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The selective inhibition of nuclear PKC{ restores
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in chemoresistant cells

Alessandro Rimessi,' Erika Zecchini,' Roberta Siviero,' Carlotta Giorgi,' Sara Leo,' Rosario Rizzuto? and Paolo Pinton'*

'Department of Experimental and Diagnostic Medicine; Section of General Pathology; Interdisciplinary Center for the Study of Inflammation (ICSI);
Laboratory for Technologies of Advanced Therapies (LTTA); University of Ferrara; Ferrara, Italy; 2Department of Biomedical Sciences; University of Padua

and CNR Institute of Neuroscience; Padua, Italy;

Key words: protein kinase C, chemoresistance, oxidative stress, nuclear translocation, apoptosis

Abbreviations: CM-H2DCFDA, 5-(and-6)-chloromethyl-2,7-dichlorodihydrofluorescein diacetate, acetyl ester; DrHeLa,
doxorubicin-resistant HeLa clone; GFP, green fluorescence protein; KRB, Krebs-Ringer buffer; LMB, leptomycin B; MEF, mouse
embryonic fibroblast; NES, nuclear export system; nu-inhPKC{, nuclear-targeted PKC{ inhibitor; nuPKC, nuclear-targeted PKC{
chimera; nuPKCCl-act, constitutively active nuclear-targeted PKC{; PKC, protein kinase C; PKC, protein kinase isoform zeta

The atypical protein kinase C (PKC) isoform zeta (PKC{) has been implicated in the intracellular transduction of mitogenic
and apoptotic signals by acting on different signaling pathways. The key role of these processes in tumorigenesis suggests
a possible involvement of PKC{ in this event. PKC{ is activated by cytotoxic treatments, inhibits apoptotic cell death and
reduces the sensitivity of cancer cells to chemotherapeutic agents. Here, using pharmacological and DNA recombinant
approaches, we show that oxidative stress triggers nuclear translocation of PKCZ and induces resistance to apoptotic
agents. Accordingly, chemoresistant cells show accumulation of PKC{ within the nucleus, and a nuclear-targeted PKC{
transfected in tumor cells decreases sensitivity to apoptosis. We thus developed a novel recombinant protein capable
of selectively inhibiting the nuclear fraction of PKC{ that restored the susceptibility to apoptosis in cells in which PKC{
was enriched in the nuclear fraction, including chemoresistant cells. These findings establish the importance of PKCZ as a
possible target to increase the effectiveness of anticancer therapies and highlight potential sites of intervention.

Introduction

The protein kinase C (PKC) is a ubiquitous family of enzymes
that consists of at least 10 structurally related serine/threonine
kinases subdivided into three classes: classical (cPKC: «, BI, BII
and ), novel (nPKC: 3, &, m and 0) and atypical (aPKC: X, v
and {); in particular, the last are insensitive to both Ca** and
diacylglycerol, whereas they are activated by lipid components,
such as phosphatidylinositol, phosphatidic acid, arachidonic acid
and ceramide.!

PKCs isoforms are highly conserved in evolutionary terms, and
when activated, PKCs can be translocated from one intracellular
compartment to another, affecting a wide variety of cellular pro-
cesses. The high degree of conservation of the individual PKC iso-
forms across various mammalian species indicates that each could
have a specific relevance for the organism.? In the last years, the
PKCs have been the subject of attention in a wide range of patho-
logical processes, ranging from cancer to degenerative disorders.>”

Several unique structural aspects of PKCs make them highly
susceptible targets of oxidative stress. In particular, both the

*Correspondence to: Paolo Pinton; Email: pnp@unife.it
Submitted: 12/05/11; Revised: 01/24/12; Accepted: 01/29/12
http://dx.doi.org/10.4161/cc.11.5.19520

1040

Cell Cycle

regulatory and the catalytic domains of PKC contain cysteine-
rich regions that are targets for redox regulation.® Modification
of these redox-sensitive regions interferes with cellular PKC activ-
ity.” Given that redox stress has been proposed to be involved in
the intracellular pathogenesis and maintenance of several neo-
plastic modifications,® this class of kinases has become a logi-
cal candidate to mediate the pathological transduction of redox
stress in cancer.

