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Nitrogen-containing heterocyclic compounds are an important class
of molecules that are commonly used for the synthesis of candidate
drugs. Phosphatidylinositol-4-phosphate 5-kinase-a (PIP5Ka) is a lipid
kinase, similar to PI3K. However, the role of PIP5K1a in oncogenic
processes and the development of inhibitors that selectively target
PIP5K1c have not been reported. In the present study we report that
overexpression of PIP5K1a is associated with poor prognosis in pros-
tate cancer and correlates with an elevated level of the androgen
receptor. Overexpression of PIPSK1« in PNT1A nonmalignant cells
results in an increased AKT activity and an increased survival, as well
as invasive malignant phenotype, whereas siRNA-mediated knock-
down of PIPSK1a in aggressive PC-3 cells leads to a reduced AKT
activity and an inhibition in tumor growth in xenograft mice. We
further report a previously unidentified role for PIP5K1a as a drug-
gable target for our newly developed compound ISA-2011B using
a high-throughput KINOMEscan platform. ISA-2011B was discovered
during our synthetic studies of C-1 indol-3-yl substituted 1,2,3,4-tetra-
hydroisoquinolines via a Pictet-Spengler approach. ISA-2011B sig-
nificantly inhibits growth of tumor cells in xenograft mice, and we
show that this is mediated by targeting PIP5K1a-associated PI3K/
AKT and the downstream survival, proliferation, and invasion
pathways. Further, siRNA-mediated knockdown of PIP5K1x exerts
similar effects on PC3 cells as ISA-2011B treatment, significantly
inhibiting AKT activity, increasing apoptosis and reducing inva-
sion. Thus, PIP5K1a has high potential as a drug target, and com-
pound ISA-2011B is interesting for further development of targeted
cancer therapy.
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he mainstay of cancer treatment largely consists of non-

specific cytotoxic agents with severe side effects in treated
cancer patients (1). It is thus essential to discover novel drugs
and their targets to more selectively eradicate cancer cells.
Within the pharmaceutically important heterocyclic compounds,
the 1,2,3,4-tetrahydroquinoline and 1,2,3,4-tetrahydroisoquino-
line ring systems are common structural motifs found in several
biologically active compounds (2-6). The discovery and devel-
opment of a novel class of 1,2,3,4-tetrahydroisoquinoline deriv-
atives as selective anticancer drugs represent new challenges in
the discovery and development of anticancer drugs.

The phosphoinositide family of lipids consists of several deriv-
atives of phosphatidylinositols (PtdIns) that are formed through
a series of phosphorylation by enzymes termed phosphatidylino-
sitol-phosphate kinases (PIPKs) (7). Among the PIPKs, PI3Ks are
the best-characterized enzymes that commonly are targets for
anticancer drugs (8). Less is known about PI-4-phosphate 5 ki-
nases (PIP5Ks), enzymes that are upstream of PI3K (9, 10). The
PIP5K family of lipid kinases consists of the three isozymes o, f,
and y (11-13). PIP5Kl1a is located in the chromosomal region
1q21.3 (14), the product of which is predominantly responsible for
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the synthesis of PtdIns-4,5-P, (PIP2), a substrate used by PI3K to
produce PtdIns-3,4,5-P; (PIP3) (15). PIP3 in turn activates the
AKT family of serine/threonine kinases (16, 17). The aberrant
activation of AKT is one of the most frequently observed alter-
ations in human cancer cells, and an elevated level of phosphor-
ylated AKT at Ser-473 site (pSer-473) is associated with mutations
in PIK3CA (p110a), a PI3K subunit, or in phosphatase and tensin
homolog (PTEN) gene in metastatic cancers (18, 19). In prostate
cancer (PCa), PI3K/AKT has been reported to cross-activate an-
drogen receptor (AR)-mediated signaling to promote progression
of castration-resistant PCa (20-24). AR signaling has also been
used as a target for designing drugs to treat lethal metastatic PCa
(24-28).

Given the fact that PIP5SK1a produces PIP2, which is required
for the activation of PI3K/AKT, we anticipate that PIPSK1a may
play an important role in cancer progression. It is of importance
to investigate whether PIPSK1a may be used as a potential target
for developing effective novel anticancer drugs. It is known that
PIPSK1a is expressed at low levels in lipid tissues and is dis-
pensable during organ development, because deletion of PIPSK1a
does not result in lethal defects in mice but causes impaired
spermatogenesis in males (29, 30). A recently reported study shows
that PIP5Kl1a is highly expressed in the human MDA-MB-231
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breast cancer cell line, suggesting that overexpression of PIPSK1a is
associated with malignant diseases (31).

In this study we present our discovery of a diketopiperazine
fused C-1 indol-3-yl substituted tetrahydroisoquinoline, termed
ISA-2011B, as a novel anticancer drug that effectively inhibits
growth of PCa tumor in vivo and invasion of PCa cells in vitro.
We unravel the role of PIP5K1a as a target for ISA-2011B and
as a central factor that regulates PI3K/AKT and AR signaling
pathways, which are involved in regulation of cell proliferation,
survival, and invasion.

