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Abstract. Protein kinase (PK)Cζ signaling at various subcel-
lular levels affects cell survival, differentiation, growth and/or 
apoptosis. However, the mechanisms modulating PKCζ activity 
at the nuclear membrane (NM) are not yet fully understood. 
Previously, we demonstrated that PKCζ interacts with the B‑cell 
lymphoma 10 (Bcl10) protein at the NM of human cervical 
carcinoma (HCC) C4‑I cells. In the present study, we aimed 
to further clarify the interactions between PKCζ, Bcl10 and 
other proteins co-immunoprecipitated from NMs isolated from 
untreated and etoposide (also known as VP‑16; 2.0 µg/ml)‑treated 
C4‑I cells using biochemical and proteomics analyses. Aside 
from the Bcl10 protein, 3‑phosphoinositide‑dependent protein 
kinase‑1 (PDK1) also co-immunoprecipitated with PKCζ from 
NMs of C4‑I cells, indicating the assembly of a heterotrimeric 
complex, which increased with time in VP‑16‑exposed cells, 
as did the activity of PDK1‑phosphorylated‑PKCζ. In turn, 
PKCζ‑phosphorylated‑Bcl10 straddled an enlarged complex 
which comprised caspase‑3. Subsequently, activity‑enhanced 
caspase‑3 cleaved and inactivated PKCζ. Finally, the suppres-
sion of Bcl10 using specific siRNA or lentiviral transduction 
prevented the increase in the PDK1•PKCζ association, the 
increase in the activity of PKCζ and caspase‑3, as well as the 
caspase‑3‑mediated PKCζ proteolysis and inactivation from 

occurring at the NMs of the VP‑16‑exposed C4‑I cells. Our 
observations provide evidence that Bcl10 acts as a pivotal 
pro-apoptotic protein which crucially nucleates complexes 
comprising PDK1, PKCζ and active caspase‑3 at the NMs of 
VP‑16‑exposed C4‑I cells. Hence, our data suggest that Bcl10 
and PKCζ are potential therapeutic targets in the treatment of 
HCC.

Introduction

The disease with the second highest rate of mortality, for 
women, is human cervical carcinoma (HCC), which is preva-
lent in developing countries (1,2). The majority of HCCs derive 
from epithelial cells that have been persistently infected with 
high‑risk oncogenic human papillomaviruses (HPVs), which 
express the E6 and E7 mRNAs, and proteins binding/neutral-
izing anti‑oncogenic p53 and pRb. Furthermore, other 
co‑factors, which have been less thoroughly studied, 
also promote HCC development  (3,4). Notably, a small 
percentage (10%) of HCCs develops independently of a persis-
tent high‑risk oncogenic HPV infection  (5). The complex 
molecular mechanisms responsible for the development of 
HCCs thus remain partially unclear, and this hinders the 
identification of predictive markers for the early detection of 
malignancy development and the discovery of novel, effective 
therapies.

Proteomics and bioinformatics analysis have allowed 
researchers to identify differential protein expression patterns 
and the molecular mechanisms responsible for the develop-
ment of HCC (6). A previous study identified a consensus of 
66 proteins termed the ‘central core of HCC protein expression̓ 
which was deduced from the proteomes of 6 HCC cell lines (not 
comprising the C4‑I cell line); this differed from the proteomic 
profile corresponding to the non-tumorigenic cell line, HaCaT 
keratinocytes (7). Conversely, a comparative transcriptomics 
study carried out on 9 HCC cell lines singled out C4‑I cells as 
those which mimicked most closely late‑stage invasive in vivo 
HCCs (8). This prompted us to select the C4‑I cells as our 
experimental model in order to study the signaling of protein 
kinase C (PK)C isoforms at the nuclear envelope (NE) under 
conditions of spontaneous growth or apoptosis.
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PKCs include 12 gene‑related serine/threonine PK isoforms, 
which play crucial roles in cell survival, differentiation, polarity 
regulation, gene transcription, mitotic cycle control, malignant 
initiation and promotion, and drug‑ or irradiation‑elicited apop-
tosis (1,9‑13). On the basis of their activation requirements, the 
PKC isoforms are divided as follows: i) classical PKCs [cPKCs, 
i.e., α, βI, βⅡ and γ, the activation of which requires calcium, 
diacylglycerol (DAG) and phosphatidylserine (PS)]; ii) novel 
PKCs (nPKCs, i.e., δ, ε, η and θ, the activation of which requires 
DAG and PS, but not calcium); and iii) atypical PKCs (aPKCs, 
i.e., ζ and ι/λ, the activation of which requires only PS). Each 
PKC isoform has unique structural properties and different 
subcellular locations, and each has a different signaling role 
according to cell type and subcellular compartment, e.g., the 
endoplasmic reticulum (ER), mitochondria and NE (9-13).

The many functions of the NE are of great pathophysiolog-
ical importance: it has been shown to play important roles in the 
upkeep of the nuclear integrity, in chromatin organization control 
and maintenance, the sequestration of transcription factors, gene 
transcription, DNA replication, cell development, cell differen-
tiation, signaling molecule production and activity, and it is also 
involved in protecting cells against stress (14). However, the roles 
of PKC isoform(s) signaling at the NE, particularly in apoptotic 
cells, are not yet fully understood. Previously, using pyF111 cells, 
i.e., polyomavirus (the rodent HPV counterpart)‑infected rat 
embryo fibroblasts, we demonstrated that various PKC isoforms 
(e.g., βI, βⅡ and δ) translocated to the NE and there exhibit an 
increase or decrease in activity during apoptosis induced by 
etoposide (also known as VP‑16, a topoisomerase‑Ⅱ inhibitor) or 
photoexcited calphostin‑C (15‑18). Etoposide is a drug that is used 
to treat several types of cancer, including cervical carcinoma; 
several clinical studies have suggested that the combination of 
etoposide with cisplatin is effective for treating advanced or 
recurrent cervical cancers (19).

Therefore, in a recent study of ours  (20), we aimed to 
elucidate, by means of proteomic and biochemical methods, 
the interactions of PKCζ isoforms with protein partners at the 
nuclear membranes (NMs) of both spontaneously proliferating 
(i.e.,  untreated) and apoptotic (i.e.,  VP‑16‑exposed) HCC 
C4‑I cells. Through the combined use of two‑dimensional 
electrophoresis (2‑DE), matrix‑assisted laser desorption ioniza-
tion (MALDI) time‑of‑flight (TOF) mass spectrometry (MS), 
peptide mass fingerprinting (PMF), and bioinformatics analysis, 
we selected 31 and 33 proteins which co-immunoprecipitated 
with PKCζ from the NMs of untreated or VP‑16‑exposed C4‑I 
cells, respectively. These proteins pertained to 8 functional 
groups, the members and relative sizes of which differed. 
Of the proteins detected, only 8 proteins, including B‑cell 
lymphoma 10 (Bcl10) were belonged to both subproteomes. 
Therefore, given the highly dynamic complexity of the 
NM‑linked interactors/substrates, the molecular interac-
tions and functional roles of PKCζ changed remarkably, in 
keeping with the untreated or apoptogen‑treated cellular 
contexts (20). Moreover, we unexpectedly found that at the 
NMs of VP‑16‑treated C4‑I cells, PKCζ formed complexes 
with and phosphorylated the Bcl10 protein, which prompted the 
caspase‑3‑mediated pro-apoptotic inactivation of PKCζ (20).