The atypical PKC isoform zeta (PKC{) has been implicated
in the intracellular transduction of mitogenic and apoptotic sig-
nals by acting on different signaling pathways. The key role of
these processes in tumorigenesis suggests a possible involvement
of PKC{ in this event"? PKC{ has been reported to be anti-
apoptotic’ and reduces the sensitivity of cancer cells to chemo-
therapeutic agents.'"

Here, we demonstrate that atypical PKC isoform , in oxida-
tive stress condition, translocates into the nucleus, inducing resis-
tance to apoptotic agents. Moreover, a recombinant nuclear-PKC{
inhibitor restores apoptotic susceptibility in chemoresistant cells,
which present an enrichment of nuclear PKC{ expression. These
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findings establish the importance of the nuclear PKC{ fraction in
sustaining intracellular tumor pathways that allow cancer cells to
become drug-resistant.

Results

Oxidative agents induce selective modifications of the intra-
cellular distribution of classical and novel PKC isoforms.'® We
therefore decided to investigate whether the distribution of the
atypical PKC, recently proposed to be involved in the control of
apoptosis, is also dependent on oxidative stress. For this purpose,
we generated a PKC{-GFP and investigated its distribution by
fluorescence microscopy. In resting conditions, PKC{-GFP uni-
formly localizes throughout the cytoplasm with exclusion of the
nucleus. Upon oxidative stress challenge (H,O0, 1 mM) PKC{-
GFP translocates to the nucleus in different cell type (Fig. 1A
and S1A). To exclude that PKC{ translocation was due to its
overexpression or to the presence of the GFP tag, we confirmed
this observation by monitoring the localization of endogenous
PKC{ by immunocytochemistry. We observed the same behav-
ior of the recombinant PKC{-GFP (Fig. 1B). These results were
also confirmed using a different oxidative stress stimulus, such
as the UVc treatment that also caused PKC( translocation to the
nucleus (Fig. S1B).

We then correlated the nuclear translocation of PKC{ medi-
ated by oxidizing agent with its effect on cell viability. Two
approaches were followed: microscopic assessment of cell sur-
vival, as previously described in reference 17, and the caspase 3
activity assay.

In the first type of experiment, PKC{-GFP-overexpressing
cells displayed an enhanced survival after oxidative stress chal-
lenge (H,0,). The effect of H,O, was dose-dependent: in the
experiment of Figure 1Ci, the increase in the percentage of
PKC{-expressing cells correlated with the H,O, concentration.
Indeed, due to the higher mortality of the cells that do not over-
express PKC{-GFD, the percentage of living PKC{-GFP overex-
pressing cells gradually increased with H,O, concentration. No
change in the percentage of living fluorescent cells was observed
when cells were transfected with GFP alone, as all cells (GFP
expressing and untransfected) are equally sensitive to H,O,
(Fig. S1C).

These results well matched those in which caspase 3 activ-
ity was monitored (Fig. 1Cii). Upon H,O, challenge, caspase 3
activity in PKC{-overexpressing cells was lower than in control
cells. Overall, these data suggest that oxidative stress induces
nuclear translocation of PKC, which, in turn, reduces the apop-
totic efficacy of the challenge. Moreover, PKC{ did not share this
property with all the other isoforms of PKC (Fig. 1D).

We then verified whether PKC{ can also protect from other
apoptotic stimuli. To this end, we used different apoptotic stim-
uli: a calcium-dependent agent (ceramide 30 wM), a strong ser-
ine-threonine phosphatase inhibitor (okadaic acid 0.5 wM) and a
monoclonal anti-FAS antibody (4 pg/ml). None of the apoptotic
agents induces, per se, PKC{-GFP translocation, and interest-
ingly, in contrast to H,O,, PKC{ overexpression did not inhibit
apoptosis (Fig. 2Ai—iii, left parts).
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Then, we investigated whether nuclear translocation of PKC{
inhibits only oxidative stress-mediated cell death. To induce
nuclear translocation of PKCZ-GFD, cells were pre-treated with
a mild oxidative stress (100 wM H,O, for 30 min), a condition
inducing the translocation of the kinase in ~40% of cells and only
4.9 £ 1.1% of cell death. In this case, PKC{-GFP-overexpressing
cells were protected from the apoprotic effect of ceramide and
of okadaic acid but not from the apoptotic effect of anti-FAS.
Interestingly, the latter observation also confirms the importance
of nuclear localization of PKC{-GFP for cell death inhibition.
Indeed, during anti-FAS treatment PKC{-GFP (as well as other
nuclear targeted probe, Fig. 2B) translocates from the nucleus
to the cytosol (Fig. 2Aiii, right part) due to nuclear envelope
permeabilization.