Results

Discovery of 1SA-2011B. ISA-2011B, a diketopiperazine fused C-1
indol-3-yl substituted 1,2,3,4-tetrahydroisoquinoline derivative,
was discovered as a result of our development of C-1 indol-3-yl
substituted 1,2,3,4-tetrahydroisoquinolies via a Pictet-Spengler

approach (32) (Fig. 14) and was found to have a potent in-
hibitory effect on proliferation in various types of aggressive
cancer cell lines (Fig. S1). The dose-dependent effect of ISA-
2011B on proliferation of PC-3 cells was determined by tetra-
zolium dye-based proliferation assay (MTS). The proliferation
rate of PC-3 cells after treatment with ISA-2011B at 10, 20, and
50 uM was significantly reduced to 58.77%, 48.65%, and 21.62%
of vehicle-treated controls, respectively. Mean absorbance for
control cells and cells that were treated with 10 pM ISA-2011B
were 0.53 and 0.31, respectively [difference, 0.22; 95% confi-
dence interval (CI) 0.26-0.36; P = 0.003] (Fig. 1B). Further, the
effect of ISA-2011B is significantly stronger on PC-3 cells with
PTEN mutation at 10 pM (P = 0.0006) and 50 pM (P = 0.025)
than on 22Rvl1 cells, which contain intact PTEN gene (Fig. 1C).

One of the most compelling applications of comprehensive
high-throughput kinase profiling is the screening of the compound
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Fig. 1. Characterization of PIP5K1a as a specific target for a novel anticancer compound, I1SA-2011B. (A) The chemical structure of ISA-2011B. (B) Dose-
dependent effect of ISA-2011B on proliferation of PC-3 cells was assessed using the nonradioactive MTS proliferation assay. Mean absorbance for control and
10 pM ISA-2011B treated cells were 0.53 and 0.31, respectively (difference = 0.22; 95% Cl 0.26-0.36; P = 0.003). Mean absorbance for 20 pM ISA-2011B-treated
cells was 0.26 (difference = 0.27; 95% Cl 0.23-0.29; P < 0.001). Mean absorbance for 50 uM ISA-2011B-treated cells was 0.11 (difference = 0.42; 95% CI 0.09-
0.14; P < 0.001). Data means are from three independent experiments performed with upper 95% Cls. (C) Difference in the effect of ISA-2011B on pro-
liferation between PC-3 cells and 22Rv1 cells. The effect of ISA-2011B on PC3 cells at 10 pM (P = 0.0006) and 50 uM (P = 0.025) is significantly stronger than on
22Rv1 cells. Data means are from three independent experiments. *P < 0.05, **P < 0.01. (D) Schematic illustration on high-throughput kinase profiling
technology using the KINOMEscan platform. Bound kinase levels in test compound and control wells are compared. The experiments were performed in
triplicate. (E) Binding affinity of ISA-2011B with PIP5K 1 and a group of kinases, obtained from the assay indicated in D. (F) PC-3 cells were treated with DMSO
as control, docetaxel (DTX) at 50 nM, and ISA-2011B and its analog 2011A at 20 uM for 48 h. Protein lysates from each treatment were subjected to
immunoblot analysis. Antibody against PIP5K1a was used as a probe. Data are the means of three independent experiments. *P < 0.05. (G) PC-3 cells were
treated with DMSO as control, docetaxel (DTX) at 50 nM, and ISA-2009, ISA-2011B, and 2011A at 20 uM for 48 h. Antibody against PRKAR1a was used as
a probe for immunoblotting.
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across a panel of kinases to identify the binding targets (33). We
screened ISA-2011B across 460 kinases covering more than 80%
of the human catalytic protein kinome (Fig. 1D). ISA-2011B
exhibited the highest binding affinity to PIP5K1a, and to MAP/
microtubule affinity-regulating kinase 1 and 4 (MARKI1 and
MARK4) as well (Fig. 1E). Because PIP5Kla is linked to PI3K/
AKT pathways, it was selected for further validation. ISA-2011B
treatment inhibited PIPSK1a expression by 78.6% in PC-3 cells, as
determined by immunoblot analysis (Fig. 1F). As measured by
densitometric quantification of the blots from three independent
experiments using the ImageJ program, the mean value of PIPSK1a
expression was 9.43 in control cells, compared with 2.01 in ISA-
2011B-treated cells (95% CI 0.31-4.34; P = 0.013) (Fig. 1F). ISA-
2011A, an analog of ISA-2011B, also reduced the level of PIP5K1a,
but treatment with a taxane-based drug (docetaxel) did not mark-
edly inhibit PIPSK1a expression (Fig. 1F). However, ISA-2011B did
not inhibit cAMP-dependent protein kinase type I-alpha regulatory
subunit (PRKARI1x), a key receptor of cAMP/PKA, which also
activates AKT (34) (Fig. 1G). Collectively these results indicate that
ISA-2011B inhibits PIPSK1a but not proteins that are unrelated
to PIP5Kl1a.

