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chicken anemia virus–derived protein apoptin induces apoptosis in a variety of human malignant and
rmed cells but not in normal cells. However, the mechanisms through which apoptin achieves its se-
killing effects are not well understood. We developed a lentiviral vector encoding a green fluorescent

n–apoptin fusion gene (LV-GFP-AP) that can efficiently deliver apoptin into hematopoietic cells. Apop-
ectively killed the human multiple myeloma cell lines MM1.R and MM1.S, and the leukemia cell lines
HL60, U937, KG1, and NB4. In contrast, normal CD34+ cells were not killed and maintained their differ-
on potential in multilineage colony formation assays. In addition, dexamethasone-resistant MM1.R cells
ound to be more susceptible to apoptin-induced cell death than the parental matched MM1.S cells. Death
tibility correlated with increased phosphorylation and activation of the apoptin protein in MM1.R cells.
sion array profiling identified differential kinase profiles between MM1.R and MM1.S cells. Among these
s, protein kinase Cβ (PKCβ) was found by immunoprecipitation and in vitro kinase studies to be a can-
kinase responsible for apoptin phosphorylation. Indeed, shRNA knockdown or drug-mediated inhibition
β significantly reduced apoptin phosphorylation. Furthermore, apoptin-mediated cell death proceeded
h the upregulation of PKCβ, activation of caspase-9/3, cleavage of the PKCδ catalytic domain, and down-
tion of the MERTK and AKT kinases. Collectively, these results elucidate a novel pathway for apoptin acti-
regula

vation involving PKCβ and PKCδ. Further, they highlight the potential of apoptin and its cellular regulators to purge
bone marrow used in autologous transplantation for multiple myeloma. Cancer Res; 70(18); 7242–52. ©2010 AACR.
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cell rescue following high-dose cytotoxic chemother-
considered curative and has gained extensive application
ide as a therapeutic modality in several hematologic
ancies (1–4). Allogeneic bone marrow transplant is the
red choice for most types of leukemias, but due to the
of HLA-compatible donors, autologous bone marrow
lantation is still an alternative therapeutic option. How-
isease relapse remains a primary cause of death, partially
inefficient elimination of contaminated clonogenic
the autografts. Multiple pharmacologic and
approaches aiming at the elimination of
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ic cells have been developed; however, to date, these
g methods have shown only limited efficacy, restricting
clinical applications (5, 6). In addition, several gene
y–based trials have been conducted for the selective re-
of contaminating epithelial cancer cells from autografts.
ver, these strategies have been shown to be inefficient
rging of leukemia cells mainly due to the lack of efficient
elivery into hematologic malignant cells (7, 8).
ptin, a chicken anemia virus–derived protein, has been
to possess tumor-specific cytotoxicity (9, 10). Its ex-

on induces apoptosis in human tumor and transformed
ut there is little or no cytotoxic effect in many normal
n cell lines derived from different tissues, including pe-
al blood mononuclear cells, fibroblasts, and epithelial
11–13). Several studies have shown that the tumor-
ic killing of apoptin correlates with its phosphorylation
s subcellular localization (14, 15). In cancer cells,
in is localized in the nucleus and is phosphorylated
r-108 by an as yet unknown kinase (16, 17), whereas
mal cells apoptin is detected in the cytoplasm and is
ially unphosphorylated. Recent studies have reported
poptin interacts with the p85 Src homology 3 (SH3)
n of phosphatidylinositol 3′-kinase (PI3K) and protein
B (AKT) in MCF7 breast and PC3 prostate cancer
es. The activation of the PI3K/AKT pathway by apoptin

in the induction of the cyclin-dependent kinase CDK2,

n leading to the phosphorylation of apoptin (18, 19).
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trast, we have found no correlation between AKT
y in human cancer cell lines and their sensitivities to
n killing.3