In order to verify whether the pro-survival effect was ensured
only by nuclear localization of PKC{, independently from redox
stress conditions and/or by its overexpression, cells were treated
with leptomycin B (LMB, 4 wg/ml 2 h), which inhibits the NES-
dependent nuclear export of many proteins (and among them
also PKC{ by interfering with the binding of NES domain to
CRM1/exportin'®). Under those conditions, a significant amount
of endogenous PKC{ translocates to the nucleus (Fig. 2Ci). Then,
we evaluated the effect of nuclear accumulation of endogenous
PKC{ accumulation on cell viability in ceramide-treated cells. As
shown in Figure 2Cii, the pre-treated LMB cells were protected
from ceramide-induced apoptosis.

The data collected so far clearly suggest a pro-survival path-
way mediated by nuclear-localized PKC{. To better investigate
this pathway, we generated a nuclear-targeted PKC{ chimera
(nuPKCE, Fig. 3Ai) to exclude potential side effects of the phar-
macological manipulation of nuclear export. The analysis of the
intracellular localization of the nuPKC{ chimera showed both
nuclear and cytosolic distribution (Fig. 3Ai and B). To force
nuclear localization of the kinase and enhance its activity, a
constitutively active nuclear-targeted PKC{ was obtained from
nuPKC{ by removing the regulatory domain containing both
the autoinhibitory domain and the nuclear import and export
sequences (nuPKC{-act, Fig. 3Aii and B). In this case, a specific
nuclear staining was detected.

In order to confirm the pro-survival role of nuclear PKC{, we
then performed the microscopic assessment of cell survival for
PKC{-GFP, nuPKC{ and nuPKCi-act-expressing cells exposed
to ceramide. As expected from the previous experiments, forced
nuclear localization of PKC{ inhibited apoptotic cell death
induced by the apoptotic agent (Fig. 3C). Interestingly, the
nuclear localization of the kinase, if not accompanied by its con-
stitutive activation, only partially affected the apoprotic sensitiv-
ity to ceramide (Fig. 3C). Altogether, these results suggest that
PKC{ reduces the sensitivity of cells to apoptotic agents by acting
within the nucleus and, thus, that its nuclear fraction may be a
useful target for tumor cell chemosensitization.

In order to obtain a selective nuclear PKC{ inhibitor, we
applied the same strategy previously used to generate the nuclear
PKC{-chimeras. The peptide sequence corresponding to the
pseudosubstrate domain of PKC{ (13 amino acids in length at
positions 113-125), and thereby inhibiting the kinase activity in
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Figure 1. Redox stress induces PKC{ nuclear translocation protecting PKC{-overexpressing HelLa cells by its own apoptotic effects. (A) PKC{GFP-
overexpressing HeLa cells in resting condition (left) and after a 30 min treatment with H,0, 1 mM (right); histograms represent the ratio between the
nuclear fluorescence and the cytosolic fluorescence, (184 + 12.1). (B) Endogenous PKC{ in HeLa cells in resting conditions and after 30 min of treatment
with H.O,. (C)(i) Increase dose-dependent in cell viability in PKC{GFP overexpressing Hela cells: the histograms represents apoptotic counts expressed
as difference of % fluorescent cells treated (30 min with different H,0, concentrations) compared with resting condition (50 wM: 1.7 + 1.3, 100 uM: 4.9
+ 1.1, 1 mM: 15.7 £ 0.8, 2 mM: 18.5 £ 1.3). (C) (ii) Caspase 3 activity assay: gray line, untreated cells; black line, PKC{GFP-overexpressing cells; dotted-gray
line, mock cells treated with H,0,; dotted-black line, PKC{GFP-overexpressing cells treated with H,O,. (D) Apoptotic counts in Hela cells overexpress-
ing different PKC isoforms (PKCa, PKCe, PKC{) treated with oxidant agent (H,0, 1 mM) and compared with mock cells (Mock: 1.0 + 2.1; PKCa -4.7 £ 0.3;
PKCe 7.3 + 0.8; PKC{ 15.7 £ 0.8).
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Figure 2. Nuclear PKC{ protects Hela cells by different apoptotic stimuli. (A) H,0, (100 .M 30 min) pretreatment induces PKC{ nuclear translocation