ISA-2011 Effectively Inhibited Tumor Growth in Xenograft Mouse
Models. The most significant preclinical extension of this work
is to determine the therapeutic benefit of ISA-2011B in vivo.
We examined the effect of ISA-2011B on growth of invasive hu-
man prostate tumor grafted into mice. When the mean tumor
volume reached 50 mm?>, treatment of xenograft mice with vehicle
control, ISA-2011B, docetaxel and a combination of ISA-2011B
and docetaxel was initiated and lasted for 20 d. Growth of tumors
in mice treated with ISA-2011B regressed compared with tumors
in control (Fig. 24; mean Volume of vehicle control = 500. 00 mm?,

ISA-2011B treated = 42.00 mm?®, difference = 458.00 mm?; 95%
CI 7.70-76.30; P < 0.001, two- sided ¢ test). Similarly, this was also
the case for tumors treated with ISA-2011B and docetaxel in
a combination (Fig. 24; mean volume of ISA-2011B + docetaxel-
treated group = 36.00 mm?; 95% CI 30.40-41.60; P < 0.001, two-
sided ¢ test). Although turnors treated with docetaxel also regressed
(Fig. 24), adverse effects of docetaxel on mice were pronounced.
In contrast, no adverse effect such as weight loss was observed in
mice treated with ISA-2011B and docetaxel in combination. This
suggests that ISA-2011B interacts with docetaxel to reduce its off-
target effects with unknown mechanisms. On day 20, tumor mass
of the treatment groups was significantly smaller compared with
that of the control group (Fig. 2B; compared with control, for ISA-
2011B treated, P < 0.006; for ISA-2011B + docetaxel, P < 0.001).

Effect of ISA-2011B on Tumor Growth Is Associated with Its Effect on
PIP5K1c, Which Is Highly Expressed in Human PCa. The most im-
portant step during drug development is to characterize the
associations between target and disease and to explore the po-
tential role of the new targets. Having identified a significant
anticancer effect of ISA-2011B in PCa growth in vivo, we went
on to study the clinical importance of PIPSKla in PCa patient
samples. A tissue microarray that contained biopsies of benign
prostate hyperplasia (BPH) and paired cancer tissues from 48 PCa
patients were immunostained with antibodies against PIP5Kl1a,
PIP2, and AR (Fig. 34). PIP5K1a, PIP2, and AR expression were
significantly higher in PCa tissues compared with BPH epithelium,
as determined by Wilcoxon’s signed rank test (P < 0.001) (Fig. 3B).
There was a significantly positive correlation between PIPSK1a
and PIP2 (©* = 0.477, P = 0.01) and between PIP5SKla and AR
(”* = 0.640, P = 0.01), as determined by Spearman’s rank
correlation test.

We next examined genes encoding PIP5SK1a, AKT1, AKT2,
PTEN, and AR in primary (n = 181) and metastatic (n = 37) PCa
tissues by using a public database (35). We observed alterations
in genes encoding PIP5K1a, AKT2, PTEN, and AR in subsets of
PCa patients (Fig. S2). A Mann-Whitney test revealed that
expression of PIP5KIA, AKT2, and AR was significantly higher
in metastatic lesions compared with primary PCa (P < 0.001)
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Fig. 2. Effect of ISA-2011B on growth of PC-3 tumor xenografts in vivo.
(A) Growth of tumor xenografts treated with vehicle (Control), docetaxel
(10 mg/kg), ISA-2011B (40 mg/kg), and docetaxel (10 mg/kg) in combination
with ISA-2011B (40 mg/kg) every second day. Treatment started on day 0 and
ended on day 20 (n = 6 mice per group). Mean tumor volumes and upper
95% Cls are shown. **P < 0.01. (B) Tumors from each group were collected
and weighted at the end of experiment. On day 20, mean tumor mass of
control group = 0.183 g, ISA-2011B treated group = 0.027 g, difference =
0.156 g; 95% Cl = 0.012-0.041; P < 0.006; ISA-2011B + docetaxel treated
group = 0.024 g, difference = 0.159 g; 95% Cl =0.016-0.031; P < 0.001. Mean
tumor mass in grams and upper 95% Cls are shown. **P < 0.01.

(Fig. 3C). Gene amplification in PIP5K1A was observed in 2.8%
(n =5 of 181) of primary cancer and 16.2% (n = 6 of 37) of
metastatic PCa lesions (P = 0.001). The follow-up time from
diagnosis to disease recurrence known as biochemical recurrence
(BCR) ranged from 1 to 168 mo (Fig. 3D). A subset of patients with
higher mRNA expression due to gene amplifications in PIP5SKIA,
AKT2, and AR or low mRNA expression due to PTEN mutation
suffered poorer BCR-free survival (for PIP5KIA, P < 0.001; for
AKT2, P = 0.01; for AR, P < 0.001) (Fig. 3D and Fig. S3). Thus,
overexpression of PIP5KIA, AKT2, and AR or down-regulation of
PTEN is associated with poor prognosis of PCa patients.