his study, we used a matched pair of multiple myeloma
es (MM1.R and MM1.S) that show resistance (R) or
vity (S) to dexamethasone, with MM1.R being derived
M1.S through continuous growth in dexamethasone.
cell lines showed a marked difference in sensitivity to
n-induced killing, with MM1.R being clearly more sen-
than MM1.S. Microarray expression profiling of these
es showed that several kinases, including members of
otein kinase C (PKC) family, are overexpressed in the
n-sensitive cell line MM1.R compared with MM1.S cells
pplementary Table S1).
is a family of serine-threonine kinases, composed of at
3 known isoforms with a wide range of tissue distribu-
ubcellular localization, and function. All PKC isoforms
n a highly conserved COOH-terminal catalytic domain
H3-terminal regulatory domain with an autoinhibitory
osubstrate sequence (20–22). It has been well estab-
that the activation of the classic PKC isoforms (α, β1,
d γ) requires Ca2+ and a phospholipid, such as diacylgly-
DAG) or phosphatidylserine (PS). These PKC isoforms
ntain two cysteine-rich motifs within their NH2-terminal
tory domain that facilitate phorbol ester (TPA) interac-
nd subsequent activation. The novel isoforms (δ, ε, η,
re also activated by DAG and phorbol esters; however,
ck a complete C2 domain responsible for Ca2+ interaction
e therefore Ca2+ independent. The protein structures of
al PKC isoforms (ζ, ι/λ) differ from the other members
PKC family, missing both binding regions for Ca2+ and
r phorbol esters. Activation of atypical isoforms is de-
nt on other phospholipids, such as PS, inositol lipids,
osphatidic acid.
t PKC isoforms are present in the cytosol in nonstimu-
cells. Upon stimulation, several PKC isoforms migrate
plasmamembrane where interaction with DAG induces
tivation. A number of activated PKC isoforms can also
cate to the nucleus where they can be targeted by lipid
vators or other activated protein kinases (23). Further-
some PKC isoforms such as PKCδ can be activated by
e-3 cleavage to release an active catalytic domain from
hibitory NH2-terminal regulatory domain.
eased level of PKC or differential activation of PKC iso-
has been linked to a variety of cancers, including breast,
hyroid, and adenomatous pituitary cancers as well as
ias (24, 25). There is emerging evidence that PKCs play

les in the regulation of cell growth, apoptosis, and differ-
ion of hematopoietic cells. Studies involving small inter-
RNA knockdown and genetic disruption of individual
oforms in mice have shown that PKCα, β, λ, ε, and ζ
entially function to promote cell proliferation and sur-

hereas PKCδ is a critical proapoptotic kinase in many

pes (26).
at 5 × 1
On da
MTT i
bated
was t
The olished data.
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evaluate apoptin tumor-specific toxicity in hematologic
nancies, we developed a lentiviral vector encoding a
fluorescent protein–apoptin fusion gene (LV-GFP-AP)
an be efficiently delivered into hematopoietic cells. This
y enabled us to identify novel apoptin-interacting cellu-
gets. Here, we provide strong evidence for the role of PKC
kinases, particularly PKCβ variants, in apoptin phos-

lation and consequently its tumor-specific cytotoxicity.

rials and Methods

itional details about the materials and methods can be
in the Supplementary Data.

ines
1.S (dexamethasone-sensitive) and MM1.R (dexame‐
ne-resistant) cell lines were obtained from Dr. Tai
-Farber, Boston, MA). K562 (BCR/ABL cytogenetics),
(TPA, retinoic acid differentiation), U937 (TPA differen-
), and KG1 (monosomy 7, trisomy 8 cytogenetics) leuke-
ells were obtained from the American Type Culture
tion. NB4 (t15,17 translocation) was obtained from
an Collection of Microorganisms and Cell Cultures.
16 (KRAS mutation analysis) was obtained from
ogelstein (Johns Hopkins, Baltimore, MD). All cell lines
btained since 2006 and were tested for cell line–specific
s before batch freezing (see above for specific assays).
re regularly tested to ensure the absence ofMycoplasma
ination, and cell morphology is regularly checked to
the absence of cross-contamination of cell lines.

ruction of lentiviral vector LV-GFP-AP, lentivirus
ction, and titration
GFP-APwas constructed by cloningGFP-apoptin derived
CMV-GFP-Ap (13) into the LV-GFP lentiviral construct
rough replacement of GFP by GFP-AP by blunt end liga-
see Supplementary Fig. S1A). Lentiviral vectors were
ced by cotransfection of 293T cells with the second-
ation packaging plasmid pCMVΔ8.91 and plasmid
encoding VSV-G–pseudotyped envelope (27). The titer

tivirus was determined by quantification of viral core
n p24 through enzyme-linked immunosorbent assay
) using a HIV-1 p24 capture assay kit (Perkin-Elmer).
lues were normalized against a recombinant p24 pro-
andard. Virus numbers were then calculated based on
t that a viral particle contains 2,000 p24molecules (28, 29).
arable virus titers, based on p24 ELISA, were achieved
-GFP and LV-GFP-AP (Supplementary Table S2).