in PKC{GFP-overexpressing cells, protecting from apoptotic effects of (i) ceramide (30 M 2 h) and (ii) okadaic acid (0.5 M 2 h) and (iii) but not from

of anti-Fas (4 wg/ml). The upper parts show PKC{GFP-overexpressing Hela cells following the apoptotic stimulus (left) and following the apoptotic
stimulus but previously accompanied by H,0, 100 wM pretreatment (right). The lower parts show the antiapoptotic effects promoted by nuclear trans-
location of PKC{GFP, mediating H,O, pre-treatment (cell viability in ceramide-treated cells: A% -5.3 + 1.11 vs. 12.1 £ 0.95 in H,O, pre-treated Hela cells;
Okadaic acid-treated cells A% 2.0 + 1.21 vs. 14.5 + 1.23 in H,0, pre-treated cells; antiFAS-treated cells: A% -1.4 £ 1.73 vs. 1.6 + 1.57 in H,0, pre-treated
Hela cells). (B) Anti-FAS induces nuclear perturbation as confirmed by nuclear-GFP distribution, where it appears cytosolic-redistributed after 2 h of
anti-FAS treatment. (C) (i) LMB (4 ug/ml 2 h) pretreatment induces PKC{ nuclear accumulation in PKC{GFP overexpressing cells, protecting from the
apoptotic effects of ceramide (after 2 h of ceramide 30 wM; A% cells viability in pre-treated LMB cells: -13.4 + 7.03 vs. -47.2 + 8.33 in mock cells. A% cells
viability in pre-treated LMB cells: -11.0 £ 3.38). (iii) Immunofluorescence of endogenous PKC{: effect of LMB 4 .g/ml 2 h.

resting conditions,”* (inhPKC{) was used for generating a chi-  nu-inhPKC{ did not affect cell viability (data not shown) but
meric protein including from the N terminus inhPKC{, a nuclear  contrasted the pro-survival effect of nuclear PKC{ induced by
targeting sequence and GFP. Figure 3D shows a schematic repre-  LMB (Fig. 3E). The inhibitor, indeed, restored the sensitivity to
sentation of the chimera (named nu-inhPKC{) and a representa-  ceramide-induced apoptosis in LMB pre-treated cells (compare
tive image of its evident nuclear localization. The expression of ~ Fig. 3E with 2Cii).
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Figure 3. Effects of constitutively nuclear PKCZ (nuPKC{), constitutively active and constitutively nuclear PKC{ (nuPKCZ-act) and selectively nuclear
PKCZ inhibitor (nu-inhPKC¢) on cell viability. (A) Cellular localization and schematic structure of the chimera PKCC: (i) nuPKCZ and (ii) nuPKC¢-act.

(B) Nuclear localization of the different PKC chimeras: the histograms represent the ratio between the nuclear and cytosolic average fluorescence in-
tensity, expressed as a percentage, for the three chimera proteins in resting conditions (nuclear distribution of: nuPKCZ-act 4.71 + 0.80 or nuPKC{ 2.76
+ 0.41 vs. 0.41 + 0.03 for PKCZ{-GFP). (C) Apoptotic counts of HeLa cells expressing the different PKC{ mutants following ceramide treatment (cell viabil-
ity in nuPKCZ-act and nuPKC{ cells: A% 12.6 + 0.40 or 6.3 £ 1.08 vs.-5.3 + 1.11 in PKC{GFP expressing Hela cells, respectively). (D) Cellular localization
and schematic structure of the selectively nuclear PKC{ inhibitor (nu-inhPKCZ). (E) Effects of nu-inhPKC{ overexpression on cell viability following LMB
pretreatment and/or C2-ceramide treatment (A% cells viability in pre-treated LMB cells ceramide untreated: -4.6 + 2.31 vs. -60.0 + 8.60 after ceramide

treatment or in not LMB pre-treated -48.6 + 8.71).

To validate the efficacy of the selectively nuclear PKCC-
inhibitor, we tested it on HeLa cells resistant to the commonly
used chemotherapeutic agent doxorubicin. We generated doxo-
rubicin-resistant HeLa clones (DrHeLa) by culturing HeLa cells
in the presence of low doxorubicin concentration (2 wM), as
described in Methods section. Indeed, as shown in Figure 4A
DrHeLa clones showed resistance to high concentration of
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the antineoplastic drug (20 wM), in contrast to control HeLa
clones.