Overexpression of PIP5SK1a Increased Expression of Cell Proliferation
Markers and Invasiveness. We further characterized the conse-
quence and molecular mechanisms of PIPSK1a overexpression in
PCa cells. Expression of PIPSK1a, pSer-473 AKT, and the key cell
cycle regulators cyclin D1 and cyclin-dependent kinase 1 (CDK1)
was detected in nonmalignant cells at relatively lower levels
compared with the malignant PCa cells (Fig. 44). We introduced
overexpression of PIP5K1a by transfecting nonmalignant PNT1A
cells with pLPS-PIP5SK1a-EGFP vector or pLPS-EGFP control.
As determined by immunostaining of cells with antibodies against
PIP5K1a, B-tubulin, and PIP2, we observed that overexpression of
PIP5K1a led to an enhanced f-tubulin and PIP2 expression in
PNT1A cells (Fig. 4 B and C). Overexpression of PIP5SK1a led to
an increase in PIPSKla protein expression by 47.61% compared
with control (P = 0.047) (Fig. 4D). This was coincident with the
effect of PIP5K1a overexpression on AKT activation. Expression
of pSer-473 AKT increased by 666.81% in PNT1A cells trans-
fected with pLPS-PIP5Kla compared with controls (Fig. 4D;
control transfected mean = 3.78; PIP5Kla transfected mean =
29.02, difference = 25.24; 95% CI 21.67-36.37; P = 0.021). Thus,
PIP5K1a overexpression significantly increased activity of AKT. It
is known that AKT, once activated, will go on to regulate multiple
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Fig. 3. Evaluation of the clinical importance of PIP5K1a and its link with PIP2 and AR in PCa patients. (A) Immunohistochemical analysis of a tissue microarray
containing BPH and paired PCa specimens from 48 PCa patients. Representative microphotographs are shown. Scale bars are indicated and are applied to all
images in A. (B) Box-plot quantitative comparison between BPH and paired cancer specimens from 48 PCa patients. The paired Wilcoxon's rank sum test
analyses are shown for PIP5K1q, PIP2, and AR. **P < 0.01. (C) Box plots presenting expression of genes encoding PIP5SK1a, AKT2, and AR. Tumor specimens
from distinct subgroups of patients with primary (n = 181) and metastatic (n = 37) PCa were assessed. **P < 0.01. (D) Kaplan-Meier survival analysis based on
BCR-free, showing the difference between patients with low or high expression of the regulators. Differences in BCR-free survivals between two groups were

calculated using the log-rank test.

factors that control cell cycle proliferation, survival, invasion, and
metastasis via its kinase activity (36). Expression of the G0/G1 and
S/G2/M cyclins and CDKs including cyclin D1, cyclin E1, cyclin
A2, CDKI1, and cyclin Bl was increased in PNT1A cells that
overexpressed PIPSK1a compared with controls (Fig. 4 E and F).
PIP5K1a overexpression also resulted in an induction of a series
of key factors, downstream or upstream of AKT. These included
phosphorylation of focal adhesion kinase (FAK), a focal adhesion
molecule; Twist 1, a proinvasion regulator (Fig. 4G), and vascular
endothelial growth factor (VEGF) and matrix metalloproteinase 9
(MMP9), the factors that mediate angiogenesis (Fig. 4H). We
further assessed whether PNT1A cells overexpressing PIPSK1a
may have gained malignant invasive feature by performing an in-
vasion assay. PNT1A cells overexpressing PIPSKla gained the
ability to invade through the extracellular matrix-coated membrane,

E3692 | www.pnas.org/cgi/doi/10.1073/pnas.1405801111

with an invasive capacity of 412% higher than in controls (P =
0.014) (Fig. 41). Interestingly, overexpression of PIPSKla greatly
increased expression of AR, as determined by immunoblot analysis
(Fig. 4/) and immunostaining (Fig. S4). Immunoprecipitation assays
further revealed that AR formed protein—protein complexes with
CDK1 in the nuclear compartment of PNT1A cells expressing
control vector or PIPSKla vector (Fig. 4K and Fig. S5). Thus,
PIPS5K1a is able to activate the PI3K/AKT pathway and enhance
cross-interactions of AKT with AR, probably through CDKI.