The Bcl10 gene was identified from the (1;14)(p22;q32) 
breakpoint in mucosa‑associated lymphoid tissue  (MALT) 
lymphomas and is ubiquitously expressed in normal tissues (21). 

It encodes a 233 amino acid protein that has an N‑terminal 
domain (amino acids  1‑13) necessary for transcriptional 
activation  (22,23), a caspase recruitment domain  (CARD; 
amino acids 14‑90) to which CARD motif‑endowed proteins 
[e.g.,  CARD-containing MAGUK protein  1 (CARMA1)] 
bind (21), and a C‑terminal region (amino acids 91‑233) rich in 
serines and threonines that undergoes multiple phosphoryla-
tions (24). The Bcl10 protein functions are manifold. Previous 
gene‑knockout research has identified Bcl10 as a positive regu-
lator of neural tube closure and of the antigen receptor‑induced 
activation of nuclear factor‑κB (NF‑κB), a transcription factor 
involved in cell survival, lymphocyte proliferation and normal 
immune responses (25). Wild‑type (wt) Bcl10 operates as a 
tumor suppressor, whereas mutated Bcl10 acquires oncogenic 
properties that act to promote various lymphomas and meso-
theliomas (21,26). However, no Bcl10 mutations have been 
detected in many other types of human solid tumors, including 
HCCs (21,27). Conversely, the pathophysiological mechanism(s) 
mediated by the Bcl10 protein during apoptosis has(ve) not, as 
yet, been fully elucidated. It has been reported that the enforced 
overexpression of wt Bcl10 protein weakly induces apoptosis 
and activates NF‑κB in cells; yet, the expression of a Bcl10 
mutant protein, in which the CARD domain is truncated, does 
not trigger apoptosis but activates NF‑κB (26,28,29). Evidence 
to date suggests that the Bcl10 protein is involved in the auto-
proteolytic activation of pro‑caspase‑9 (28), in dissociating 
caspases from their inhibitors, cellular inhibitor of apoptosis 
proteins (cIAPs) (30), and in the formation of pro-apoptotic 
complexes with PKCζ at the NMs of HCC C4‑I cells (20,31).

In our previous study, of the proteins that co-immuno-
precipitated with PKCζ from the NMs, we identified the 
3‑phosphoinositide-dependent protein kinase‑1 (PDK1) (20), a 
master regulator of the AGC family of PKs. PDK1 mediates 
various important cellular functions, and it phosphorylates and 
activates several AGC‑family members involved in the modula-
tion of cell growth, proliferation, survival and metabolism (32). 
PDK1 is a constitutively active kinase that phosphorylates 
other members of the same family, i.e., PKCs, S6K, SGKs, 
p90 ibosomal protein S6 kinases (RSKs) and AKT at their 
activation loop (residue Thr308 or equivalent). Therefore, the 
specificity of the functions of PDK1 is ensured by its location 
near its downstream targets and by protein‑protein interac-
tions  (33‑35). Previously, PDK1 has been shown to play a 
crucial nucleating role in T cells by connecting the T cell 
receptor (TCR) to two signaling complexes, PKCθ/IKK and 
CARMA1/Bcl10/MALT1 (or CBM signalosome), triggering 
NF‑κB activation in response to TCR signaling (36).

The present study aimed to further define the interactive 
roles Bcl10 plays not only with PKCζ, but also with PDK1 
and caspase‑3 at the NMs of apoptotic C4‑I cells. Our results 
support the hypothesis that Bcl10 protein functions as an 
essential ‘linchpin’ which nucleates pro-apoptotic complexes 
comprising PDK1, PKCζ and caspase‑3 at the NMs of 
VP‑16‑treated C4‑I cells.

Materials and methods

Cell culture. The HCC C4‑I cells were a gift from Professor 
Nelly Auersperg (University of British Columbia, Vancouver, 
BC, Canada). The cells were plated in 175‑cm2 plastic 
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flasks (Sarstedt, Verona, Italy) and incubated at 37˚C in 
95% air/5% CO2 in complete medium consisting of 95% (v/v) 
Dulbecco's modified Eagle's Minimum Essential Medium 
(MEM; Sigma‑Aldrich, Milan, Italy) and 5% (v/v) heat‑inacti-
vated (56˚C for 30 min) fetal bovine serum (Lonza Group, Ltd., 
Basel, Switzerland) containing gentamycin (0.1 mg/ml; Lonza 
Group, Ltd.). Prior to reaching confluence, the cell cultures 
were split at a ratio of 1:6 by incubating them at 18±2˚C with 
0.025% (w/v) trypsin (Sigma‑Aldrich).

Cell apoptosis. The cells were seeded (0.8x106 cells) in each of 
several 175‑cm2 flasks. At the 0 h of the experiment (i.e., 24 h 
later), the cells in some flasks were sampled (untreated 
controls), while the topoisomerase‑Ⅱ inhibitor, VP‑16 (etoposide 
or 4-demethyl-epipodophyllotoxin-9-[4,6-O-ethylidene-β-D-
glucopyranoside); 2.0 µg/ml; Sigma‑Aldrich) was added to the 
remaining flasks. The medium was not changed during the 
observation period (48 or 72 h). In order to assess cell damage 
by epifluorescence microscopy, the cells were stained with 
acridine orange  (AO) and ethidium bromide  (EB), which 
simultaneously revealed viable, apoptotic and necrotic cells.

Isolation of nuclei and NM fractions. The cells were harvested by 
scraping them into cold (4˚C) phosphate-buffered saline (PBS) 
and centrifuging the suspension at 200 x g for 10 min. To isolate 
the nuclei and NEs, cell fractionations were carried out as previ-
ously described (20). The integrity of the nuclei was judged 
by phase contrast microscopy, and the purity of the NMs was 
assessed by western blot analysis with an anti‑lamin B1 (C‑20) 
goat antibody  (sc‑6216; Santa Cruz Biotechnology,  Inc., 
Heidelberg, Germany). The nuclei were suspended in an excess 
volume of hypotonic buffer [10 mM Tris (pH 7.4), 10 mM 
Na2HPO4, 5 mM sodium fluoride, 20 µM sodium orthovanadate 
and complete EDTA‑free protease inhibitor mixture (Roche 
Diagnostics GmbH, Milan, Italy)] containing DNAse I and 
heparin (0.2 and 5.0 mg/mg of nuclear protein, respectively). 
This suspension was incubated at 4˚C for 45 min and then 
centrifuged at 9,500 x g for 15 min. The resulting pellet was 
the NE‑enriched NM fraction, while the supernatant was the 
nucleoplasmic (NP) fraction. In this study, we focused on NMs, 
but also probed total cell lysates (TCLs) as required.