proliferation
kemia cell lines were infected with LV-GFP or LV-GFP-
the presence of 4 μg/mL polybrene. Cells were seeded
04, 104, and 103 per well in 96-well plates forMTT assays.
ys 2, 4, 6, 8, 10, 12, and 14 postinfection, 20 μL of 5mg/mL
n PBS were added to each well and samples were incu-
for 2 to 4 hours. MTT solubilization solution (100 μL)

hen added, and samples were incubated overnight.
ptical density (OD) was measured, and the OD values

Cancer Res; 70(18) September 15, 2010 7243
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onverted into percentages of the control absorbance.
erage values were obtained from triplicates.

cytometric analysis
ptosis was assessed by propidium iodide (PI) staining.
, cells were pelleted and resuspended in PBS with 20
of PI. The settings for fluorescence-activated cell sort-

ACS) analysis were based on unstained parental, GFP-
uced, and PI-stained control samples. The cells were
ed on a BD FACSCanto II (Becton Dickinson), and
events were acquired per sample. Fluorescence data
nalyzed by FlowJo software.

lcellulose colony-forming assay
mal human bone marrow cells were obtained from vo-
rs undergoing open heart surgery at King's College
tal (Ethics Committee number 05-03-125). CD34+ cells
solated using anti-CD34+ microbeads, and an AutoMacs
nation device (Miltenyi Biotec) according to the manu-
er's instructions. CD34+ cells were cultured in Stemspan
-free mediumwith cytokine cocktail (StemCell Technol-
for 48 hours. Mobilized CD34+ cells were infected with
P or LV-GFP-AP at a multiplicity of infection (MOI) of
o days postinfection, infected CD34+ cells were analyzed

eir progenitor function by an in vitro colony-forming
(StemCell Technologies).

cation of maltose-binding protein–apoptin
protein
ptin cDNA was cloned into pMALc2 (NEB) in frame
he maltose-binding protein (MBP), and protein was
d from BL21 codon plus E. coli cells (Stratagene) using
ylose Resin kit (NEB) according to the manufacturer's
mendations.

noprecipitation and Western blotting
immunoprecipitation, cells were lysed in radioimmu-
cipitation assay buffer on ice with freshly added prote-
hibitor cocktail (Sigma). The cell debris was removed,
μg of anti-GFP (Abcam) or anti-PKCβ1 antibody (Santa
iotechnology) were added to the cell lysate for 30 min-
t room temperature under constant agitation. Twenty
liters of washed Bio-Adembeads PAG (Ademtech) were
to the cell lysate with antibody for 2 to 3 hours at 4°C,
mplexes were pulled down using a magnet rack.
teins from different cell fractions were isolated using
oteoJET cytoplasmic and nuclear protein extraction
rmentas) according to the manufacturer's protocol.
Western blotting, the proteins were separated on SDS-
gels, electroblotted onto nitrocellulose membrane (GE
care), and blocked with 5% nonfat dried milk for 1 hour
m temperature. The membrane was incubated with a
ic primary antibody and a horseradish peroxidase–
ated secondary antibody and developed using an en-
d chemiluminescent (ECL) detection systemand exposed
film (both from Amersham Biosciences). The blot was
ed with ReBlot plus strong antibody stripping buffer
ore) and reprobed with a different antibody as required.

requir
ductio

r Res; 70(18) September 15, 2010

on April 7, 2017. © 2cancerres.aacrjournals.org nloaded from 
ibodies against Thr-108–phosphorylated apoptin or
apoptin were raised in rabbit against peptides H2N-
T(PO3H2)PSRPRTA-CONH2 and H2N-SLITTTPSRPRTA-
2, respectively (Eurogentec). All antibodies used in the
were purchased from Santa Cruz Biotechnology except
dies against MERTK, DGKH, and GFP for immuno-
itation, which were purchased from Abcam. Antibodies
st phospho-AKT-Ser-473, phospho-PKCβ2-Thr-638,
KT, PI3K/p85, caspase-3, caspase-9, and GFP for West-
otting were purchased from Cell Signaling.

