
Abstract. Background: Eight human catalytic phosphoino-
sitide 3-kinase (PI3K) isoforms exist which are subdivided
into three classes. While class I isoforms have been well-
studied in cancer, little is known about the functions of class
II PI3Ks. Materials and Methods: The expression pattern and
functions of the class II PI3KC2β isoform were investigated
in a panel of tumour samples and cell lines. Results:
Overexpression of PI3KC2β was found in subsets of tumours
and cell lines from acute myeloid leukemia (AML),
glioblastoma multiforme (GBM), medulloblastoma (MB),
neuroblastoma (NB), and small cell lung cancer (SCLC).
Specific pharmacological inhibitors of PI3KC2β or RNA
interference impaired proliferation of a panel of human
cancer cell lines and primary cultures. Inhibition of PI3KC2β

also induced apoptosis and sensitised the cancer cells to
chemotherapeutic agents. Conclusion: Together, these data
show that PI3KC2β contributes to proliferation and survival
in AML, brain tumours and neuroendocrine tumours, and
may represent a novel target in these malignancies.

Phosphoinositide 3-kinases (PI3Ks) play an essential role in
the signal transduction events initiated by the binding of
extracellular signals to their cell surface receptors (1-3).
Cellular responses controlled by PI3Ks are extremely diverse,
including mitogenesis and proliferation, protection from
apoptosis and cell motility (1-3). There are eight known PI3Ks
in humans, which have been subdivided into three classes,
based on structural homology and in vitro substrate specificity
(4-7). Class IA comprises three highly homologous isoforms,
p110α (8), p110β (9) and p110δ (10, 11), which exist as a
heterodimeric complex with a regulatory subunit containing
two SRC homology-2 (SH2) domains, mediating enzyme
association with phosphotyrosine residues in the cytoplasmic
domains of activated polypeptide growth factor receptors (12-
14). All class I PI3Ks function as PtdIns(4,5)P2 3-kinase in
vivo, upon activation by receptor tyrosine kinases or serpentine
receptors (15, 16). PtdIns(3,4,5)P3 serves as a docking site for
the serine/threonine protein kinase phosphoinositide-dependent
protein kinase-1 (PDK-1), which is activated upon binding
(17). Several protein kinases have been identified as
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downstream targets of PDK-1, such as the serine/threonine
protein kinase B (PKB) /AKT, which is a key regulator of cell
survival, ribosomal protein S6 kinase (S6K), which stimulates
protein synthesis and cell growth, glycogen synthase kinase-3
(GSK-3), a key regulator of glycogen synthesis, and a subset of
protein kinase C (PKC) isoforms (3, 18, 19). 

Class II PI3Ks comprise the Drosophila PI3K_68D/Cpk (20,
21), mouse Cpk-m (21), and human PI3KC2α (22), PI3KC2β
(23) and PI3KC2γ (24,25). The hallmarks of class II family
members are a substrate specificity restricted to PtdIns and
PtdIns(4)P in vitro, and a conserved C-terminal C2 domain,
involved in phospholipid binding. Recent studies have started
to investigate the regulation and functions of class II PI3Ks in
vivo. Indeed, several reports have shown that class II PI3Ks are
downstream targets of activated receptor tyrosine kinases
(RTKs), such as the epidermal growth factor receptor (EGFR),
platelet-derived growth factor receptor (PDGFR), v-kit Hardy-
Zuckerman 4 feline sarcoma viral oncogene-like protein (C-
KIT) and insulin receptor (IR) (26-29). Studies in Drosophila
melanogaster have also revealed a role for the class II
PI3K_68D in cell differentiation downstream of the EGFR (30).
Furthermore, recent reports have documented a role for
PI3KC2β in cell migration in mammalian cells via activation of
Rho family GTPases and in human cancer cells (28, 31, 32).
PI3KC2β was also reported to contribute to cancer cell growth
and AKT activation (29, 33-35). Analysis of a conditional
knock-out mouse of PIK3C2B, however, revealed no obvious
phenotype despite a fairly ubiquitous deletion of PIK3C2B (36). 

The importance of PI3K signalling in cancer is highlighted
by the fact that mutations in the tumour suppressor gene
phosphatase and tensin homologue (PTEN) occur frequently
in human tumours. PTEN is a phosphatase that antagonises
the action of PI3K by de-phosphorylating the D-3 position
of polyphosphoinositides (37-40). Moreover, numerous
reports have described activating mutations in the PIK3CA
gene encoding the catalytic p110α isoform of PI3K in a
variety of human cancer types including breast, colon and
ovarian cancer (37, 39-44).