Immunoprecipitation of NM‑bound proteins. Equal amounts of 
protein (150 µg) from the NMs were used in the immunopre-
cipitation experiments, which were performed with Dynabeads 
Protein G (Life Technologies Italia, Monza, Italy) and antibodies 
against PKCζ (sc‑216), PDK1 (sc‑17766) or Bcl10  (sc‑5273 
mouse monoclonal or sc‑5611 rabbit polyclonal; Santa Cruz 
Biotechnology, Inc.) according to the manufacturer's instructions. 
The immunocomplex‑bearing beads were washed 5 times with 
Tris‑buffered saline [20 mM Tris (pH 7.4), 200 mM NaCl], 5 mM 
sodium fluoride, 20 µM sodium orthovanadate, and complete 
EDTA‑free protease inhibitor mixture (Roche Diagnostics 
GmbH). After a final wash, the immunocomplex-bearing beads 
were resuspended in tris‑buffered saline to measure PKCζ native 
activity or in sample buffer for western blot analysis.

Western blot analysis. Equal amounts (10‑20 µg) of protein from 
each subcellular fraction were determined by means of Bio‑rad 
Protein Assay (Bio‑rad Laboratories, Milan, Italy) and processed 

for western blot analysis as previously described (15-18,20). 
Different antibodies (final concentration, 1.0 µg/ml) were used 
to for antigen detection: anti‑PKCζ (C‑20; sc‑216), anti‑[pho
sphorylated (p)‑Thr410]‑PKCζ (sc‑101778), anti‑Bcl10 (331.3 
sc‑5273 mouse monoclonal or H‑197 sc‑5611 rabbit polyclonal), 
anti‑PDK1 (A‑10; sc-17766) and anti‑Lamin B1 (C‑20; sc‑6216; 
this antibody was used to reveal equal loading of proteins) (all 
from Santa Cruz Biotechnology, Inc.). The blots were then 
incubated with alkaline phosphatase‑conjugated anti‑mouse, 
anti‑rabbit or anti‑goat IgGs (Santa Cruz Biotechnology, Inc.) 
and stained with BCIP/NBT liquid substrate reagent or 
CDP‑Star (both from Sigma‑Aldrich). The developed blots 
were photographed using a digital camera, and the Mr and 
density of each specific band were assessed using SigmaGel™ 
software (Jandel Corp., San Rafael, CA, USA).

Assay for the detection of immunopurified native PKCζ‑specific 
activity. A fluorometric PKC activity assay kit, the Omnia™ 
Ser/Thr Recombinant Kit 8 (Life Technologies Italia), which 
included the Omnia™ S/T‑peptide‑8 as a PKCζ‑specific 
substrate, was used. To measure the specific activity (µg/
protein) of the PKCζ isoforms immunoprecipitated from 
the NMs, the assay mixture was set up as according to the 
manufacturer's instructions. No co-factor was added to the 
immunocomplex‑bearing beads, as the detection of PKCζ 
basal activity does not need Ca2+, PS or DAG. Each sample was 
incubated in the presence or absence of a myristoylated PKCζ 
pseudosubstrate inhibitor (Myr‑SIYRRGARRWRKL‑OH, 
100 µM; Sigma‑Aldrich) to confirm the specificity of PKCζ 
activity. The amounts of phosphorylated S/T‑peptide‑8 were 
determined by measuring fluorescence (λex 360  nm; λem 
485 nm) according to the manufacturer's instructions. The 
results were expressed in arbitrary units calculated for each 
sample as ΔF µg‑1 immunoprecipitated protein.

Assay for the detection of caspase‑3 activity. The specific 
activity of caspase‑3 was measured using its specific 
7‑amido‑4-methylcoumarin  (AMC)‑conjugated substrate, 
Acetyl‑Asp‑Met‑Gln‑Asp‑AMC (Ac‑DMQD‑AMC; 50 µM; 
Bachem, Weil am Rhein, Germany) according to the proce-
dure described in our previous study (20). The results were 
expressed in arbitrary units.

Isolation of p‑caspase‑3. Phosphoproteins were isolated using 
PhosphoCruz‑Agarose™ (Santa Cruz Biotechnology,  Inc.) 
according to the manufacturer's instructions. Briefly, 300 µg NM 
proteins were diluted up to 1.0 ml with 50 mM MES,  1.0 M NaCl, 
0.25% CHAPS pH 6.6 (binding/washing buffer), and reacted 
with PhosphoCruz‑Agarose for 90 min at 4˚C under swelling. 
Following 3 washes with binding/washing buffer, the phospho-
proteins were eluted from PhosphoCruz‑Agarose in 100 mM 
ammonium bicarbonate, 0.25% CHAPS pH 9.0 (elution buffer) 
and assessed by western blot analysis using anti‑caspase‑3 anti-
body (clone  4‑1‑18; MAB4703; Merck Millipore, Milan, Italy).

Isolation of cytoplasms and nuclei for cell‑free reconstituted 
N-C constructs. We followed our previously described proce-
dure (20). Untreated C4‑I cells or C4‑I cells treated with VP‑16 
for 24 h were harvested by scraping them into cold (4˚C) PBS. 
The cells were then washed twice by centrifugation/resuspen-
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sion cycles in cold PBS, and incubated on ice for 10 min at 
a density of 1.0x107 cells/ml in lysis buffer [150 mM NaCl, 
1.0 mM KH2PO4, 5.0 mM MgCl2, 1.0 mM EGTA, 1.0 mM 
dithiothreitol, 20 µM sodium orthovanadate, 5.0 mM sodium 
fluoride complete‑EDTA‑free protease inhibitor mixture (Roche 
Diagnostics GmbH, Milan, Italy), 5.0 mM HEPES (pH 7.4), 
10% glycerol and 0.3% Triton X‑100]. The lysates were then 
centrifuged (2,000 x g for 10 min at 4˚C), and their supernatants 
were the cytoplasmic extracts (C) from either untreated (0 h) 
cells or cells treated with VP‑16 for 24 h. Intact nuclei (N) were 
isolated only from the untreated cells, washed twice by centrif-
ugation/resuspension in lysis buffer without Triton X‑100, and 
suspended at a final density of 1.0‑2.0x107 nuclei/ml. Both types 
of cytoplasmic pools (4 volumes) were then incubated at 30˚C 
for 30 min with N isolated from untreated cells (1 volume), 
thus forming the reconstituted constructs (N‑Cs). Of these, we 
experimentally used 4 types i.e., types (a) and (b), untreated 
N‑Cs minus/plus (respectively) a specific inhibitor of PKCζ 
activity (60 µM); and types (c) and (d), VP‑16‑treated C's plus 
untreated N minus/plus (respectively) a specific inhibitor of 
PKCζ activity (60 µM) (Fig. 4A). p‑Caspase‑3 was assessed 
in the NM‑immunoprecipitated phosphoprotein fraction 
(using PhosphoCruz‑Agarose; Santa Cruz Biotechnology, Inc.) 
through western blot analysis with anti‑caspase‑3 antibody.