ISA-2011B Inhibits the Elevated Survival, Proliferation, and Invasion
Signaling. As demonstrated in Fig. 34, PIPSK1a is highly expressed
in primary and metastatic PCa and in androgen-dependent ma-
lignant LNCaP cells. We next tested whether inhibition of PIPSK1a
by ISA-2011B might lead to successful inhibition of deregulated

Semenas et al.
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B-tubulin. DAPI was used to stain the nucleus of cells. The scale bar is indicated. (C) Representative images of the immunofluorescent cells overexpressing
PIP5K1a or control vector, stained with PIP2 antibody. (D) Immunoblots show the effect of PIPSK1x overexpression on PNT1A cells. The mean expression of
PIP5K 1« in cells transfected with pLPS-EGFP control vector was 7.42, and the mean value in cells transfected with pLPS-PIP5K1a was 10.96 (difference = 3.54;
95% C1 5.89-16.02; P = 0.047). The mean expression of AKT in cell transfected with pLPS-EGFP control vector was 3.78, and the mean value in cells transfected
with pLPS-PIP5K1a was 29.02 (difference = 25.24; 95% Cl 21.67-36.37; P = 0.021). Data are presented as the average of three independent experiments (+SD).
*P < 0.05. **P < 0.01. (E) Immunoblots show the effect of overexpression of PIP5K1a on cyclin D1, cyclin E1, and (F) cyclin A2, CDK1, and cyclin B1 or (G and H)
phosphorylated FAK, Twist, VEGF, and MMP9 in PNT1A cells. (/) The number of invaded cells is indicated. Data are presented as an average of triplicates (+SD).
*P = 0.014. (J) Immunoblots show the expression of AR in PNT1A cells overexpressing PIP5K1a or control vector. (K) Cytoplasmic (Cyt) and nuclear (Nuc)
fractions were separated from PNT1A cells overexpressing PIP5K1a. Cells were subjected to immunoprecipitation (IP) assay as shown (Right). Antibody to
CDK1 was used to pull down the immunocomplexes, and antibody to IgG was used as a negative control. Antibodies against AR or CDK1 were used for
immunoblot analysis (IB). The cell lysates from cytoplasmic and nuclear fractions were used as “Input” controls as indicated (Left). Blotting of actin served as
loading control, and antibody against lamin B was used as a control for the nuclear fraction.

PI3K/AKT and AR pathways. Treatment of LNCaP cells with ISA-
2011B and its analog ISA-2011A reduced PIP5K1a expression (Fig.
5A4) and inhibited proliferation of LNCaP cells (Fig. S6). ISA-2011B
significantly inhibited pSer-473 AKT, by 75.55% compared with
control (Fig. 5B; mean pSer-473 AKT expression in control
treated = 13.43, mean expression in ISA-2011B treated =
10.15, difference = 3.28; 95% CI = 3.34-16.95; P = 0.026).
However, expression of pSer-473 AKT was not affected by
etoposide, docetaxel, and tadalafil, an approved drug for
treatment of BPH, which exhibits slight similarity in the
chemical structure compared with ISA-2011B (Fig. 5B). The
expression of pSer-473 AKT was barely detectable in ISA-
2011B-treated cells, which displayed characteristics of apo-
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ptotic bodies and fragmented nucleus (Fig. 5C). In contrast,
expression of phosphorylated cAMP response element-binding
protein (CREB), a downstream factor of the PKA pathway,
remained unchanged in cells treated with ISA-2011B, ISA-
2011A, etoposide, tadalafil, and docetaxel (Fig. 5D). ISA-2011B
treatment led to a down-regulation of CDKI1 (Fig. 5E). In-
terestingly, ISA-2011B treatment inhibited SKP2, a key ubiquitin
enzyme that mediates P27 degradation, and ISA-2011B in-
creased expression of P27, an inhibitor that is required to block
cell proliferation by inhibiting cyclins and CDKs (Fig. 5F). ISA-
2011B treatment also led to a remarkable inhibition of AR and
prostate-specific antigen (PSA) expression (Fig. 5 G and H).
However, docetaxel, ISA-2009, and ISA-2011A had no effect on
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Effect of ISA-2011B on PIP5K 1« and its downstream regulators in androgen-sensitive LNCaP cells. (A) LNCaP cells were treated with docetaxel at 50 nM

and ISA-2011B (20 pM), and the lysates were subjected to immunoblot analysis. Antibodies against PIP5K1a and p-actin were used. (B) LNCaP cells were
treated with DMSO as vehicle control (Control), etoposide (20 pM), ISA-2011A (20 uM), ISA-2011B (20 pM), tadalafil (20 uM), and docetaxel (DTX) at 50 nM.
Quantification of the immunoblots of phosphorylated AKT in LNCaP cells treated with vehicle control or ISA-2011B are shown. Data are representative of
three independent experiments. *P < 0.05. (C) Representative immunofluorescent images show the expression and subcellular localization of phosphorylated
AKT in LCaP cells treated with vehicle control or ISA-2011B. (D) Immunoblots show the expression of phosphorylated CREB in LCaP cells treated with different
agents as indicated. (F) Representative immunofluorescent images show the expression and subcellular localization of CDK1 in LCaP cells treated with vehicle
control or ISA-2011B. (F). LNCaP cells were treated with docetaxel (50 nM), ISA-2009, ISA-2011A, and ISA-2011B (20 uM). The lysates were subjected to im-
munoblot analysis using antibodies against P27 and SKP2 as probes. (G) Representative immunofluorescent images show the expression and subcellular
localization of AR and PSA in LNCaP cells treated with vehicle control or ISA-2011B. (H) Immunoblots show the expression of AR and PSA in LNCaP cells that
were treated with docetaxel (50 nM), ISA-2009, ISA-2011A, and ISA-2011B (20 pM).