In the present study, we evaluated the expression of the
class II PI3KC2β isoform in a panel of primary human
tumours and cell lines. Furthermore, we used isoform-
specific pharmacological inhibitors and RNAi to inhibit this
enzyme in human cancer cell lines. We show for the first
time that PI3KC2β is overexpressed in acute myeloid
leukemia, brain tumours and neuroendocrine tumours, and
that inhibiting this class II PI3K reduces proliferation and
survival in cell lines from these types of cancer. 

Materials and Methods
Reagents and antibodies. The PI3KC2β antibody was described
elsewhere (23). Other antibodies and reagents were purchased from
the following companies: Caspase-3, poly(ADP-ribose) polymerase
(PARP; Santa Cruz Biotechnology, Santa Cruz, CA, USA);

activated AKT/PKB (Ser473), activated c-Jun NH2-terminal kinase
(JNK) (Thr183/Tyr185), activated S6 protein (Ser235/236) (Cell
Signalling Technology, Danvers, MA, USA); β-actin, β-tubulin
(Sigma-Aldrich, St Louis, MO, USA); siGENOME™ siRNA
(Dharmacon, Lafayette, CO, USA); Etoposide (Calbiochem, La
Jolla, CA, USA); doxorubicin (Pfizer AG, Zurich, CH); PI701
(YM185453) and PI702 (YM182832) were provided by PIramed
Pharma Limited (Berkshire, UK); PI701 and PI702, isoform-specific
inhibitors of PI3KC2β, were synthesised as described in patent no.
US 6,770,641 B2. The use of fused heteroaryl derivatives as PI3K
isoform inhibitors has been published previously (45-48).

Apoptosis. For detection of apoptosis, cells were incubated for 16-
24 h in the presence or absence of inhibitors. The cells were then
lysed and caspase-3 activity was measured using the CaspACE
Assay System (Promega, Madison, WI, USA) (49, 50). Additionally,
samples were analysed by sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) and western blot with antibodies
to caspase-3 and PARP.

Cell culture. Acute myeloid leukemia (AML), neuroblastoma (NB),
glioblastoma (GBM), medulloblastoma (MB), small cell lung cancer
(SCLC) and mammary epithelial cell lines shown in Table I were grown
in Roswell Park Memorial Institute medium (RPMI) or Dulbecco’s
Modified Eagle’s Medium (DMEM) (Life Technologies/Invitrogen,
Carlsbad, CA, USA) with 10% (v/v) fetal calf serum (FCS) and
penicillin/streptomycin/L-glutamine, and passaged every 3-5 days (51-
54). DAOY, D341, D425 and D458 medulloblastoma cell lines were
grown in MEM Zinc option (Richter’s modification) medium
supplemented with 10% FCS (49). For growth factor stimulation, cells
were incubated overnight in their growth medium with low serum (0.5-
1% v/v) or Optimem medium (Life Technologies/Invitrogen) and
washed with serum-free medium prior to incubation with growth factors.
Heparinized peripheral blood or bone marrow samples were obtained
from adult patients with AML. Blast cells were isolated as described
previously (51). Type II human lung pneumocytes (52) were maintained
in DCCM-1 medium supplemented with 10% new born calf serum.

Cell proliferation. Cell lines (5×103 cells/well) were seeded in 96-
well plates and grown for 72 h in serum (10%)-containing medium
in the presence or absence of inhibitors PI701 or PI702. The number
of viable cells was analysed by means of an [3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner salt] (MTS) assay using the CellTiter 96®
Aqueous One Solution Cell Proliferation Assay (Promega)
according to the manufacturer’s instructions. Data are the mean with
SD from 8 repetitions.

Bromo-deoxy-uridine (BrdU) incorporation. AML cells were
incubated in vitro with bromo-deoxy-uridine (BrdU) and, after
preparation of cytocentrifuge smears, stained with an anti-BrdU
antibody to enable detection of cells in the S phase of the cell cycle
(BrdU-labeling index, LI) (BrdU Labeling and Detection Kit; Roche
Diagnostics, Rotkreuz, Switzerland) (55).