Suppression of Bcl10 expression using small interfering 
RNA  (siRNA). Chemically synthetic siRNA specifically 
suppressing Bcl10 protein synthesis was purchased from 
Qiagen (Milan, Italy). The sequences of this siRNA‑Bcl10 were 
as follows: sense, 5'‑GAA UCU AUU CGG CGA GAAA‑3', 
and antisense, 5'‑UUU CUC GCC GAA UAG AUUC‑3'. The 
cells were plated in 6‑well plates at a density of 45x103 cells/well, 
transfected with siRNA‑Bcl10  (8.0  nM) using HiPerFect 
reagent in siRNA buffer as the vehicle (HPF; Qiagen), and 
cultured for 24 h according to the manufacturer's instructions. 
Subsequently, a second dose of siRNA‑Bcl10 (8.0 nM) in HPF 
was administered simultaneously with VP‑16 (2.0 µg/ml) at the 
experimental 0 h of the study and the cells were sampled 24 h 
later. Relevant transfection controls were as follows: i) cells 
were transfected with an Alexa Fluor 488‑labeled scrambled 
siRNA sequence (Qiagen) and ii) cells were treated only with 
HPF. The entry of the transfection complexes into the C4‑I 
cells was confirmed through observation under a fluorescence 
microscope (BX60™; Olympus Italia, Segrate, Milan, Italy) of 
the cells that had been transfected with an Alexa 
Fluor 488‑labeled scrambled siRNA sequence (data not shown). 
The effectiveness of silencing Bcl10 expression was determined 
by western blot analysis of the NMs and TCLs with an 
a n t i ‑Bcl10  mono clona l  a n t ib o dy  (Sa nt a  Cr u z 
Biotechnology, Inc.).

Bcl10‑suppressing lentiviral iRNA (iBcl10) transactivation of 
C4‑I cells. We used the human immunodeficiency virus 
type 1‑derived lentiviral vector to generate a constitutively 
active pLKO.1‑puro/Bcl10 vector which would then be used 
for the specific depletion of Bcl10. The most effective 
Bcl10‑suppressing lentiviral constructs had target sequences 
that differed from those of the siRNA‑Bcl10 (see above), that 
is: GTT GAA TCT ATT CGG CGA GAA or GAA GTG AAG 
AAG GAC GCC TTA. The recombinant lentivirus was 

produced by transducing HEK293FT cells using a ViraPower 
Lentiviral Expression system (Life Technologies Italia). 
Briefly, pLKO.1‑puro/Bcl10 (3.0 µg) was co‑transduced in 
subconfluent HEK293FT cultures with the ViraPower 
Packaging Mix using Lipofectamine 2000. Lentiviruses were 
harvested 48 h later, filtered through a Millex‑HV 0.45 µm and 
stored at ‑80˚C, according to the manufacturer's instructions. 
For RNA interference experiments, the viral stocks were 
added to the C4‑I cells (0.8x106) supplemented with 4.0 µg/ml 
polybrene (Santa Cruz Biotechnology,  Inc.). Infected cells 
were selected by incubation with 5.0  µg/ml puromycin 
(Sigma‑Aldrich) for 4 days. A lentiviral non‑target vector (nt) 
containing a short hairpin that does not recognize any human 
or mouse gene (MISSION pLKO.1‑puro; Sigma‑Aldrich) was 
used in parallel as a negative control in all the transduction 
experiments. The effectiveness of silencing Bcl10 expression 
was determined by western blot analysis of the TCLs and/or 
NMs with an anti‑Bcl10 monoclonal antibody (Santa Cruz 
Biotechnology, Inc.).

Statistical analysis. One‑way analysis of variance (ANOVA) 
with the post hoc Holm‑Sidak test (both pair‑wise multiple 
comparison procedures) were applied to the data, and a value 
of P<0.05 was considered to indicate a statistically significant 
difference using the Sigmastat 3.5™ software package (Systat 
Software Inc., Chicago, IL, USA).

Results

Apoptotic effects of VP‑16 on C4‑I cells. These effects have 
been previously detailed (20). For the present aims, we need 
only mention that the numbers of substrate‑adherent viable 
cells (i.e., those with a typically patterned AΟ‑stained DNA; 
those stained with EB were excluded) in the untreated cultures 
trebled between the experimental 0 h (i.e., 24 h after plating in 
F‑175 flasks and the addition of fresh medium at 24 h) and 72 h. 
C4‑I cell proliferation was inhibited immediately after the addi-
tion of etoposide (VP‑16; 2.0 µg/ml) and 24 h later the viable 
cell numbers began to decline (72 h, ‑61% vs. 0 h; P<0.01).

PKCζ•Bcl10•PDK1 complexes increase at NMs of apoptotic 
C4‑I cells. PKCζ activation requires the phosphorylation of 
Thr410 within its T‑loop (which is effected by an upstream 
kinase, PDK1)  (37). We first confirmed by western blot 
analysis the previous identification through PMF of PDK1 
as an NM protein which co-immunoprecipitates with 
PKCζ (20) (Fig. 1A). Furthermore, we found that following 
treatment with VP‑16, the levels of PDK1 at the NMs increased 
significantly [24 h, 2.2‑fold; 48 h, 2.5‑fold vs. 0 h; P<0.02 in both 
instances vs. the 0 h (control) values] (Fig. 1A). Moreover, to 
determine the possible involvement of PDK1 in the functioning 
of the PKCζ•Bcl10  complexes, we used immunoprecipita-
tion to examine whether PDK1 co-immunoprecipitates with 
Bcl10 and PKCζ from the NMs of C4‑I cells. We found that 
PKCζ was associated with increasing levels of PDK1 (24 h, 
3.0‑fold; 48 h, 3.3‑fold vs. 0 h; P<0.02 in both instances vs. 0 h 
values)  (Fig.  1B). Reverse co‑immunoprecipitation assays 
performed using an anti‑PDK1 ab confirmed PDK1's soaring 
association with PKCζ (data not shown). We also observed 
that at the NMs of VP‑16‑treated cells, Bcl10 co-immmuno-
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precipitated with increasing amounts of PDK1 (24 h, 17.5‑fold 
and 48 h, 32‑fold vs. 0 h; P<0.001 in both instances vs. the 
0 h values) (Fig. 1C). Finally, at the NMs of the VP‑16‑treated 
cells, PDK1 was associated with increasing amounts of Bcl10 
(24 h, 7.7‑fold and 48 h, 12.3‑fold vs. 0 h; P<0.05  in both 
instances vs. the 0 h values) (Fig. 1D). Taken together, these 
results indicate that PKCζ, Bcl10 and PDK1 are joined together 
in heterotrimeric protein complexes that increasingly assemble 
over time at the NMs of apoptotic C4‑I cells.