ro kinase assay
o micrograms of MBP-apoptin fusion protein were
to 1× kinase buffer (Cell Signaling) containing 200
L ATP and 0.2 ng of PKCβ2 kinase (Cell Signaling) or
1 pulled down fromMM1.R cell lysate. The reactionmix-
as incubated for 30 minutes at room temperature. Reac-
ere carried out under different conditions, with kinase

hout kinase, with PKCβ-specific inhibitor (Calbiochem)
T-specific inhibitor (Calbiochem). The reaction was
d by adding 2× loading buffer and boiling for 5 minutes.

ruction of plasmids encoding PKCβ catalytic
ins and transfection of 293T
catalytic domains of PKCβ1 and PKCβ2 were PCR
ied from cDNA derived from MM1.R cells and cloned
e retroviral vector pBabePuro. The forward primer in-
es a start codon in a Kozak context. The sequences were
d, and the expression of the catalytic domain was veri-
Western blotting of transfected cells with PKCβ1- and

2-specific antibodies (Santa Cruz Biotechnology).

nohistochemistry and visualization by
scence microscopy
T116-p53−/− or MM1.R cells (5 × 104) were infected
lentiviral vector. At day 2 or 5, cells were fixed, permea-
, and incubated with antibody against PKCβ1 for 1 hour
exas red IgG secondary antibody for 1 hour. The cells
ashed and covered with 4′,6-diamidino-2-phenylindole
ting medium (Vector Laboratories) and visualized.

tical analysis
dent's t test was used to determine significance.

lts

tin induces tumor-specific killing of leukemia cells
anel of leukemia cell lines as well as primary CD34+ and
cells were infected with LV-GFP or LV-GFP-AP lenti-
ectors. In general, the leukemia cell lines were found to
re sensitive to lentiviral infection than normal cells. In
ular, multiple myeloma MM1.R and MM1.S cells were
sensitive to infection, requiring only a MOI of 2 to
e 100% transduction (Supplementary Fig. S2A; MM1.S
ave a comparable infectivity to the parental matched
R cells; data not shown). CD34+ cells were less sensitive,

ing a higher MOI of 100 to obtain 50% to 80% trans-
n efficiency. Furthermore, higher expression levels of
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nsgene were observed in the leukemic cell lines com-
with primary CD34+ cells or PBMCs (Supplementary
B and C).
xamine apoptin-mediated cell death, 1 × 105 cells were
d with equal MOIs for LV-GFP and LV-GFP-AP virus.

5 days, cell death was determined by FACS analysis signifi

4 d, the different lineage colonies were counted and the mean values were obta

acrjournals.org

on April 7, 2017. © 2cancerres.aacrjournals.org nloaded from 
osis in transduced leukemia cells in a dose-dependent
er, whereas no cell death was observed in untransduced
-transduced parental cells (Fig. 1A). Furthermore, MTT
rvival assay showed more than 90% cell death in a panel
kemia cell lines infected with LV-GFP-AP, whereas no

cant killing was observed with LV-GFP–infected and un-
ositive cells. As shown in Fig. 1A, GFP-apoptin triggered infected parental cells (Fig. 1B). Using a MOI of 100, we were

1. Apoptin kills leukemia cell lines but does not kill normal bone marrow CD34+ cells. A, cell death was measured by FACS analysis of PI-positive
day 5 postinfection. The mean values were calculated from three independent experiments. *, P < 0.05. B, cell viability of MOI 100 infected cells
asured by MTT assay at the indicated time points. The values were converted to percentage of control-untransduced parental cells. The mean
and SD were obtained from three independent experiments each performed in triplicate. C, colony-forming assay of CD34+ cells. Mobilized normal
cells were infected with a MOI of 100 and 48 h later seeded in methylcellulose-based medium for the evaluation of colony formation. After
ined from two independent experiments each in duplicates.

Cancer Res; 70(18) September 15, 2010 7245
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infect more than 80% of CD34+ cells with LV-GFP and
than 50% with LV-GFP-AP, respectively, but the trans-
xpression was 2 to 3 logs lower compared with the leu-
cells (Supplementary Fig. S2C). Nevertheless, after
on with LV-GFP-AP, CD34+ cells remained viable and
ained the same differentiation capacity as control LV-
nfected and uninfected CD34+ cells on methylcellulose
-forming assay (Fig. 1C). This indicates that apoptin-
sing CD34+ cells function normally as hematopoietic
itors and can differentiate into multiple lineages. The
fectivity, low expression, and lack of toxicity shown by
ansduced CD34+ and PBMC cells show an important

. PKCβ protein level was detected by variant-specific antibodies. Protein sa
ach lane represent the quantified level of protein as compared to the con
tial for LV-GFP-AP as a purging agent in autologous
arrow transplant for leukemia.