Combination experiments with chemotherapeutic agents. Cell lines
(5×103 cells/well) were seeded in 96-well plates and grown for 72 h
in serum (10%)-containing medium in the presence of the inhibitor
PI701, etoposide, or doxorubicin, as single agents or in
combination. The number of viable cells was analysed by means of
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an MTS assay using the CellTiter 96® Aqueous One Solution Cell
Proliferation Assay (Promega) according to the manufacturer’s
instructions. For detection of apoptosis, cells were incubated for 16-
24 h in the presence the inhibitor PI701, etoposide, or doxorubicin,
as single agents or in combination. The cells were then lysed and
samples were analysed by SDS-PAGE and western blot with
antibodies to caspase-3 and PARP.

Dissociation of brain tumours. Human brain tumours were removed
from four patients who underwent surgery for tumour resection at
the University Hospital Zurich. The procedures were conducted in
accordance with the Declaration of Helsinki and approved by the
Ethics Committee of the Canton Zurich. Following removal, tumour
tissue was immediately placed in a petri dish, minced mechanically
and digested enzymatically with collagenase D and DNase I (Roche
Applied Science) for 1 h at 37˚C while being stirred with a
magnetic bar. The dissociated cells were then sequentially filtered
through 100 and 70 μm cell strainers (BD Falcon; BD Biosciences,
Basel, Switzerland) to remove any tissue debris. Erythrocytes were
removed by resuspending and incubating the cells in ice-cold ACK
buffer [17 mM Tris–HCl (pH 7.2) containing 144 mM NH4Cl] for
10 min on ice. The cells were washed in PBS and plated in DMEM
(Life Technologies/Invitrogen) supplemented with 10% (v/v) heat
inactivated FCS and gentamycin (20 mg/ml) and passaged every 3-
5 days by trypsinization.

DNA microarray. Total RNA was extracted from 60 MB samples and
three cell lines (D283, D341, and DAOY) using Trizol reagent
(Invitrogen). After DNAse treatment and RNA purification (RNeasy
Micro kit; Qiagen, Santa Cruz, CA, USA), gene expression profiles
were obtained on the Affymetrix HG-U133 Plus 2.0 array that contains
more than 54000 probe sets for transcripts and variants (49, 50, 56).
Expression data for nine normal cerebellum tissue samples analysed
on the same Affymetrix array version were obtained from Gene
Expression Omnibus (GEO) database (http://www.ncbi.nlm.
nih.gov/geo/). Gene expression data for the samples were normalized
using the GCRMA procedure. PI3KC2β expression levels for the
samples are presented (unlogged data).

Isolation of RNA from tumour samples and reverse transcription-
polymerase chain reaction (RT-PCR). For primary NB samples, ethical
approval to use residual tissue was obtained. RNAlater-preserved tumour
tissue was available from the Swiss Pediatric Oncology Group tumour
bank. All diagnoses were confirmed by histological assessment of the
tumour specimen obtained at surgery. NB tissue was disrupted with a
sterile disposable tissue grinder (Sage Products, Cary, IL, USA) and
homogenised in guanidinium isothiocyanate-containing buffer (54).
Total RNA of cell lines and tumour tissue was isolated using the RNeasy
kit (Qiagen) according to the manufacturer’s protocol (54). Total RNA
(3 μg) from each tumour sample was converted into cDNA using the
SuperScript™ First-Strand Synthesis System for PCR according to
manufacturer’s instructions (Invitrogen). mRNA expression of PI3KC2β
and 18S (internal control gene) was measured in tumour samples and
cell lines by TaqMan® Assay-on-Demand™ Gene Expression products
(Applied Biosystems, Foster City, CA, USA). The following primers
were used (gene, assay ID): PIK3C2B, Hm00153248_m1; eukaryotic
18S rRNA, Hs99999901_s1. Three replicates were run for each sample
in a 96-well format plate. Gene expression assays consisted of a FAM™
dye-labelled TaqMan® MGB probe and two PCR primers. The thermal
cycling conditions consisted of an initial denaturation step at 95˚C for 10
min and a 50-cycle countdown at 95˚C for 15 s and 60˚C for 1 min.
Each sample was normalised on the basis of its 18S rRNA content.
Relative mRNA expression levels were calculated using the comparative
threshold cycle (CT) method (57). 

PI3K assays. Recombinant human PI3KC2β was expressed as a
glutathione S-transferase (GST)-fusion protein in SF9 insect cells and
purified as described previously (23). Recombinant class I PI3K
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Table I. Half maximal inhibitory concentration (IC50) values (μM) of
PI701 and PI702 against a panel of cancer cell lines and primary
cultures from neuroblastoma, glioblastoma, medulloblastoma, acute
myeloid leukemia, and small cell lung cancer.