Bcl10 knockdown prevents PDK1 from linking with/activating 
PKCζ at NMs of apoptotic C4‑I cells. The detected interaction 
of PDK1 with Bcl10 was particularly noteworthy, as we had 
previously reported that increasing amounts of assembled 
PKCζ•Bcl10 complexes accrued at the NMs of VP16‑treated 
C4‑I cells  (20,31). Therefore, in this study, we aimed to 
establish whether the specific knockdown of Bcl10 expression 
would hinder the assembly of PDK1•PKCζ complexes and, 
consequently, hinder the increase in PKCζ activity at the NMs 
of apoptotic C4‑I cells. To this end, we used i) a specific siRNA 
targeting Bcl10 (siBcl10); and ii) a short hairpin Bcl10 mRNA-
suppressing lentiviral vector (iBcl10) targeting two nucleotide 
sequences differing from that aimed at by the siBcl10  (see 
Materials and methods).

siBcl10. As shown in  Fig.  2A, similar levels of Bcl10 
protein were found in the blots of the TCLs of the untreated 
or VP‑16‑treated C4‑I cells. A double administration (at ‑24 

and 0 h) of siBcl10 (8.0 nM) dissolved in HPF suppressed, by 
24 h, 78.0‑80.3% of the Bcl10 protein level in the TCLs from 
both the untreated and VP‑16‑exposed C4‑I cells. Notably, 
siRNA‑mediated Bcl10  suppression brought about three 
interrelated effects at the NMs of the C4‑I cells treated with 
VP‑16 for 24 h: i) it prevented the increase in the assembly 
(0 h) of PKCζ•PDK1 complexes, thereby suppressing the 3‑fold 
increase otherwise elicited by VP‑16 in the Bcl10‑expressing 
cells (Fig. 2B); ii) it reduced below basal levels the PDK1‑effected 
phosphorylation at Thr410 which activated the PKCζ holopro-
tein, thereby obliterating the increase in Thr410 phosphorylation 
occurring in VP‑16‑treated Bcl10‑expressing cells (Fig. 2C); 
and iii) it completely blocked the surge, over basal levels, of 
PKCζ activity observed in VP‑16‑exposed Bcl10‑expressing 
cells (Fig. 2D). Remarkably, these 3 effects were specific to the 
siRNA‑mediated suppression of Bcl10, since treatment with 
a scrambled siRNA neither modified basal PKCζ activity nor 
hindered its VP‑16‑elicited increase (Fig. 2D).

iBcl10. We also explored the role(s) of Bcl10 in the associa-
tion of PKCζ with PDK1 using a Bcl10‑suppressing lentiviral 
vector (iBcl10) and, as control, a non‑target vector (inv). In 
keeping with previous our findings (20), Bcl10 levels remained 
steady in the TCL samples from the inv‑transduced cells, 
whereas in the TCL samples from iBcl10‑transduced cells, 
which were not treated with VP-16, these levels decreased 
by ~82% (P<0.001) after 72 and 96 h of puromycin selec-
tion (Fig. 3A).

Figure 1. Time course of VP‑16‑elicited 3‑phosphoinositide‑dependent protein kinase‑1 (PDK1) loading increase onto nuclear membranes (NMs) and PDK1 
interactions there with B‑cell lymphoma 10 (Bcl10) and protein kinase (PK)Cζ in wild‑type (wt) C4‑I cells. (A) With time, increasing amounts of PDK1 
translocated onto the NMs of VP‑16 (2.0 µg/ml)‑treated C4‑I cells as compared with untreated (0 h) C4‑I cells. (B) PDK1 co-immunoprecipitated with PKCζ 
holoprotein from NMs of VP‑16‑treated C4‑I cells in amounts that increased significantly with time. (C) Time‑related, inglarge increases in PDK1 co-immu-
noprecipitating with Bcl10 from NMs of VP‑16‑treated C4‑I cells as compared with untreated (0 h) C4‑I cells. (D) Reverse co‑immunoprecipitation confirmed 
time‑related surges in the amounts of Bcl10 co-immunoprecipitating with PDK1 at NMs from VP‑16‑treated C4‑I cells as compared with untreated (0 h) C4‑I 
cells. Immunoprecipitation assays (B‑D) were carried out as detailed in the Materials and methods. Representative blots are shown (A-D). Densitometric data 
(the means ± SEM) pertaining to each specific protein band from the experimental group were normalized by taking 1.0 as the corresponding 0 h value and 
expressed in arbitrary units. *P<0.03 vs. 0 h (controls), **P<0.03 vs. 24 h values (C and D). LC, loading control (A); ab, antibody.
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At the NM, samples from iBcl10‑transduced cells, not 
treated with VP‑16 (puromycin selection 48 h = experimental 
0 h time point), the levels of Bcl10 protein plummeted to 
12.5% of those detected at NMs isolated from inv‑transduced 
cells (Fig. 3B). However, a significant loading (10.5‑fold vs. 0 h; 
P<0.001) of Bcl10 onto NMs took place 48 h after the addition 
of VP‑16 to the inv‑transduced cells (Fig. 3B). Conversely, 
Bcl10 translocation increased 13.5‑fold at the NMs isolated 
from iBcl10-transfected cells by 24 h vs. the corresponding 0 h 
controls, but changed little between 24 and 48 h, and reached 
maximum levels that were only ~20% of those found at the 
NMs of VP‑16‑treated inv-transduced cells at 48 h (Fig. 3B). 

Hence, the suppression of Bcl10 significantly reduced Bcl10 
translocation onto the NE.

The basal (0 h) levels of PDK1 co-immunoprecipitating with 
PKCζ were similar at the NMs isolated from VP‑16‑untreated 
inv-transduced C4‑I cells, or iBcl10-transfected C4‑I 
cells or wt C4‑I cells (Fig. 3C and cf. 1B). However, at the 
NMs isolated from VP‑16‑treated (24  and  48  h) iBcl10-
transfected cells, the levels of PDK1‑linked PKCζ were not 
altered vs. the 0 h levels, revealing that with respect to the 
starting levels, no increase in the association between PKCζ 
and PDK1 had occurred; this observation was at sharp vari-
ance with the increases in PDK1‑PKCζ complexes that were 

Figure 2. Suppression of B‑cell lymphoma 10 (Bcl10) expression by siRNA prevents 3‑phosphoinositide‑dependent protein kinase‑1 (PDK1) from increasingly 
associating with protein kinase (PK)Cζ at the NE (nuclear envelope), thereby hindering the local surges in PKCζ phosphorylation and activity that would 
otherwise occur in VP‑16‑treated C4‑I cells. (A) The amount of Bcl10 was similar in total cell lysates (TCLs) from both untreated and VP‑16 (2.0 µg/ml)‑treated 
C4‑I cells, but in both cases they were reduced substantially and by similar degrees following a double exposure (at ‑24 and 0 h) to a specific siRNA that 
mediated Bcl10 suppression (siBcl10; 8.0 nM) dissolved in HiPerFect reagent (HPF), as detailed in the Materials and methods. TCLs from harvested cells were 
immunoblotted with an anti‑Bcl10 monoclonal antibody. (B) Bcl10 suppression by means of a specific siRNA (siBcl10) prevented PDK1 from increasing its 
levels of association with PKCζ at the nuclear membrane (NM) fractions of cells treated with VP-16 for 24 h over the basal levels of untreated control (CTR) 
cells. PKCζ was immunoprecipitated from equal aliquots of the NM fractions, and the immunoprecipitation samples were blotted and treated with an anti‑PKD1 
antibody. (C) Suppression of Bcl10 by siRNA also decreased to below starting (0 h) levels the phosphorylation at Thr410 of PKCζ holoproteins, caused by PDK1, 
as revealed by a specific phosphorylated antibody (which, however, did not bind p‑Thr410‑PKCζ catalytic fragments). Conversely, by 24 h p‑Thr410‑PKCζ holopro-
tein was beginning to surge in C4‑I cells treated with VP-16 alone. Cells were processed as in (B). (D) Suppression of Bcl10 by siRNA prevented the increase in 
NM‑linked PKCζ native‑specific activity from happening by 24 h of VP‑16 exposure (siBcl10 + VP‑16). By contrast, PKCζ native‑specific activity increased at 
the NMs of C4‑I cells treated with VP-16 alone (VP‑16 24 h). A scrambled (SCR) siRNA did not change the basal (0 h) levels of PKCζ‑specific native activity 
assayed at the NM fractions of C4‑I cells and did not hinder its increase 24 h after the addition of VP‑16 (SCR + VP‑16 24 h). CTR, untreated cells; siBcl10, 
Bcl10‑siRNA. Fluorometric assays of PKCζ activity were carried out as detailed in Materials and methods. Results are expressed in arbitrary units as ∆F µg/NM 
protein. Representative western blots are shown on the left panels in (A‑C). The corresponding densitometric data of the specific protein bands were normalized, 
taking as 1.0 the value of Bcl10 (A) or PDK1 (B) or p‑Thr410‑PKCζ holoprotein (C) of the untreated (0 h) control specimens, and expressed in arbitrary units. 
These data are presented as the means ± SE (n=4 in all instances). (A‑D) *P<0.02 (at least) compared with untreated (0 h) cell values (CTR), ** P<0.05 (at least) 
compared with values of cells treated with VP-16 alone. LC, loading control; ab, antibody.
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detected at the NMs from VP‑16 treated inv-transduced and wt 
cells (Fig.x 3C and cf. 1B). Notably, immunoprecipitated PKCζ 
native activity was not altered at the NMs from VP‑16‑treated 
iBcl10-transfected cells, whereas it increased significantly at 
the NMs from VP‑16‑treated inv-transduced cells (Fig. 3D) 
and wt cells (data not shown).