AR and PSA expression (Fig. 5H). These data suggest that the
ISA-2011B-mediated inhibitory effect on PCa proliferation is
associated with its ability to inhibit PIPSK1a, which transduces
the inhibitory effect to its downstream signaling pathways, in-
cluding AKT, AR, and cell cycle.

ISA-2011B Targets PIP5K1a/AKT/AR Pathways to Inhibit Tumor Cell
Growth and Induce Apoptosis in Aggressive PCa Cells. We further
tested whether inhibition of PIP5SK1a by ISA-2011B might lead
to successful inhibition in cancer cell invasion in PC-3 cells.
A live cell imaging system, Holomonitor M3 imaging analysis,
was used to monitor the effect of ISA-2011B, etoposide, and

E3694 | www.pnas.org/cgi/doi/10.1073/pnas.1405801111

docetaxel on morphological changes in living cells in real-time
for up to 48 h. ISA-2011B treatment led to a reduction in cell
size and changes in morphology, which was also achieved by
docetaxel treatment (Fig. 64). PI3K activates AKT signaling
pathways through PIP2 and PIP3 (17). PIP3 expression was
greatly reduced in viable cells and was barely detectable in cells
with fragmented nucleus after ISA-2011B treatment (Fig. 6B).
Similar to what was observed in LNCaP cells that were treated
with ISA-2011B, the decreased PIP5K1a was coincident with a
reduced expression of phosphorylated AKT in PC-3 cells treated
with ISA-2011B. The mean pSer-473 AKT expression in control
treated cells was 18.44, compared with 5.49 in ISA-2011B—treated
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cells, with a decrease down to 29.77% (difference = 12.95; 95%
CI = 2.84-8.14; P = 0.001) (Fig. 6C). Similar to what was observed
in LNCaP cells, etoposide, tadalafil, and docetaxel did not exhibit an
inhibitory effect on AKT activity in PC-3 cells (Fig. 6C). Expression
of the key cell cycle regulators, including cyclin D1, cyclin E1, cyclin
A2, CDK1, phosphorylated CDK1, and cyclin B1, was remarkably
inhibited by ISA-2011B (Fig. 6 D and E). ISA-2011B treatment led
to an accumulation of cells at G2/M phase of the cell cycle,
a characteristics of cells that are unable to undergo proliferation

(mean G2/M phase cells in control group is 14.87% and in treated
group is 19.83%; difference = 4.96%; 95% CI 15.01-20.79%; P =
0.047) (Fig. 6F). In contrast to docetaxel, ISA-2011B treatment led
to an increased rate of apoptosis, with a constant rate of unspecific
necrosis in PC-3 cells compared with controls (P < 0.001) (Fig. 6G).
Because the cell-cell attachment is essential for cancer cells to ex-
pand and invade, we tested whether ISA-2011B may prevent ad-
herence and attachment of PC-3 cells. PC-3 cells treated with ISA-
2011B or solvent were subjected to adhesion assay (Fig. 6H). The
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Fig. 6. ISA-2011 inhibits tumor invasion through inhibition PIP5K1a-mediated cancer cell pathways. The Holomonitor M3 imaging system was applied to
capture living PC-3 cells in culture during treatment. (A) Representative microphotographs of PC-3 cells treated with vehicle control, etoposide (50 pM),
docetaxel (100 nM), and ISA-2011B (50 pM) for 48 h. The scale bar is indicated. (B). Representative immunofluorescent images show the expression and
subcellular localization of PIP3 in PC-3 cells treated with vehicle control or ISA-2011B. The scale bar is indicated. (C) PC-3 cells were treated with vehicle control
(DMSO), 50 pM of etoposide, ISA-2011A, ISA-2011B, tadalafil, and docetaxel (DTX) at 100 nM for 48 h. The protein lysates were subjected to immunoblots.
Antibodies to phosphorylated AKT and total AKT were used as probes. Data are representative of three independent experiments. *P < 0.05. (D and E)
Immunoblots shows the expression of the key cell cycle proteins in PC-3 cells treated with different agents as indicated. (F) Cell cycle distribution of PC-3 cells
treated with vehicle control or ISA-2011B. (G) Representative FACS plots show the apoptosis status of cells treated with DMSO as vehicle control, docetaxel
(DTX), or ISA-2011 (Left). Data are representative of three independent experiments. **P < 0.01 (Right). (H). Adhesion assay of PC-3 cells treated with DMSO
as vehicle control, etoposide, and ISA-2011B. Plates were coated with fibronectin before seeding the cells. Mean number of adherent cells in control is 1.62 x
10% mean adherent cells treated with ISA-2011B is 0.63 x 10* (difference = 0.99 x 10% 95% Cl 0.53 x 10% to 0.77 x 10% P = 0.002). Data are representative of
three independent experiments. Upper 95% confidence intervals are shown. **P < 0.01 (Right). (/) Invasion assays of PC-3 cells treated with DMSO as vehicle
control or ISA-2011B. (J) Immunoblots of phosphorylated FAK in PC-3 cells after 48 h treatment with DMSO as vehicle control, docetaxel (DTX) at 500 nM, and
ISA-2011A and ISA-2011B ('20 uM and ~50 pM).
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rate of adherence in cells treated with ISA-2011B was only 38.82%
compared with that of control (P = 0.002) (Fig. 6H). We further
assessed the effect of ISA-2011B on invasiveness of PC-3 cells using
an invasion assay. ISA-2011B inhibited invasiveness of PC-3 cells
down to 55.96% of control (Fig. 6I). Mean absorbance in control
was (0.121; mean absorbance in ISA-2011B treated cells was 0.068
(Fig. 6l; difference = 0.053; 95% CI 0.066-0.070; P < 0.001). Ex-
pression of phosphorylated FAK, a factor that promotes invasion,
was almost diminished in PC-3 cells treated with ISA-2011B and
ISA-2011A in a dose-dependent fashion (Fig. /). However, doce-
taxel did not show a pronounced effect on FAK phosphorylation
(Fig. &/). Taken together, ISA-2011B inhibits proliferation, survival,
and invasion in androgen-insensitive PCa cells. Moreover, this effect
may be mediated through PIP5SK1a and its downstream PI3K/AKT.