Exp
showe

r Res; 70(18) September 15, 2010

on April 7, 2017. © 2cancerres.aacrjournals.org nloaded from 
ification of apoptin kinase(s) by
array analysis
variants of multiple myeloma cells, which originated

he same patient, are characterized by resistance (MM1.R)
sitivity (MM1.S) to dexamethasone. Using a MOI of 2, we
d that MM1.R cells were significantly more sensitive to
in-induced cell death as assessed by MTT cell viability
CS analysis (Fig. 2A and B). Importantly, increased sen-
of MM1.R cells to apoptin-induced cell death was asso-
with a higher level of apoptin phosphorylation (Fig. 2C)
ed by Western blot analysis using an apoptin phospho-
c antibody that we have recently developed.

were prepared from three independent cell populations. Numbers
2. Sensitivity to apoptin killing is correlated to PKCβ expression in myeloma cells. A, cell viability was measured by MTT assay of MOI 2 infected
the indicated time points. The values were determined by the percentage of the value measured from control-untransduced parental cells. The mean
and SD were obtained from three independent experiments performed in triplicate. B, cell death was measured by FACS analysis of PI-positive
day 5 or day 10 of MOI 2 infected cells, respectively. The mean values were derived from three independent experiments. *, P < 0.05; **, P < 0.01.
rential phosphorylation of apoptin protein was detected by Western blotting in MM.1R and MM1.S cells expressing GFP-apoptin. D1, D2, and
esent day 1, day 2, and day 3 postinfection. D, relative expression of PKCβ, DGKH, and MERTK in MM1.R and MM.1S cells measured by real-time
ative RT-PCR (left) and their protein levels were measured by Western blotting (right). PKCβ primers were designed to recognize both PKCβ
ression profiling by Affymetrix microarray analysis
d the overexpression of several kinases in MM1.R cells
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red with MM1.S cells, including PKCβ (9 fold), c-mer
oncogene tyrosine kinase (MERTK, 5.9-fold), and diacyl-
l kinase (DGKH, 5.2-fold). The expression levels of PKCα
ld), PKCγ (1.5-fold), and PKCδ (1.4-fold) were slightly
in MM1.R cells. In contrast, PKCε expression was higher
ld) in MM1.S cells. The detailed microarray data are pro-
in the supplementary materials. The highest expressing
ates PKCβ, MERTK, and DGKH were further validated
ntitative reverse transcriptase-PCR (qRT-PCR) using Sybr
Taqman master mix and Western blot analysis (Fig. 2D).
experiments confirmed the microarray analysis data.

interacts and phosphorylates apoptin in vitro
vivo
further investigate the role of the identified kinases in nant G

ed cell death was detected by FACS analysis in 293T cells 5 d after cotransfecti
and SD were obtained from triplicate experiments. **, P < 0.01.

acrjournals.org

on April 7, 2017. © 2cancerres.aacrjournals.org nloaded from 
V-GFP or LV-GFP-AP. After 3 days, total cell extracts
immunoprecipitated with GFP antibody (Abcam).
rn blot analysis of the IP complexes detected a clear
both PKCβ variants with GFP-apoptin fusion protein
ot with GFP alone. The precipitated complexes were
nalyzed using antibodies against DGKH, MERTK,
I3K/p85, PKCα, and PKCδ, but none of these proteins
ound in the GFP-apoptin immunocomplex (Fig. 3A). The
ocal IP using anti-PKCβ1 (Fig. 3B) or PKCβ2 antibody
med the interaction of the PKCβ variants with GFP-
in.
further investigate whether apoptin is phosphorylated
Cβ, bacterial recombinant apoptin fused to MBP
apoptin) was used as substrate with either recombi-

ST-PKCβ2 protein (Cell Signaling) or with immuno-
osphorylation of apoptin, MM1.R cells were infected purified PKCβ1. Western blot analysis confirmed enhanced