PKCζ promotes caspase‑3 phosphorylation, enhancing its 
proteolytic activity at NMs of wt, but not siBcl10-transfected 
or iBcl10‑transfected apoptotic C4‑I cells. Caspase‑3 has been 
previously identified as a protein that co‑immunoprecipitates 
with the PKCζ•Bcl10 complexes at the NMs of VP‑16‑treated 
cells (20), and actively cleaves PKCζ. Thus, in this study, we 

Figure 3. Effective lentiviral Bcl10 suppression inhibited B‑cell lymphoma 10 (Bcl10) translocation onto nuclear membranes (NMs) and the assembly of 3‑phos-
phoinositide‑dependent protein kinase‑1 (PDK1)‑protein kinase (PK)Cζ complexes at NMs, thereby preventing the increase in PKCζ activity at NMs isolated 
from VP‑16‑treated C4‑I cells. (A) Bcl10 levels were effectively decreased in total cell lysates (TCLs) from iBcl10‑transduced cells as compared to no target 
vector‑infected (inv) cells. Equal amounts (10 µg) of TCL proteins were immunoblotted and challenged with an anti‑Bcl10 monoclonal antibody as detailed in 
Materials and methods. (B) Lentiviral Bcl10 suppression (iBcl10) markedly reduced Bcl10 loading onto NMs after 24 and 48 h of VP‑16 treatment (corresponding 
to 72 and 96 h of puromycin selection) with respect to NMs from non‑target vector transduced (inv) or wild‑type (wt) cells (data not shown). (C) Lentiviral Bcl10 
suppression (iBcl10) inhibited the co-immunoprecipitation of PDK1 with PKCζ from NMs of VP‑16‑treated cells, which is at variance with what happened at NMs 
of inv-infected or wt cells (cf. Fig. 1B). PKCζ was immunoprecipitated from equal protein aliquots of NMs; next the immunoprecipitation samples were blotted 
and challenged with an anti‑PKD1 antibody as indicated in the Materials and methods. (D) Lentiviral suppression of Bcl10 (iBcl10) prevented the VP‑16‑elicited 
increase in PKCζ native specific activity immunoprecipitated from NMs, which was at variance with what occurred in NMs from VP‑16‑treated inv or wt C4‑I 
cells (data not shown). The experimental procedures were as described in (A). Representative blots are shown on the left panels in (A‑C). The densitometric data 
(means ± SE, n=5) pertaining to each specific protein band from each experimental group were normalized by taking as 1.0 the value of corresponding protein 
at 0 h and expressed in arbitrary units. PKCζ native activity results (D) were similarly normalized. LC, loading control (A and B). Statistical analysis in B‑D. 
*P<0.01 vs. untreated (0 h) cell values, **P<0.05 vs. VP‑16 alone‑treated cells values. ab, antibody.
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aimed to define the interactions between caspase‑3 and the 
PKCζ•Bcl10 complex and determine whether PKCζ‑specific 
activity has any influence on the association of caspase‑3 
with PKCζ•Bcl10 complexes. To address this issue, we used a 
PKCζ‑specific pseudosubstrate inhibitor (60 µM). This inhibitor 
curtailed 90% of PKCζ activity immunoprecipitated from the 
NMs of VP‑16‑treated C4‑I cells, but at the same time was 
highly cytotoxic and caused massive cell death within 4 h, 
which consequently obscured the results (data not shown). To 
overcome this hurdle, we generated 4 types of cell‑free N‑Cs, 
to which the PKCζ pseudosubstrate inhibitor (60 µM) was or 
was not added (Fig. 4A). The cell‑free N‑C constructs model 
consisted of intact nuclei from untreated (0 h) cells mixed with 
either cytoplasms from untreated (0 h) cells (N‑C1) or apoptotic 
cytoplasms from cells previously exposed to VP‑16 for 24 h 
(N‑C2). Note that the first 24 h are the time point when PKCζ 
native-specific activity associated to Bcl10 doubled and showed 
a major increase in the VP-16-treated cells as compared to the 
control cells (see Fig. 3D). Both these constructs were incubated 
at 30˚C for 30 min before their NMs were isolated. We found 
that adding the PKCζ activity inhibitor wholly suppressed 
any increase in caspase‑3 activity occurring at the NMs from 
N‑C2 constructs with respect to N‑C1 ones (Fig. 4B). Therefore, 
caspase‑3 recruitment and activation at the NE specifically 

required PKC‑ζ phosphorylating activity at the NM of apoptotic 
C4‑I cells.

To validate this result, we investigated the phosphoryla-
tion levels of caspase‑3 during VP16‑induced apoptosis. We 
immunoprecipitated the phosphorylated proteins of the NMs 
isolated from N‑C constructs and then probed the immunob-
lots of the immunoprecipitated components with a specific 
anti‑caspase‑3 antibody. As shown in Fig. 4C, the levels of 
p‑caspase‑3 (p19  large sub‑unit) increased markedly at the 
NMs of the VP16‑treated C4‑I cells, and this was prevented 
from occurring by the specific PKC‑ζ inhibitor.