Malignant cells show higher levels of endogenous oxidative
stress, mainly due to an increase of ROS production as a conse-
quence of an impaired activity of the respiratory chain due to an
accumulation of mtDNA mutations.” Cancer cells are able to
survive intrinsic oxidative stress through an adaptation process
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Figure 4. Role of PKC{ nuclear translocation in chemoresistance cells. (A) Doxorubicin resistance of two different clones selected by culturing HeLa
cells in presence of Doxorubicin 20 wM. The graph represents a time course of cell viability of three different clones of HelLa cells: a mock clone (black
line) and two selected doxorubicin-resistant clones of Hela cells (gray and dark gray) (Mock: 43.3 + 4.63, 48.56 + 4.24, 35.33 + 4.57, 21.56 + 3.06, 13.11
+2.26,3.67 £ 0.97; DrHelLal: 44.25 + 5.82, 42.75 + 5.45, 37.50 £+ 7.09, 50.75 + 3.53, 48.88 + 4.53, 48.88 + 5.54; DrHela2: 56.50 + 4.42, 48.25 + 5.58, 55.50
+6.61,63.63 +5.48, 61.50 + 6.31, 56.88 + 5.03). (B) Time course of ROS production, expressed as normalized values of fluorescence intensity (mock
and two doxorubicin-resistant HelLa cells). The histograms represent the increase in ROS production expressed as a percentage respect to mock cells
(DrHeLal 45.1% + 20.3; DrHeLa2 49.2% =+ 25.5). (C) Immunofluorescence of endogenous PKC in mock Hela cells and in two different clones of doxo-
rubicin-resistant HelLa cells. The histograms on the right represent the nuclear distribution of endogenous PKC{, expressed as ratio between nuclear
and cytosolic average fluorescence intensity (mock cells: 0.43 +0.04 vs. 1.31 £ 0.16 or 1.11 £ 0.10 in clone 1 or 2, respectively). (D) Apoptotic counts of
doxorubicin-resistant HeLa cells transiently expressing nu-inhPKCZ. The histograms represents the difference of percentage of fluorescence following
different doxorubicin treatment (20 M 3 h or 24 h) compared with resting conditions (nu-inhPKC{ expressing DrHelLal: 46.8 + 5.23 vs. 28.3 + 2.75 or
26.1 + 1.33 after 3 h or 24 h of doxorubicin exposure, respectively; clone2: 41.9 + 5.66 vs. 25.7 + 1.45 or 16.6 + 1.74).
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involving the activation of redox-sensitive survival machiner-
ies, and current evidence suggests the involvement of oxidative
stress in anticancer drug resistance.”” In accordance with these
observations, we observed a significant increase of ROS produc-
tion in DrHela clones compared with mock cells (Fig. 4B).
Interestingly, in doxorubicin-resistant HeLa cells, a clear trans-
location of endogenous PKC{ into the nucleus was observed
(Fig. 4C), likely to be due to the increased ROS levels of DrHeLa
clones that could mimic the treatment with low H,O, concentra-
tion (Fig. 2A).

Finally, to verify whether the nuclear activity of PKC{ is a
crucial component of the chemoresistance of DrHelLa clones, we
analyzed the effect of the nuclear PKC{ inhibitor on cell sur-
vival of DrHeLa cells. As previously described, the expression of
nu-inhPKC{ did not affect, per se, the viability of DrHeLa clones
(Fig. 4D). On the contrary, in DrHeLa doxorubicin-treated cells
(20 uM for 3 h or 24 h), nu-inhPKC{ expression restores the
sensitivity to the anticancer drug in DrHeLa clones (Fig. 4D).