3. Both PKCβ variants interact with apoptin and phosphorylate apoptin in vitro and in vivo. MM1.R cells were lysed in RIPA buffer on day 3
ction. A, Immunoprecipitation (IP) with anti-GFP antibody. B, IP with anti-PKCβ1 antibody (left) and anti-PKCβ2 antibody (right). The
complexes were separated on SDS-PAGE gels, and proteins were detected by the indicated antibodies. C, an in vitro kinase assay showed
poptin phosphorylation by recombinant PKCβ2 (top) and PKCβ1 purified from MM1.R cell lysates by IP with a PKCβ1 antibody or an unspecific
y (lane 2, bottom). The lower bands are heavy chains from the IP cross-reacting with the secondary antibody. The phosphorylation of MBP-apoptin
ed by a PKCβ inhibitor, but not by an Akt inhibitor. D, increased phosphorylation of apoptin was detected in 293T cells 48 h after cotransfection of
-AP with pPKCβ1-CF and pPKCβ2-CF. Expression of PKCβ1 and PKCβ2 catalytic fragments in 293T cells was detected by Western blot using
- and PKCβ2-specific antibodies. The same membranes were reprobed with a phosphorylated apoptin-specific antibody and anti-GFP antibody.
on of LV-GFP-AP with pPKCβ1-CF and pPKCβ2-CF. The mean

Cancer Res; 70(18) September 15, 2010 7247
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horylation of apoptin by both PKCβ1 and PKCβ2 (Fig.
urthermore, a PKCβ-specific inhibitor resulted in di-
ed apoptin phosphorylation, whereas an AKT-specific
or had no such effect. The activity of the AKT inhibitor
nfirmed by Western blot analysis of AKT phosphoryla-
the presence or absence of AKT inhibitor on total cell
from MM1.R cells (data not shown). The level of total
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5. Apoptin differentially regulates cellular protein kinases. A, kinase protein levels and their activities detected by Western blotting from whole cell
of transduced MM1.R cells. B, protein levels detected by Western blotting from subcellular fractions of transduced MM1.R cells on day 3. CP,
s isolated from the cytoplasmic fraction; CM, proteins from the cell membrane fraction; NP, proteins isolated from the nuclear fraction; NM, proteins
to the nuclear membrane. C, apoptin upregulates PKCβ in HCT116-p53-/-. HCT116-p53-/- cells were fixed and labeled with anti-PKCβ1 antibody
2 postinfection. D, PKCβ colocalized with apoptin in the nucleus of transduced MM1.R cells. The cells were fixed and stained with anti-PKCβ1

y on the indicated days postinfection, and representative images were taken by fluorescence microscopy. Apoptin-expressing MM1.R cells clearly
condensed apoptotic nuclei on day 5 postinfection.
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hibition of AKT. These results collectively suggest that
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ays may be involved in apoptin phosphorylation and
tion of its activation.
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stingly, apoptin expression also induced cleavage of
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d cell death.
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lular membranes.
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d condensed apoptotic nuclei on day 5 postinfection
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ently, several viral and cellular proteins that specifically
mor cells have been identified. Such proteins as well as
ellular interacting and regulatory targets are important
ates for anticancer therapeutics. In the present study,
ve identified a novel cellular pathway involved in the
ization of cancer cells to apoptin.
ptin has been shown to be predominantly localized in
cleus of cancer cells, whereas in normal cells its nuclear
ulation is severely impaired (13, 14). Several studies
ted that phosphorylation of apoptin is crucial for its
r localization and cytotoxic activity (9, 10). Here, we
e evidence that the phosphorylation and nuclear migra-
f apoptin in tumor cells is mediated by PKCβ. Deletion
int mutation studies have shown the importance of the
-terminal domain (amino acids 80–121) of apoptin for
clear accumulation and function (31–34). Apoptin was
to be phosphorylated in this domain predominantly