IC50 Values

Inhibitor PI701 PI702

Neuroblastoma cell lines
CHP134 7.4 8.0
LAN1 8.3 10.0
SHSY5Y 15.8 6.6
WAC2 5.2 6.0

Glioblastoma cell lines 
and ex vivo cultures

T98G 6.9 >20
U251 8.0 >20
LN319 19.6 14
LN229 6.2 14.1
U87 >20 10.2
LO 11.6 ND
RE 13.2 ND
SB 18.2 ND

Medulloblastoma cell lines
DAOY 10.1 >20
D341 4.5 4.0

AML cell lines, patient 
blasts and control cells

U937 3.2 5.5
HL-60 9.6 12.4
NB4 5.3 7.8
THP1 8.4 9.5
Kasumi >20 ND
KG-1 17.0 8.0
K562 10.4 >20
FIN COS >20 >20
41b MI >20 >20
FAB M5 2.5 ND
FAB M1 3.6 ND
FAB M0 ND 6.2
N ND 12.6

SCLC cell lines and control cells
H69 4.4 ND
H209 4.3 ND
H510 5.0 ND
SW2 10.2 ND
PN 12.0 ND

LO, RE, SB: Glioblastoma ex vivo cultures; FIN COS, 41b MI:
immortalised B cells; FAB: French-American-British classification; N:
non-leukemic bone marrow cells; PN: immortalised type II
pneumocytes; ND: not determined.



isoforms were expressed and purified likewise. PI3K activity of the
different PI3K isoforms was assayed essentially as described (46, 48). 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and western blot analysis. Cellular lysates were prepared as
previously described (58) separated by SDS-PAGE, transferred to a
hydrophobic polyvinylidene difluoride (PVDF) membrane (Hybond-
P; Amersham Biosciences, Amersham, UK), and immunoblotted
with different antibodies (PI3KC2β, Caspase-3, PARP, activated
AKT/PKB (Ser473), activated JNK (Thr183/Tyr185), activated S6
protein (Ser235/236), β-actin, β-tubulin) according to the
manufacturer’s protocol. Chemiluminescence was used for
visualization using the enhanced chemiluminescence (ECL) western
blotting detection reagents (Amersham Biosciences, Amersham,
UK) according to the manufacturer’s protocol.

Transient expression in AML cells. AML cells were transfected with
small-interfering RNA (siRNA) targeting PI3KC2β using the
Amaxa Nucleofector system (Amaxa Biosystems, Gaithersburg,
MD, USA) according to the manufacturer’s protocol. Cell Line
Nucleofector Kit V was used and program V-001 applied (51). After
48 h cells were lysed in cell lysis buffer in order to visualize protein
expression by SDS-PAGE and western blotting (51). In addition,
cells were analysed for cell proliferation and apoptosis by MTS
assay and caspase-3 measurement 72 h after transfection.

Wound-healing assay. EpH4 murine epithelial cells stably
transfected with the Ha-Ras oncogene and induced by transforming
growth factor-β1 (TGF-β1) to undergo epitheliomesenchymal
transition (EMT) in vivo to establish FibRas cells have been

described elsewhere (53) and were obtained from Dr. E.
Reichmann (University Children’s Hospital Zurich, Switzerland).
For wound-healing assays, cells were plated in 12-well culture
plates in complete medium and grown to confluency. A wound was
created by scraping cells with a 200 μl tip (59). The migration rate
was monitored for eight hours by phase contrast microscopy
(Leica DM IRBE Inverse, widefield) in the presence or absence
of inhibitors (59).

Results

Expression of PI3KC2β in tumour samples and cell lines.
Previous reports had documented increased expression of
PI3KC2β in leukemia, glioblastoma and lung cancer cell
lines and tumours (29,60,61). Therefore, the expression of
PI3KC2β was investigated in a panel of tumours and cell
lines from AML, neuroendocrine tumours (SCLC and NB)
and brain tumours (MB and GBM). In AML, PI3KC2β was
highly expressed in a subset of AML blasts and cell lines
(Figure 1A, left panel). Interestingly, PI3KC2β expression
was much lower in non-leukemic bone marrow cells and
immortalised B-cells (Figure 1A) indicating that AML blasts
and cell lines overexpress the enzyme. We also reanalysed
cDNA microarray data from a previously published study in
AML (62). PI3KC2β mRNA expression was found to be
higher in certain groups of AML, depending on molecular
and cytogenetic abnormalities. AML categories displaying
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Figure 1. Phosphoinositide 3-kinase C2β (PI3KC2β) expression in acute myeloid leukemia (AML) and small cell lung cancer (SCLC) cells. Western
blot analysis of PI3KC2β expression in A: normal bone marrow cells (N), primary blasts (1-7), AML cell lines and immortalized B cells (FIN COS,
41b MI); and B: type II pneumocytes (PN) and SCLC cell lines (left panel). Relative mRNA expression levels of PIK3C2B in human AML cell lines
(A) and SCLC cell lines (B) (right panel). Nontransformed type II human pneumocytes were used as a control.