Discussion

Resistant tumor cells, with time, develop resistance to anti-neo-
plastic drugs, because molecular escape routes intervene to pro-
mote cancer integrity. Many treatments after a brilliant debut
tend to lose their potency, as shown by Gleevec used to treat
chronic myelogenous leukemia, where about 17% of patients
develop resistance within five years, or Iressa and Tarceva, to
which, after about a year, the lung cancer patients suffer drug
resistance.” An increased ability to survive under unfavorable
conditions and defects in programmed cell death promote cancer
growth and resistance to apoptotic events. Testing combinations
of drugs to contrast the tumors are not new in cancer research;
a newer approach to cancer therapy is “anticancer targeted ther-
apy,” which combines classical chemotherapy drugs or antican-
cer approaches with specific signaling transduction inhibitors to
block tumor escape routes and render more effective the citotox-
icity of therapy. Positive results are emerging in these years on
different cancer types, e.g., where the anticancer effect of che-
motherapic doxorubicin has been enhanced with specific mTOR
inhibitor on breast cancer and in premalignat leukemia cells,***
or where the radiotherapyc efficacy has been potentiated with
Hsp 90 inhibitor on bladder cancer.®

In this study, we shed light on escape signaling routes that con-
tribute to cancer cell survival, allowing the cells to adapt in pres-
ence of drug. The cumulative production of reactive oxygen species
through either endogenous or exogenous insults is common for
many types of cancer cell that are linked with altered redox regu-
lation of cellular signaling pathways. The “oncogenic-character”
of ROS is substantiated by growing body of evidence that ROS
within cells act as secondary messengers in intracellular signaling
cascades, which induce and maintain the oncogenic phenotype of
cancer cells, facilitating mutagenesis, tumor promotion, progres-
sion and chemoresistance. As confirmed by Martinez-Outschoorn
et al., where the drug combination of Tamoxifen-Dasatinib acts as
generalized antioxidant in breast cancer. This association retards
tumor-stroma co-evolution and promotes cell death through
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Warburg effect induction. In this case, the combination therapy
interrupt a vicious metabolic cycle between epithelial cancer and
associated fibroblasts, reconferring apoptotic sensitivity.*®

Pathological activation of certain oncogenes leads to an
increase in intracellular ROS through a host of mechanisms
involving alterations in scavenging, metabolic rate and poten-
tially activation of intracellular oxidases." The effects of ROS,
thus, are specifically related to redox-responsive signaling cas-
cades. The redox-sensitive target molecules of these signaling
cascades and their chemical modification by oxidative agents are,
in most cases, unknown. Thus, understanding the role of sig-
naling proteins and their involvement represents a new exciting
challenge in biomedical sciences and, together, allow the design
of new drugs that can be used to manipulate cellular signaling
networks for antitumorigenic therapeutic purposes.

Oxidative stress induces PKC translocation that is specific for
different isoforms and different cell types. For example, in mouse
embryonic fibroblasts (MEFs), oxidative stress triggers transloca-
tion of PKCa, B, 8 and € isoforms from the cytosol to the plasma
membrane. Under the same conditions, PKC{ translocates to the
nucleus.?” The intracellular redox state controls the selectivity of
PKC isoform activation, changing the sensitivity of the different
isoforms to cell stimulation, as observed in the case of PKCa

16 Increased

during agonist stimulation after H O, pre-treatment.
PKC:s levels have been associated with development of malignant
transformation in several cell lines, including breast,?® prostate,”
lung and gastric cancer.’

These aspects suggest a clear role of PKCs in tumorigenesis
and, at the same time, spawn questions about the pivotal contri-
bution of individual isozymes. In an elegant set of experiments,
Benzombes and colleagues, demonstrated how PKC{ overexpres-
sion results in a reduction of drug-induced ROS production, Lyn
activation, neutral sphingomyelinase stimulation, ceramide pro-
duction as well as in apoptosis inhibition and drug resistance."
Moreover, PKC{ has been identified as ceramide-activated pro-
tein kinase that is a critical element in ceramide-induced Jun
N-terminal kinase activation and nuclear factor kB transloca-
tion." In this study, we showed a functional role of nuclear
PKC{ in regulating cell viability and, in particular, the sensitivity
to apoptotic cell death, thus drawing the attention from cytosolic
processes, such as sphingomyelinase inactivation' or caspase 9
activation,® to the control of nuclear events.

Our data provide the first evidence that nuclear PKC{ inhibi-
tion can overcome chemoresistance and thus potentially improve
the outcome of therapeutic treatment. A plausible explanation for
anti-apoptotic effect of nuclear PKC is mostly at the transcrip-
tional level, but little information is still available on the topic.
PKC{ was reported to control the expression levels of Bcl-2 fam-
ily members and other apoptotic regulators.” The PKC{ inhibi-
tion promotes apoptosis in leukemia cells exposed to etoposide
and TNFa as well as sensitized tumor cells grown in nude mice
to exposed to etoposide.”