The Effect of Depletion of PIP5K1a in PC-3 Cells. We next asked
whether inhibition of PIP5Kla via siRNA-mediated knockdown
may achieve the same effect as that of ISA-2011B treatment in PC-3
cells. As such, we silenced PIPSK1a by transfecting PC-3 cells with
PIP5K1a or scramble siRNA. Immunoblot analysis confirmed that
expression of PIP5SKla was reduced to 34.45% in cells transfected
with PIPSK1a siRNA compared with control. Mean PIP5SKl1a ex-
pression in control was 13.49; mean value in PIP5K1a knockdown
was 4.65 (Fig. 7A4; difference = 8.84; 95% CI = 3.86-5.43; P <
0.001). Knockdown of PIP5SK1a resulted in a significant decrease in

A SIRNA: Ct KD B SIRNA: Ct KD
PIP5K1a PAKTEl

B-Actin

[=]=T ==Y
pAkt/

B-Actin

.0
.8
.6
.4
.2
0

[T PIP5K1a/

5
L,
X
wn
B
a.
@
o
'}
1

T

c-PARP | == o= o8 o3 =

B-ACHin | s S s ——
SIRNA:  Ct KD

Fig. 7.

expression of pSer-473 AKT, down to 57.88%. Mean pSer-473
AKT in control was 29.46 and was 17.05 in PIP5K1a knockdown
cells (Fig. 7B; difference = 12.41; 95% CI 7.80-26.31; P = 0.007).
Thus, the effect of inhibition of PIP5SK1a via siRNA on AKT ac-
tivation was equivalent to what was achieved by ISA-2011B treat-
ment. The expression of cyclin D1, cyclin A2, CDK1, and cyclin B1
was decreased in PC-3 cells transfected with PIPSKlo siRNA
compared with controls (Fig. 7 C and D). The morphology of PC-3
cells expressing siPIP5K1a, as determined by p-tubulin stain-
ing, exhibited remarkable differences compared with PC-3 cells
expressing control siRNA but was similar to control PNT1A cells
(Fig. 7E). Conversely, the morphology of PNTI1A cells over-
expressing PIP5K1a resembled aggressive PC-3 control cells (Fig.
7E). The activation of FAK was reported to be linked to a switch
toward aggressive phenotypes. Expression of phosphorylated FAK
in PC-3 cells expressing siPIP5SKla decreased to 36.98% (P <
0.001). Depletion of PIP5SK1a led to an increase in P27 expression
and a decrease in twist 1 and MMP9 (Fig. 7G). An apoptotic
marker, cleaved poly (ADP-ribose) polymerase (c-PARP), is used
to detect early apoptotic process. Immunoblot analysis for c-PARP
expression was performed using lysates from PC-3 cells transfected
with control siRNA or siPIP5K1a, which were treated with ISA-
2011B or vehicle (Fig. 7H). Two distinct isoforms of c-PARP were
detected in PC-3 cells that were either treated with ISA-2011B at
50 pM alone, expressed siPIPSK1a alone, or expressed siPIPSK1a
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Effect of PIP5SK1« inhibition on AKT pathways in PC-3 cells. (A and B) PIPSK1a was depleted by transfecting PC-3 cells with PIP5SK1a siRNA (KD) or