Finally, we examined the effects of suppressing Bcl10 
expression, using a specific siRNA or lentiviral vector on 
caspase‑3 activity. We found that 48 h after the addition of 
VP‑16, caspase‑3 activity co-immunoprecipitating with PKCζ 
at the NMs of wt cells increased 5‑fold (P<0.001) vs. the 0 h 
values (Fig. 5), thus reaching its maximum value and concur-
rently the amount of PKCζ catalytic fragments cleaved by 
caspase‑3 progressively increased at the NMs topping by 48 h 
and 72 h of VP-16 treatment [for details see (19)]. By contrast, 
the suppression of Bcl10 by siBcl10 or iBcl10 prevented any 
increase in PKCζ‑associated caspase‑3 activity from occur-
ring in the apoptotic cells. These results indicated that Bcl10 
nucleated complexes comprising PDK1, PKCζ and caspase‑3, 

Figure 4. Protein kinase (PK)Cζ activity is required for the enhancement of caspase‑3 activity at nuclear membranes (NMs) of apoptotic C4‑I cells. (A) Schematic 
diagram of the 4 types (a‑d) of N-Cs experimentally used in the present study; details are provided in the Materials and methods. (B) In type (d) N‑Cs, the 
addition of a specific inhibitor of PKCζ activity suppressed the VP‑16‑induced increase in NM‑bound caspase‑3 activity that occurred in the NM fractions of 
type (c) N‑Cs. Details about the 4 types of N‑Cs used in the present experiments are shown in panel A. Data are presented as the means ± SE (n=4). *P<0.01 (at 
least) compared with type (a) values of N‑Cs. **P<0.01 (at least) compared with type (b) values of N‑Cs. ***P<0.01 (at least) compared with type (c) values of N‑Cs. 
(C) Levels of phosphorylated (p)‑caspase‑3 (p19 large sub‑unit) increased markedly at NMs from type (c) N‑Cs as compared with type (a) N‑Cs. The suppression 
of PKCζ activity by a specific inhibitor prevents the increase of p‑caspase‑3 at NMs from type (d) N‑Cs, as compared with type (c) N‑Cs. Densitometric data 
corresponding to p‑caspase‑3 specific bands from N‑C experimental sets (n=4) are shown as the means ± SE expressed as arbitrary units, and normalized taking 
as 1.0 the values at type (a) N‑Cs. *P<0.01 (at least) compared with type (a) N‑Cs values. **P<0.01 (at least) compared with type (c) N‑Cs values. 
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which eventually led to the phosphorylation and enhancement 
of the activity of caspase‑3, as previously shown (20), and in 
turn cleaved and inactivated the PKCζ holoproteins.

Taken together, these results prove that, under VP‑16 treat-
ment, Bcl10 plays a crucial role at the NE by influencing the 
interaction between PDK1 and PKCζ; this interaction allows 
PDK1 to phosphorylate at Thr410 and activate PKCζ, and 
active PKCζ to phosphorylate Bcl10. Next, phosphorylated 
Bcl10 causes a further interaction of PKCζ with caspase‑3 that 
enhances the proteolytic activity of the latter and effects the 
pro-apoptotic cleavage and inactivation of PKCζ (Fig. 5).

Discussion

PKCζ is overexpressed in squamous HCCs, HeLa cells and C4‑I 
cells (20,38). In a previous study (20), we investigated the role(s) 
that PKCζ plays at the NE of C4‑I cells by analyzing, using 
proteomics analysis, the proteins with which PKCζ interacts. 
We found that 31 proteins and 33 proteins co-immunoprecip-
itated with PKCζ from the NMs, respectively, of proliferating 
(untreated) and VP‑16‑treated C4‑I cells, respectively. Only 8 of 
these proteins, including the Bcl10 protein, were present in both 
types of NM samples. The identified PKCζ‑interacting NM 
proteins were assigned to 8 main functional groups, the relative 
percentage fractions of which differed in the NMs isolated from 
untreated vs. VP‑16‑treated cells. The protein groups related to 
transcription control, signal transduction and mitotic cell cycle 
regulation were prominent in the untreated NM samples, whereas 
in the VP‑16‑treated NM samples the protein group regulating 
programmed cell death was most prominent, followed by the 
signaling and transcription‑regulating protein group. However, 
as previously noted, 71% of the signaling proteins, 86% of the 
apoptosis‑regulating proteins, and 100% of the cell cycle‑ and 
transcription regulation‑related and chaperone/adapter proteins 
were utterly dissimilar in the two situations considered (20).

Contentious opinions have been expressed in the past about 
the pro‑ or anti‑apoptotic roles played by PKCζ (39‑41). Our 
results from proteomics analysis clearly demonstrated that 
PKCζ changed nearly 86% of its interacting proteins at the 
NMs of C4‑I cells. Therefore, we surmised that PKCζ operates 
as a role‑shifting kinase that interacts with and phosphorylates 
widely differing sets of NM proteins under conditions  of 
growth or apoptosis (20).

In addition, in our previous study, we identified a hitherto 
unreported PKCζ•Bcl10 complex, the amount of which surged 
with time at the NMs of apoptotic C4‑I cells  (20). While 
selecting the PKCζ‑interacting NM proteins, we noted Bcl10 
since i) it co-immunoprecipitated with PKCζ from the NMs 
of both growing and apoptotic cells; and ii) in 2‑DE gels of 
the VP‑16‑treated samples, we observed by 24  h a shift 
toward more acidic values of the pIs of both PKCζ and Bcl10 
vs.  the 0 h values, which suggested that post-translational 
changes, e.g., phosphorylations, had occurred during this time 
lapse  (20). We observed that PKCζ increasingly interacted 
with Bcl10 at the NMs of apoptotic C4‑I cells and provided 
evidence that PKCζ must be added to the group of the known 
Bcl10‑phosphorylating kinases (20). Conversely, among the 
proteins interacting with Bcl10•PKCζ complexes at the same 
NMs we did not find any protein(s) already known to associate 
with Bcl10 or to partake with it in the CBM signalosomes (20). 
Bcl10 has been described as an apoptosis‑regulating protein 
and tumor suppressor gene involved in NF‑κB‑mediated 
functions (21,26,28,29,42,43). Hitherto, studies on Bcl10 have 
mostly been carried out on various types of lymphomas (44). In 
such tumors, Bcl10 is phosphorylated by several PKs, including 
Ca2+‑calmodulin‑dependent PKⅡ, AKT1, p38‑MAPK, IκB 
kinase and PKC (21,30). Recently Kuo et al (45) demonstrated 
that the suppression of Bcl10 by siRNA hindered the growth 
of 4 otherwise untreated HCC cell lines (i.e., C33A, CaSki, 
HeLa and SiHa) through the NF‑κB‑dependent regulation of 
cyclin D1.