Alrogether, these results suggest that PKC{ reduces the sen-
sitivity of cancer cells to chemotherapeutic agents and confirms
this PKC isoform as a useful target for tumor cell chemosensitiza-
tion. Indeed, we provide evidence that drug-resistant cells present
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nuclear PKC{ accumulation as a consequence of ROS production,
and that through a specific recombinant nuclear-PKC{ inhibitor,
we were able to restore apoptotic sensibility to anti-neoplastic
drug. Moreover, the use of a targeted therapy for inhibiting only
the nuclear fraction of PKC{ translates into a lower burden of
side effects than those caused by traditional inhibitors acting in
all cellular compartments. By this approach, it will be possible to
preserve the physiological activities of PKC{ and switch-off only
the anti-apoptotic effects exerted by the nuclear PKC{. Although
much work remains to be done to support a possible clinical use,
the demonstration that nuclear PKC{ plays a key role in the resis-
tance of cancer cells to the effect of chemoterapic drugs opens, in
principle, new combined strategies for treating the most aggres-
sive and resistant forms of malignant tumors.

Materials and Methods

Cell culture and transfection. HelLa cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum, in 75-cm? Falcon flasks. For transient
expression experiments, the cells were seeded onto 24-mm glass
coverslips and allowed to grow to 75% confluence. At this stage,
transfection with 8 pg of the appropriate PKC plasmid DNA
or inhibitor of PKC{ were performed as previously described,**
and cell viability measurements, translocation or immunofluores-
cence assay were performed 36 h after transfection.

Generation of doxorubicin drug-resistant HeLa clone. The
doxorubicin drug-resistant HeLa clone (Dr-Hela) was estab-
lished, employing a single-step selection with 20 uM doxorubicin
treatment. HeLa cells were cultured in tissue dish to 75% conflu-
ence. The cultured cells were selected by the addition of 20 WM
doxorubicin to the culture medium, feeding cells every 2-3 days
with selection medium and checking cell death after 3-12 days.
Resistant cells are observed normally after about 2 weeks of
selection. Individual cells were selected randomly and placed
in separate wells within a 24-well plate. Clones were grown to
confluency and expanded in a maintenance doxorubicin media
(2 wM). Expanded clones were retested for drug resistance before
any further studies.

Microscopic analysis of PKC translocation. Images were
recorded using a digital imaging system based on a Zeiss Axiovert
200 fluorescence microscope equipped with a back-illuminated
CCD camera. The data were acquired and processed using the
MetaMorph analyzing program (Universal Imaging Corporation).
A high-resolution, 3-D reconstruction of the distribution of a GFP
chimera are obtained with the technique of digital image restora-
tion. The recruitment of the kinases are represented as nuclear
translocation of different PKC{GFP chimeras, expressed as the
increase in fluorescence ratio with respect to time 0 (calculated as
the ratio of nucleus and cytosol average intracellular fluorescence,
obtained from multiple regions inside the cytosol and on the cell
nucleus, measured on single cell). The graphs indicate the levels
of PKC translocation, expressed as the fluorescence ratio, to the
nucleus, on the average of cytosolic fluorescence intensity. All the
stimuli (H,O,, Ceramide, Okadaic acid, anti-FAS and leptomy-
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cin B) were added to the Krebs-Ringer buffer (KRB).
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Cell viability assays. After inducing apoptosis, cells were har-
vested, washed in phosphate-buffered saline (PBS). Caspase 3-like
activity was evaluated by using the EnzChek Caspase 3 Assay Kit
(Molecular Probes). Enzymatic activity was determined spectro-
fluorimetrically (LS 50B Perkin Elmer spectrometer) by measur-
ing the kinetics of fluorescence increase at excitation/emission
wavelengths of 496/520 nm.

In a cell count assay, the cell viability was evaluated through
fluorescent microscopy by counting viable and positive cells, as
derived from the analysis of > 10 similar experiments. The per-
centage of living cells are indicated as “A% of fluorescent cells,”
calculated as the ratio of positive untreated and positive treated
cells, obtained from multiple regions inside the coverslip.