increased expression included FLT3-ITD and EVI1 (levels
of expression: 77.37 and 99.21), as compared to FLT3-TKD
(level of expression: 41.51). The levels of expression of the
PI3KC2β mRNA in every sample were determined by the
mean of the hybridization intensities of the PIK3C2B probe
sets from the patients analysed by cDNA microarray.
Increased expression of PI3KC2β was also found in AML
with the cytogenetic abnormalities -7 (level of expression:
99.72), when compared to +8, 11q13, t(8;21), idt(16), or NN
(levels of expression: 46.86, 39.35, 54.40, 19.80, 60.03). In
contrast, there were no significant differences in expression
of PI3KC2β mRNA between AML French-American-British
(FAB) classes. 

Protein expression analysis of SCLC cell lines revealed
elevated PI3KC2β expression in 2/4 cases when compared
to a normal type II pneumocyte cell line (PN) (Figure 1B,
left panel). TaqMan analysis of PIK3C2B expression
confirmed that mRNA levels are predictive of protein
expression (Figure 1B, right panel). 

In NB cell lines, western blot analysis revealed broad
expression of PI3KC2β (Figure 2A). Upon TaqMan
analysis PIK3C2B was found to be overexpressed at the
mRNA level when compared to normal human adrenal
gland (5/8 samples with >2-fold expression) (Figure 2B).
In primary tumours from children under the age of one
year, PI3KC2β exhibited increased expression (Figure 2C).
This distribution was mirrored in data obtained from
TaqMan analysis, where increased mRNA expression was
found in the same patient subgroup (3/19 samples with >2-
fold expression) (Figure 2D). 

In GBM cell lines and ex vivo cultures PI3KC2β was
found to be overexpressed in a subset of samples when
compared to normal human brain or cerebellum (Figure 2E). 

In MB cell lines, heterogeneous PI3KC2β expression was
observed (Figure 2F). Microarray analysis of a panel of
primary MB samples also showed that PI3KC2β was
overexpressed in 16/60 samples compared to normal human
cerebellum (Figure 3). However, in more than half of the
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Figure 2. Phosphoinositide 3-kinase C2β (PI3KC2β) expression in tumours of the central nervous system. In neuroblastoma cell lines (A and B) and
primary tumour samples (C and D), PI3KC2β expression was analysed both by western blot analysis (A and C) as well as quantitative reverse
transcription-polymerase chain reaction (RT-PCR) (B and D). PI3KC2β protein expression in glioblastoma cell lines and ex vivo cultures (E) and
medulloblastoma cell lines (F) by western blot analysis. For neuroblastoma samples, human adrenal tissue (AG) was used as a control. For
glioblastoma and medulloblastoma samples, normal human cerebellum served as a control. 



MB samples PI3KC2β expression was reduced compared to
normal human cerebellum (Figure 3).

Together, these data revealed subgroups of tumours and
cell lines displaying PI3KC2β overexpression, in which the
class II PI3K may play a role in regulating proliferation,
survival or migration.

Inhibition of cell proliferation by pharmacological PI3KC2β
inhibitors and by siRNA targeting PI3KC2β. To gain insight
into the contribution of the class II PI3K isoform PI3KC2β
in cell proliferation, two different isoform-specific
pharmacological inhibitors (PI701 and PI702) were used.
The specificity of these inhibitors was verified by in vitro
PI3K assays using purified recombinant preparation of
various PI3K isoforms. The half maximal inhibitory
concentration (IC50) values for specific inhibition of the
enzymatic activity of PI3KC2β were 528 nM for PI701 and
632 nM for PI702 while values above 10 μM were observed
for the other PI3K isoforms (Table II). Both inhibitors also
failed to inhibit the activity of mammalian target of
rapamycin (mTOR) and DNA-activated protein kinase
(DNA-PK), with IC50 values above 100 μM (data not
shown). A screen against a panel of 72 protein kinases in

vitro confirmed that the two compounds are selective for
PI3KC2β. Indeed, they only showed some inhibitory activity,
at a concentration of 10 μM in vitro, against anaplastic
lymphoma kinase (ALK), v-raf-1 murine leukemia viral
oncogene homolog 1 (c-Raf), p38-regulated/activated kinase
(PRAK) and tyrosine protein kinase receptor B (TRKB)*
(*PI702 only) (data not shown).