-108 in cancer cells (16, 17). Analysis of the apoptin ami-
id sequence for potential phosphorylation sites using
os software (http://www.cbs.dtu.dk/services/NetPhos)
ted seven putative phosphorylation sites corresponding
PKC kinase consensus motifs (S/TXK/R or S/TXXK/R).
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to be phosphorylated in tumor cells but not in normal
1, 32). Microarray expression profiling of multiple myeloma
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r confirmed that apoptin was phosphorylated by PKCβ.
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d in a rapid activation of PKC isoforms (35). Further-
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ing apoptin. Consequently, PKCβ phosphorylates apop-
d triggers its nuclear migration where it induces the ac-
n of multiple signaling events, involving caspase-9,
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ath machinery.
ently, apoptin has been shown to interact with the SH3
in of p85 regulatory subunit of PI3K and its down-
effector AKT kinase (18, 19, 38). Interestingly, the in-
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king of AKT in parallel with apoptin, resulting in the
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-dependent kinase CDK2 and consequent phosphoryla-
f apoptin by CDK2 in the nucleus. However, in this
we have been unable to show an interaction between
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not entirely rule out the involvement of PI3K/AKT
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horylation to some extent. In our study, apoptin ex-
on resulted in AKT activation and rapid AKT protein
ation, which may prevent detection due to a sensitiv-
blem. The inconsistencies between our study and that
ddika and colleagues could be due to the different in-
cell features in the cell types used. MCF7 cells, which
sed in their experiments, have previously been shown
ers to be caspase-3 deficient (39). It has been reported
KT kinases are functionally inactivated by caspase-3
ge in response to a variety of apoptotic stimuli and
factor withdrawal (40, 41). A nuclear translocation of
ith apoptin in MCF7 cells reported by Maddika and col-
s could therefore be due to the lack of cleavage of AKT in
spase-3–deficient MCF7 cells, resulting in a full-length,
AKT that could capture and accompany apoptin into
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ontrast to AKT, which was destabilized by apoptin, a
tent, stable PKCβ protein level was detected in MM1.R
t is generally accepted that the transient activation of
supports cell survival, whereas a sustained activation of
induces apoptosis (21). Activation of PKCs in certain leu-
cell lines (HL60, U937, and K562) by TPA has been shown
ssociatedwith growth arrest and terminal differentiation
). This effect is also often accompanied by apoptosis.
trolled cellular proliferation involves multiple mechan-
hat balance increased cell numbers with subsequent
ath. This complex process is orchestrated by many ki-
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e-9, caspase-3, and PKCδ during apoptin-induced cell
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r engage the intrinsic apoptotic pathway through the
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nslocates to the mitochondria, where it triggers activa-
f the intrinsic apoptotic pathway by promoting activa-
f the Bcl-2 proteins Bax and Bak, which induces loss of
hondrial membrane potential and release of proapopto-
tochondrial components into the cytoplasm. PKCδ is a
haracterized and ubiquitously expressed kinase with
le functions (47). Full-length PKCδ is located in the cy-
m and has been shown to promote cell proliferation,
as cleaved PKCδ is located in the nucleus and has proa-
tic functions. Exposure to numerous apoptotic stimuli
in the activation of PKCδ and its translocation to the
s. Our data indicate that apoptin activates both PKCδ
spase-3 and enhances their nuclear accumulation (data
own). In the nucleus, PKCδ seems to be cleaved by ac-
d caspase-3 to generate the constitutively activated
otential target substrates Rece
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dependent protein kinase (DNA-PK), Rad9 (cell cycle
point protein), p53, p73β, and STAT1 (transcription fac-
efs. 20, 23, 47). Taken together, our data suggest that
ge of PKCδ and caspase-3 is also involved in the regula-
f apoptin-mediated apoptosis, but downstream of
in. This is consistent with previous reports showing that
e-3 is required for apoptin-induced apoptosis (12).
cer remains one of the leading causes of death, and
cancer patients relapse as they become resistant to
ntional therapies. There is mounting evidence that can-
lls, including leukemia, have an intrinsic ability to pre-
poptosis (49). Here, we provide important evidence
e ectopic expression of apoptin can restore the failing
osis program in leukemia and overcome intrinsic or ac-
resistance to cell death. Furthermore, apoptin was

o effectively eliminate multiple myeloma cells that
ecome resistant to dexamethasone. This study has led
identification of tumor-specific cellular targets such as
, whose modulation by shRNAs and small-molecule
can induce strong antileukemia effects.
onclusion, the present study provides novel mechan-
or apoptin regulation by protein phosphorylation in-
g the PKC pathway. This knowledge can be applied
derstanding the role of these kinases in response to
ent with a variety of anticancer agents. Importantly,
idence that our newly developed lentiviral vector ex-
ng apoptin has no effect on CD34+ progenitor colony
tion while effectively killing multiple myeloma cells fur-
upports apoptin as an important and ideal ex vivo
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