Immunofluorescence experiments. The cells were washed
with PBS, warmed at 37°C, and fixed with 4% paraformalde-
hyde for 20 min at room temperature. Cells were washed twice
with PBS and permeabilized with 0.2% Triton X-100 in PBS for
5 min. Cells were incubated overnight with a mouse monoclo-
nal anti-PKC{ antibody (Sigma Aldrich). Antibodies binding to
PKC{ were detected by incubating the cells for 2 h with a FITC-
conjugated sheep anti-mouse IgG (Santa Cruz Biotechnology).
Fluorescence was visualized using a digital imaging system based
on a Zeiss Axiovert 200 fluorescence microscope. Some cells were
treated only with secondary antibodies and used to calculate val-
ues of background (due to unspecific binding) in the samples.

PKCibased constructs. Human PKC{ ¢cDNA (1,779 bp),
fused with the GFP ¢cDNA, was cloned into the expression vector
pcDNA3. To obtain the nuclear localization of the kinase, the
coding sequence of nuclear localization regions of Glucocorticoid
receptors (GR 354 bp) was fused with the chimeric protein
PKC{GFP. The constitutively active PKC{-mutant was obtained
by substituting the entire PKC{ cDNA with the catalytic domain
(1,014 bp), while the nuclear PKC{ inhibitor was obtained by
substituting the entire PKC{ ¢DNA with the autoinhibitory
domain.

Intracellular ROS measurements. Intracellular ROS gen-
eration was measured with 5-(and-6)-chloromethyl-2,7-dichlo-
rodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA)
(Invitrogen). After ester hydrolysis and after its oxidation by ROS,
5-(and-6)-chloromethyl-2,7-dichlorofluorescein (CM-DCF)
green emission was recorded at 520 nm. Cells were loaded with
CM-H2DCFDA at 37°C in KRB. After 30 min, laser scanning
confocal microscopy images were obtained. Acquisitions were
made every 1 s for 500 s.
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Supplementary Figure 1. Impact of the o subunit of the F, ATP synthase on
mitochondrial ATP synthesis, MPT, mitochondrial fragmentation and cell death in
HeLa cells. A. Human cervical carcinoma Hela cells were transfected with a control
siRNA (siSCR) or with a siRNA targeting ATPSA1 (siATP5AT) for 48 hrs, followed by
the immunoblotting-assisted detection of the F; o subunit. Representative results are
reported. B actin levels were monitored to ensure the equal loading of lanes. B. HelLa
cells were transfected as in A but in combination with a plasmid coding for a
mitochondrially-targeted variant of luciferase, then stimulated with 100 pM histamine
(Hist) and monitored for light emission over time upon the exogenous administration of
luciferin. Representative traces as well as quantitative data illustrating the Hist-induced
increase in luminescence (means = SEM, n = 4-6) are reported. n.s. = non significant
(unpaired Student’s ¢ test), as compared to equally stimulated, siSCR-transfected cells. C.
HeLa cells were transfected as in A but in combination with a plasmid encoding a
mitochondrially-targeted variant of GFP, stimulated with 1 uM ionomycin (Iono), and
then the GFP signal was followed over time by fluorescence microscopy. Representative
images and quantitative data illustrating the number of GFP" 3D objects per cell at the
indicated time after the administration of Iono (means £ SEM, n = 4) are reported. n.s. =
non significant (unpaired Student’s ¢ test), as compared to equally treated, siSCR-
transfected cells. D. HelLa cells transfected as in A were loaded with calcein
acetoxymethyl ester plus Co®* and stimulated with 1 pM Iono, followed by the
fluorescence microscopy-assisted assessment of the calcein signal over time.
Representative traces upon normalization to the initial calcein signal and quantitative data

illustrating the calcein quenching rate are reported (means £+ SEM, n = 8-10). n.s. = non



significant (unpaired Student’s ¢ test), as compared to equally treated, siSCR-transfected
cells. E. HeLa cells transfected as in A were maintained in control conditions or treated
with 10 uM Iono or 1 mM hydrogen peroxide (H,O,) for 3 hrs, cultured in drug-free
conditions for further 24 hrs, then labeled with propidium iodide (PI). Quantitative data
illustrating the percentage of PI" (dead) cells (means = SEM, n = 3) are reported. *p<0.05
(unpaired Student’s ¢ test), as compared to untreated, siSCR-transfected cells. n.s. = non
significant (unpaired Student’s ¢ test), as compared to equally treated, siSCR-transfected

cells.
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