The antiproliferative activity of both inhibitors was
investigated in a panel of 28 cell lines and primary cultures
from AML, GBM, MB, NB and SCLC. As controls, non-
leukemic bone marrow cells (N), two immortalised B cells
lines (FIN COS, 41b MI) and an immortalised Type II
pneumocyte cell line (PN) were included. Both inhibitors of
PI3KC2β inhibited cell proliferation in a dose-dependent
manner with IC50 values below 10 μM (PI701: 16/30 cases;
PI702: 9/25 cases) (Figure 4 and Table I). The lowest IC50
values were observed in SCLC cell lines, AML blasts and
D341 MB cells (Table I). In contrast, the IC50 values observed
in control cells (FIN COS, 41b MI, N, PN) were above 10
μM. In several cases, cell lines with high PI3KC2β expression
were more sensitive to PI701 and PI702, as was the case for
AML (U937 and NB4), MB (D341), GBM (T98G) and SCLC
(H-209 and H-510) (Figures 1 and 2, Table II). 
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Figure 3. DNA Microarray analysis of phosphoinositide 3-kinase C2β (PI3KC2β) expression in a panel of primary medulloblastoma samples and
cell lines. Gene expression profiles were obtained with the Affymetrix HG-U133 Plus 2.0 array. 



To confirm that the effects of the inhibitors in the MTS
assay were indeed due to reduced cell proliferation, BrdU
incorporation assays were performed in AML cell lines.
These experiments revealed that PI701 and PI702 indeed
reduce BrdU incorporation (Figure 5).

Investigation of the effect of PI701 on activation of
downstream signalling mediators in AML cell lines showed
a dose-dependent decrease in the phosphorylation of key
signalling molecules (Figure 6). These include AKT, JNK
and ribosomal S6 protein. 

Together, these data show that inhibition of PI3KC2β with
selective pharmacological inhibitors impairs proliferation in
a subset of human cancer cells, with IC50 values compatible
with inhibition of the enzyme. This is in line with the finding
that the phosphorylation of key signalling molecules is
decreased upon treatment with PI701 in AML (Figure 6). 

To validate the results obtained with pharmacological
inhibitors, siRNA targeting PI3KC2β was tested in an AML
cell line. The specific down-regulation of PI3KC2β
expression by siRNA was verified by western blot analysis
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Figure 6. Effect of PI3KC2β-specific inhibitor PI701 on the
phosphorylation of downstream signalling molecules. Acute myeloid
leukemia (AML) cell lines (U937 and THP1) were treated with
increasing concentrations of PI701 overnight. Pathway activation was
visualised by monitoring the phosphorylation status of v-akt murine
thymoma viral oncogene homolog (P-AKTSer473), c-Jun NH2-terminal
kinase (P-JNKThr183/Tyr185) and S6 protein (P-S6 proteinSer235/236).

Figure 4. Titration curve of PI3KC2β-specific inhibitor PI701 in acute
myeloid leukemia (AML) and small cell lung cancer (SCLC). A: AML
cell lines (U937, triangles; HL-60, circles) and patient blasts (FAB M1,
asterisks), and B: SCLC cell lines (H209, triangles; H510, circles) were
treated with increasing concentration of the inhibitor for 72 hours. For
(A) AML cell lines and blast cells, immortalised B-cells (diamonds and
squares) served as a control. For (B) SCLC, non-transformed type II
pneumocytes (squares) were used as a control.

Table II. Half maximal inhibitory concentration (IC50) values (μM)
against isolated enzymes.

Compound PI3KC2β p110α p110β p110γ p110δ

PI701 0.528 >10 >10 >10 >10
PI702 0.632 >10 >10 >10 >10

Figure 5. Phosphoinositide 3-kinase C2β (PI3KC2β)-specific inhibitors
impair cell proliferation in acute myeloid leukemia (AML) cells.
Titration curves of PI701 and PI702 in AML. NB4 cells were treated
with increasing concentrations of the inhibitors (PI701, diamonds;
PI702, squares) for 24 hours and BrdU incorporation was measured.