The results of our present study attest, to the best of our 
knowledge, for the first time that another PK, PDK1, associ-
ates with the Bcl10•PKCζ complexes, thus forming the 
PDK1•Bcl10•PKCζ heterotrimer at the NMs of C4‑I cells. 
Under basal (untreated) conditions, these heterotrimers are 
scanty at NMs. However, while undergoing VP‑16‑induced 
apoptosis, a massive increase of Bcl10, PDK1 and PKCζ 
onto NMs and consequently an increasing assembly of the 
PDK1•Bcl10•PKCζ complexes occur with time. In keeping 
with the well‑established view that PDK1 phosphorylates at 
Thr410 and activates PKCζ (37), we demonstrated in this study 
that this happens also in the PDK1•Bcl10•PKCζ complexes 
at the NMs of C4‑I cells. However, we demonstrated in the 
present study that during VP‑16‑induced apoptosis, PDK1 
interacts with PKCζ only when both proteins are complexed 
with Bcl10. The specific function of PDK1 has been shown 
to be regulated not only by its own phosphorylation, but also 
by protein‑protein interactions and its subcellular localiza-
tions (33‑35). We demonstrated in this study that the depletion 
of Bcl10 expression by either specific siRNA suppression or 
lentiviral transactivation wholly prevented the otherwise 
increasing interaction between PDK1 and PKCζ and, hence, the 
PKCζ‑activating phosphorylation at Thr410 by PDK1. Therefore, 
according to our findings, during VP‑16‑induced apoptosis, 

Figure 5. siRNA targeting B‑cell lymphoma 10  (siBcl10) and lentiviral 
(iBcl10) suppression of Bcl10 prevented the increase in caspase‑3 co-immuno-
precipitated with protein kinase (PK)Cζ from the nuclear membranes (NMs) 
of VP‑16‑treated C4I cells (48 h) as compared with untreated (0 h) cells. 
***P<0.001 vs. untreated (0 h) cells values or #VP‑16‑treated wild‑type (wt) cell 
values. 
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Bcl10 acts as the essential pivot which nucleates the assembly 
of PDK1•Bcl10•PKCζ complexes at NMs.

Τhe influence of Bcl10 at the NMs of apoptotic C4‑I 
cells is far reaching and is triggered by the phosphorylation 
of Bcl10 on PDK1‑activated PKCζ (20). Since the specific 
depletion of PKCζ through lentiviral iRNA transactivation 
prevents the accumulation of Bcl10 at NMs in apoptotic C4‑I 
cells, it seems likely that PKCζ first translocates to the NE; 
secondly, it enlists Bcl10 there; thirdly, it is phosphorylated 
and activated by Bcl10‑recruited PDK1; and fourthly, it 
phosphorylates Bcl10 (20) (Fig. 6). p‑Bcl10 then nucleates a 
second complex (or expands the first one) comprising PKCζ 
and active caspase‑3. This is revealed by results gained by 
the specific lentiviral‑transduced or siRNA‑mediated deple-
tion of Bcl10, demonstrating that under these conditions the 
progressive proteolytic cleavage and functional inactivation 
of PKCζ by active caspase‑3 no longer take place (20). Of 
note, Yan et al (28) reported that in 293T and MCF7 cells, 
Bcl10 interacts via a specific CARD with the upstream 
pro‑caspase‑9, thus mediating the autoproteolytic activation 
of the latter through oligomerization (another proapototic 
activity of Bcl10). Conversely, in the same cell types, the 
downstream effector caspase‑3 failed to co-immunoprecipitate 
with Bcl10 (28). The authors pointed out that their evidence 

had intrinsic flaws since it was based upon ectopically overex-
pressed proteins, and that the operative mechanism(s) through 
which Bcl10 induced apoptosis remained unclear (28). In our 
previous study (20), the C4‑I cells did not overexpress any 
protein, nor did we detect caspase‑9 association with Bcl10. By 
contrast, we found that caspase‑3 co-immunoprecipitated with 
the PKCζ complexes from the NMs of VP‑16‑treated cells. It 
is increasingly recognized that the activation of caspases is 
controlled by several mechanisms, including protein‑protein 
interactions, post‑translational modifications and phosphory-
lations by specific kinases (46,47). Our findings indicate that 
caspase‑3 co‑immunoprecipitated with PKCζ complexes 
from the NMs of VP‑16‑treated cells. The association with 
PKCζ suggests that caspase‑3 is one of the main substrates 
for Bcl10‑bound PDK1‑activated PKCζ during apoptosis. We 
have not directly proved that caspase‑3 is a PKCζ substrate 
in  vitro, but by using cell‑free in  vitro reconstituted N‑C 
constructs we provide evidence that the enhancement of 
caspase‑3 activity requires functionally mature PKCζ. The 
suppression of PKCζ activity by a specific inhibitor (highly 
cytotoxic to whole cells) prevented the increased phosphoryla-
tion of 19‑kDa caspase‑3 and the enhancement of its activity in 
the N‑C constructs. In this regard, Voss et al (48) demonstrated 
in human monocytes that PKCδ, another PKC isoform, asso-

Figure 6. Depiction of the sequence of events leading to the assembly of a pro-apoptotic protein complex at the nuclear membranes (NMs) of C4‑I cells following 
treatment with VP‑16. (1) Initially, protein kinase (PK)Cζ increasingly connects with the nuclear envelope (NE). (2) B‑cell lymphoma 10 (Bcl10) associates 
with NE‑linked PKCζ. (3) Subsequently, 3‑phosphoinositide‑dependent protein kinase‑1 (PDK1) associates with PKCζ•Bcl10, thus forming a heterotrimeric 
complex. (4) PDK1 then phosphorylates and activates PKCζ. (5) Activated phosphorylated (p)‑PKCζ in turn phosphorylates Bcl10. (6) p‑Bcl10 is now capable 
of forming a new complex or enlarging the existing complex (as shown here), likely by incorporating a still unidentified member (dashed circle with question 
mark) that in turn binds to 19‑kDa caspase‑3. (7) 19‑kDa caspase‑3 would then be phosphorylated by Bcl10‑linked PKCζ, an event enhancing its proteolytic 
activity. (8) Finally, caspase‑3 (whose activity is enhanced) cleaves the Bcl10‑bound PKCζ holoprotein. Reportedly, PKCζ proteolysis causes a transient increase 
followed by a decrease in enzyme activity levels: this decrease in activity was observed between 48 and 72 h of VP‑16 treatment in our model [Chiarini et al (19)]. 
An effective lentiviral or siRNA suppression of Bcl10 expression prevents the assembly of the multiprotein complex(es) and its consequences (cf. Figs. 2 and 3). 
Therefore, Bcl10 plays a pivotal role, mediating the unidirectional regulation of PKCζ by PDK1 and the bidirectional pro-apoptotic interactions between 19 kDa 
caspase‑3 and active PKCζ. For clarity, the size of the multiprotein complexes shown has been enlarged out of proportion with respect to the nucleus it binds. 
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ciated with caspase‑3 and phosphorylated it in vitro, thereby 
enhancing caspase‑3 activity. Moreover, in our model, when 
Bcl10 expression was suppressed, caspase‑3 did not co-immu-
noprecipitate with the Bcl10•PKCζ complexes. Therefore, it 
seems feasible that PKCζ‑phosphorylated Bcl10 either directly 
or through one or more yet to be identified go‑between(s) 
links caspase‑3 moieties to the phosphorylated Bcl10•PKCζ 
complexes (Fig. 6). This would allow PKCζ to phosphorylate 
and activate caspase‑3, and in turn, activated caspase‑3 would 
cleave and inactivate PKCζ (Fig. 6).

Hence, the assembled phosphorylated Bcl10•PKCζ 
complexes associate with caspase‑3, and thus it is clear that they 
play a pro-apoptotic role at the NMs of VP‑16‑treated C4‑I cells. 
These results permit us to surmise that both PKCζ and Bcl10 are 
potential targets for novel approaches to HCC therapy.
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