K2 is likely to be one of
the PKC-regulated sites (Valovka et al, 2003). Clearly, the
nature of the S6K2 phosphorylation sites regulated by PKCe
and/or B-Raf following physiological stimulation with FGF-2
now warrants further investigation. Regardless of the nature
of these sites, although, our results for selective overexpres-
sion or inhibition of PKCe function or expression indicate
that this kinase mediates FGF-2-induced S6K2 activation
(Figure 2).

So can S6K2 mediate the upregulation of Bcl-Xi/XIAP
and prosurvival signalling? In this paper, using tetracycline
inducible kinase active mutants of S6K2 and S6K1, we
demonstrate that only S6K2 triggers the upregulation of
XIAP and Bcl-X;, and induced prosurvival effects in HEK293
cells (Figure 4). Moreover, RNAi knockdown studies in both
HEK293 and SCLC cells shows that downregulation of S6K2
but not S6K1 prevents survival (Figure 5, Supplementary
Figure 4). In addition, S6K2 is also important for supporting
clonogenic growth in several different cell lines (Figure 5).
Crucially, the selective downregulation of S6K2 but not S6K1
blocks FGF-2-induced upregulation of Bcl-X;, XIAP in both
SCLC and HEK293 cells and also inhibits death in response
to etoposide and serum withdrawal, respectively (Figure 6,
Supplementary Figure 5). Thus, S6K2 is both necessary and
sufficient to mediate FGF-2-induced prosurvival signalling.

So is there any evidence that S6K2 might be implicated
in prosurvival/chemoresistance in patients with SCLC? Intri-
guingly, we have recently found that increased protein
expression levels of S6K2 in both SCLC and NSCLC biopsies
appear to correlate with the development of chemoresistance
(Supplementary Figure 6).

In summary, this paper identifies a novel FGF-2-induced
signalling complex comprising PKCe/BRaf and S6K2 but
excluding S6K1. The formation of this complex may explain
how S6K1 and S6K2 can be guided to different cellular
compartments to target distinct substrates despite their high
homology within the kinase domains. Indeed, this complex,
via S6K2 (but not S6K1), upregulates Bcl-X;, and XIAP protein
expression thereby promoting survival/chemoresistance.
Thus, the discrete function of S6K2 as opposed to S6K1 has
been revealed. Further investigation of the molecular me-
chanisms by which S6K2 might selectively interact with the
translational machinery of the cell to differentially control a
subset of antiapoptotic proteins is now required. Importantly,
the targeting of individual members of the PKCe/BRaf/S6K2
signalling complex or their associations could enable
the development of novel therapeutic strategies to reverse
chemoresistance. Moreover, expression levels of S6K2 and
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possibly other members of the complex may also provide
novel prognostic biomarkers.

Materials and methods

Cell culture

SCLC cell lines were maintained as previously described (Pardo
et al, 2001). For experimental purposes, cells were grown in SFM
(RPMI 1640 supplemented with 5pg/ml insulin, 10 pg/ml transfer-
rin, 30 nM sodium selenite, 0.25% bovine serum albumin) and used
after 3-7 days. A549, HEK293, HEK293Tet, NIH-3T3, MCF-7 and
Cos 7 cells were grown in DMEM medium containing 10% FCS
at 37°C, 10% CO,. For experimental purpose, HEK293 cells
were placed in serum-free DMEM for 6h before growth factor
stimulation.

Establishment of transgene-expressing cell lines

HG69 cells were transfected with pEGFP constructs encoding wild-
type PKCe using Lipofectin as per the manufacturer’s instructions
and cells were selected in 1 mg/ml G418. RNAi-expressing H510
cells were established by infecting H510 cells with an amphotropic
virus coding for the murine ecotropic receptor (EcoR). Following
selection with G418, cells were infected using murine retroviruses
encoding for PKCa, PKCe, S6K1, S6K2, B-Raf or Raf-1 shRNAi.
Stable gene downregulation was achieved by culturing the cells in
the presence of 2pug/ml puromycin. Transient expression of B-Raf,
Raf-1, PKCe, S6K1 or S6K2 RNAi was achieved by transfecting
A549, HEK293, NIH-3T3, MCF-7 and Cos 7 cells with the relevant
PSR construct using Lipofectamin Plus. Transgene expression or
downregulation of target proteins were assessed by Western
blotting.

Establishment of tetracycline-inducible S6K1 and S6K2

cell lines

HEK293Tet-on cells (Invitrogen) at 70% confluency were trans-
fected with 25ng of pCDNA4-S6K2-T412D, pCDNA4-S6K1-T401D
or pCDNA4 (control) using calcium phosphate precipitation. Cells
were selected in 50 mg/ml zeocin. In all, 15 colonies from each
transfection were isolated using cylinders, and clonal cell lines
were established and tested for expression of S6K1 or S6K2 upon
incubation with 1 mg/ml of tetracycline by Western blot analysis.

Cell death assay

SCLC cells (5 x 10* cells/ml SFM) were pretreated with or without
0.1 ng/ml FGF-2 for 4 h before treatment with 0.1 pM etoposide and
incubated at 37°C for 96 h. HEK293-Tet cells were plated in 48-well
plates (10* cells/well), pretreated with or without 0.1 ng/ml FGF-2
for 4h and cell death was induced by serum removal for 18 h. The
proportion of cell death was either determined by trypan blue
exclusion or by Annexin V staining and flow cytometry as
previously described (Pardo et al, 2002).

Cell-permeable PKCs and PKCu. translocation inhibitor peptide
The PKCg translocation inhibitor (EAVSLKPT) and PKCa transloca-
tion inhibitor (SLNPEWNET) (Yedovitzky et al, 1997; Souroujon
and Mochly-Rosen, 1998) were made cell permeable by linkage to
the HIV-derived TITAT sequence (GRKKRRQRRRPPQ). H510 cells
in RPMI were incubated for 4 h with 40 uM of either translocation
inhibitor peptides or TITAT before further treatments. The activity
of these inhibitors on ERK phosphorylation was assessed by
Western blotting.

Co-immunoprecipitation experiments

SCLC cells grown in SFM were washed in RPMI 1640, and 2 x 10°
cell aliquots were incubated in this medium for 30 min at 37°C.
HEK293 cells were washed and incubated in DMEM for 6h. Cells
were then stimulated using FGF-2 for the time shown in the figure
legends. Cells were lysed at 4°C in 1ml of lysis buffer, lysates
clarified by centrifugation at 15000g for 10min and immuno-
precipitation was performed for 1.5h using the relevant antibody
together with either Protein A or G.

S6K1/2 immune complex and in vitro kinase assays
See Supplementary data.
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Clonogenic growth assays

A549, HEK293, NIH-3T3, MCF-7 and Cos 7 cells transfected with the
relevant construct were plated in six-well plates (2 x 10° cells/plate)
and left to grow for 10 days 37°C/10% CO, in DMEM/5% FCS. Cells
were then stained with crystal violet, colonies solubilised using a
10% acetic acid solution, and absorbance was measured at 595 nm.

RNAI sequences

RNAi-mediated downregulation of PKCa, PKCe, S6K1, S6K2, B-Raf
and Raf-1 was achieved using short-hairpin sequences cloned into
PSUPER Retro constructs or oligonucleotide siRNA. See Supple-
mentary information for sequences.

Oligonucleotide nucleofection
1.5 x10° SCLC cells grown in serum medium were transfected
following the manufacturer’s instructions with 6 pl of 20 uM siRNA
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