(Figure 7A). Reduced expression of PI3KC2β in U937 cells
resulted in a 40% reduction of cell proliferation and was
accompanied by increased caspase-3 activity (Figure 7B).
The effects of the PI3KC2β siRNA on cell proliferation were
less marked in THP1 cells, which displayed lower expression
of the enzyme (data not shown). 

Targeting PI3KC2β enhances the sensitivity of AML and
GBM cells to chemotherapy. We next investigated whether
inhibition of PI3KC2β by pharmacological inhibitors could
modulate the sensitivity of AML and GBM cells to
chemotherapeutic agents. In AML cell lines, combination
treatment with PI701 led to markedly increased sensitivity
to etoposide (Figure 8A). This effect was also observed in
GBM cell lines and ex vivo cultures where PI701 combined
with doxorubicin had a stronger effect on cell viability than
did the chemotherapeutic agent alone (Figure 8B and 8C).
Moreover, the combination treatment enhanced the induction
of apoptosis as assessed by increased caspase-3 activation
and PARP cleavage (Figure 8D and 8E).

In summary, these results highlight the importance of
PI3KC2β in regulating the viability and chemoresistance of
different types of tumour cells. 

PI3KC2β contributes to cell migration in transformed
epithelial cells. Previous reports have described a role for
PI3KC2β in the migration of cancer cells (28, 31). To
investigate the specific contribution of PI3KC2β in the
migration of tumourigenic vs. non-tumourigenic cells, murine
epithelial cells sequentially transformed by oncogenic H-Ras
and TGF-β1 were used (53). To analyse the contribution of
PI3KC2β to the migratory capacity of cancer cells, murine
epithelial cells were treated with PI701. Western blot analysis
revealed increased PI3KC2β expression in the FibRas cells,
which have previously been shown to display enhanced

migration and invasion, as compared to Eph4 and EpRas cells
(53) (Figure 9A). Treatment with PI701 impaired migration
of FibRas cells but had no significant effect on the migration
of Eph4 and EpRas cells (Figure 9B). At the concentrations
used, PI701 did not inhibit cell proliferation significantly
(Figure 9C). The finding that pharmacological inhibition of
PI3KC2β impaired the migratory capacity of highly invasive
cells emphasises the importance of PI3KC2β in regulating
cancer cell migration.

Discussion

To date, the class IA isoform p110α is the only validated target
of the PI3K family in the context of human cancer (6, 39, 40,
63, 64). Other class IA isoforms have been associated with a
role in various malignancies, including p110β in prostate
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Figure 8. PI3KC2β-specific inhibitor PI701 sensitizes acute myeloid
leukemia (AML) and glioblastoma cells to chemotherapeutical agents.
A: Titration curve of U937 (left panel) and THP1 (right panel) cells
incubated with increasing concentrations of etoposide in the absence
(black circles) or presence (white circles) of PI701 (1 μM). B: Titration
curve of T98G (left panel) and U251 (right panel) cells incubated with
increasing concentrations of doxorubicin in the absence (black circles)
or presence (white circles) of PI701 (1 μM). C: Titration curve of two
glioblastoma ex vivo cultures incubated with increasing concentrations
of doxorubicin in the absence (black circles) or presence (white circles)
of PI701 (1 μM). A representative experiment (out of three) performed
with eight repetitions is shown for A-C. *p<0.05 and **p<0.01,
significantly different by analysis of variance test. D: T98G cells were
treated with PI701 or doxorubicin alone, and in combination, and
caspase-3 cleavage was evaluated by means of a western blot. E: U937
cells were treated with increasing concentration of etoposide either
alone or in combination with PI701 and poly(ADP-ribose) polymerase
(PARP) cleavage was visualised by means of a western blot. The band
corresponding to cleaved PARP (85 kDa) is shown. 

Figure 7. Inhibition of acute myeloid leukemia (AML) cell proliferation by small-interfering RNA (siRNA) targeting Phosphoinositide 3-kinase C2β
(PI3KC2β). A: U937 cells transfected with control (ctr) siRNA or siRNA targeting PI3KC2β were analyzed by western blotting for protein expression.
B: Cell proliferation of U937 cells transfected with siRNA targeting PI3KC2β was analysed by MTS assay (left panel) and caspase-3 activity was
assessed in parallel. **Significantly different at p<0.01 by analysis of variance test.
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cancer (65) and p110δ in leukemia and lymphoma (66-69).
Concerning the class II PI3Ks, PI3KC2α has been shown to
play a role in survival of HeLa cells (70) and increased
expression of PI3KC2β was reported in a subset of tumours
and cell lines from AML, GBM and SCLC (29, 60, 61).
Furthermore, PI3KC2β has been shown to play a role in the
migration of A-431, HeLa and ovarian cancer cells (28, 31),
and to contribute to cancer cell growth and AKT activation (29,
33-35). An analysis of single-nucleotide polymorphisms (SNP)
in PI3K genes also revealed an association between PIK3C2B
and prostate cancer risk (71). In the present study, we have
extended these studies on PI3KC2β in AML, brain tumours
and neuroendocrine tumours.

Here we report that PI3KC2β is overexpressed in a variety
of human cancer cell lines and primary cultures compared to
control tissue. The growing interest in small molecule
inhibitors has led to the development of a plethora of
pharmacological PI3K inhibitors whose activity in human
cancer remains to be validated. In the present study, the
effect of two specific inhibitors of PI3KC2β (PI701 and
PI702, Figure 10) on cancer cell responses was investigated.
Upon treatment with either compound, a dose-dependent
inhibition of cell proliferation was observed in different
human tumour cells, while non-tumourigenic cells, such as
immortalised B-cells and type II pneumocytes, remained
largely unaffected. Moreover, a correlation between protein

expression and sensitivity to the inhibitors was observed in a
number of cell lines. In AML, siRNA against PI3KC2β also
led to reduced proliferation accompanied by an increase in
apoptosis. The finding that the activation status of important
signalling molecules, including AKT, JNK and S6K, was
reduced upon treatment with PI701, is in line with the
inhibitory effect of this compound on cell proliferation.

Interestingly, co-treatment of cells with PI701 led to an
increased sensitivity to chemotherapeutic agents, such as
etoposide and doxorubicin. This supports previous reports
showing that the inhibition of important survival pathways,
including PI3K/AKT, can enhance the response to cytotoxic
reagents (33, 49, 50). In the present study, we have
demonstrated for the first time that PI3KC2β inhibitors can
sensitize human cancer cells to chemotherapeutic agents such
as etoposide and doxorubicin.

Besides its role in regulating cell proliferation, in invasive
murine breast cancer cell lines, PI3KC2β was also found to
be involved in cell migration. Enhanced expression of
PI3KC2β was detected in the most motile cells (FibRas) as
compared to non-invasive cells (EpH4) (59). Treatment of
these cells with increasing doses of PI701 strongly reduced
the migratory capacity in wound-healing assays. This is an
interesting observation considering that malignant cells often
acquire the ability to migrate, leading to the propagation of
metastases throughout the body. 
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Figure 9. Role of phosphoinositide 3-kinase C2β (PI3KC2β) expression in mammary epithelial cell lines. A: Western blot analysis of PI3KC2β
expression in EpH4, EpRas and FibRas cells. B: Effect of PI3KC2β-specific inhibitor PI701 on migration of mammary epithelial cell lines. Cells
were treated with increasing concentrations of PI701 and the distance migrated was measured after 8 hours. C: Cell proliferation was assessed in
parallel. **Significantly different at p<0.01 by analysis of variance test.



In summary, the present study illustrates that PI3KC2β
plays a crucial role in regulating various cellular responses in
a broad spectrum of human cancer cell types. Since the
pharmacological inhibitor PI701 not only reduced basal cell
proliferation, but also had an effect on chemosensitivity and
cellular migration, PI3KC2β could prove to be an attractive
target for cancer treatment in the future.

Republication Note
The paper entitled “Targeting PI3KC2β Impairs Proliferation and
Survival in Acute Leukemia, Brain Tumours and Neuroendocrine
Tumours” by Boller et al., has been originally published in Anticancer
Research 32(8): 3015-3028, 2012, and was retracted by the journal in
September 2021 due to the similarity of Figure 2C with Figure 1A of
the article published in Clinical Cancer Research 14(4): 1172-1181,
2008. The retraction note was published in Anticancer Research 41(9):
4661, 2021. Following careful consideration of the explanations of the
researcher responsible for Figure 2C by two independent reviewers, the
article is republished with the following correction: On page 3221, in
Figure 2C, the control protein for primary neuroblastoma tumor
samples was incorrectly labelled with β-Tubulin and has been corrected
to β-Actin. This correction has no impact on the significance of the
results depicted in Figure 2C nor on the conclusions of the article.
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