scramble control (Ct). Immunoblots for PIP5SK1a and phosphorylated AKT in PC-3 cells that were transfected with PIP5K1a siRNA (KD) or scramble control (Ct)
are shown. Data are presented as average of three independent experiments (+SD). **P < 0.01. (C and D) Immunoblots showing the effect of PIP5K1«
knockdown on cyclin D1, cyclin A2, CDK1, and cyclin B1 in PC-3 cells. (E) Morphology of PC-3 cells expressing siRNA to PIP5SK1a and PNT1A cells overexpressing
PIP5K1a. Antibody to a-tubulin was used for staining. The scale bar is indicated. (F) Immunoblots of phosphorylated FAK in PC-3 cells transfected with PIP5SK1a
siRNA or scramble control. Data are presented as average of three independent experiments (+SD). Mean expression of phosphorylated FAK in control was
15.30, and in PIP5K1a knockdown was 5.66 (difference = 9.58; 95% Cl 4.89-6.42; P < 0.001). (G) Immunoblots of P27, Twist, and MMP9 in PC-3 cells transfected
with PIP5K1a siRNA or scramble control. (H) Immunoblots of c-PARP in PC-3 cells treated with vehicle control (DMSO) or ISA-2011B (20 pM and A50 pM), with
or without PIPSK1a or scramble siRNA cotransfection. (/) s.c. xenografts were established by implanting PC-3 cells expressing control scramble siRNA or
PIP5K1a-siRNA into nude mice. The tumors were measured on day 6 after implantation and were followed for a total of 20 d (n = 7 mice per group). Two
groups of mice bearing PC3 cells that expressed control siRNA (Control) or PIP5K1a-siRNA (KD-PIP5K 1) are indicated. Difference in tumor growth between
the two groups is calculated. **P = 0.008.
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and were treated with ISA-2011B in combination. This suggests
that down-regulation of PIPSK1a through treatment or knockdown
induced apoptosis (Fig. 7H). We examined the effect of inhibition
of PIP5SK1a on tumor growth by implanting PC-3 cells expressing
control siRNA or siPIP5K1a into nude mice. PC-3 cells expressing
control siRNA formed tumors, with the mean tumor volume of
148.5 mm® on day 20. In contrast, PC-3 cells transfected with
siPIP5K1a barely gave rise to tumors, with a mean tumor volume
of 49 mm® on day 20 [Fig. 7I; mean volume of control siRNA
tumors = 148.5 mm?; mean volume of siPIP5K1a = 4.9 mm® (only
one mouse had tumor); difference = 143.6 mm?>; 95% CI = —4.7,
14.4; P = 0.008, two-sided ¢ test]. Taken together, the targeted
inhibition of PIP5K1a and ISA-2011B treatment showed similar
inhibitory effects on tumor growth in xenograft mice.

Discussion

In this study, we present our discovery of a drug candidate, ISA-
2011B, and the role of PIP5K1a, a target of ISA-2011B in PCa
progression. ISA-2011B has a unique structure consisting of
a diketopiperazine fused, methylenedioxy protected, 1,2,3,4-tetra-
hydroisoquinoline core with an electron-rich transsubstituent at
position 1. We show that ISA-2011B inhibits tumor growth by
inhibiting the expression and activity of PIP5K1a, thereby affecting
the downstream PI3K/AKT, AR, and cell cycle pathways (Fig. 8).
We show, to our knowledge for the first time, that overexpression of
PIP5Klo in nonmalignant PNT1A cells induces the invasive ca-
pacity of these cells and increases expression of VEGF, phosphory-
lated FAK, Twist, and MMP?9, the key factors that promote cancer
cell proliferation and invasion. Conversely, inhibition of PIPSKla
in PC-3 cells via siRNA-mediated knockdown or ISA-2011B treat-
ment reduces invasiveness, induces apoptosis, and inhibits tumor
growth in xenograft mice. PIPSKla and its associated PIP2 and
PIP3 are important lipids for membrane structure and actin poly-
merization, thus elevated levels of these lipids may lead to malig-
nant transformation and progression of cancer cells into a more
invasive phenotype. Our present study suggests that PIPSK1a has
a great potential to be used as a drug target for treatment of PCa.

AKT can be activated by phosphorylation through two up-
stream pathways: through PI3K/PIP3 or through cAMP/PKA (36).
In the present study we show that ISA-2011B inhibits AKT activity
through PIP5K1a/PI3K/PIP3. In contrast, ISA-2011B treatment
has no effect on PKA receptor and the key protein phosphorylated
CREB in cAMP/PKA pathway in LNCaP or PC-3 cells. Further,
the effect of ISA-2011B is significantly stronger on PC-3 cells with
PTEN mutation than on 22Rv1 cells, which contain intact PTEN
gene. 22Rv1 cells, although less sensitive to ISA-2011B, also dis-
played reduced proliferation after ISA-2011B treatment. It is
known that 22Rv1 cells also have relatively high levels of pAKT
and AR (37). Given that amplification of AKT2 or mutations in
PIK3CA, in addition to PTEN mutation, are all responsible for
activation of PI3K pathway (15, 38, 39), our data suggest that ISA-
2011B exerts its on-target effect on PCa cells by targeting path-
ways related to AKT/AR, rather than a toxic effect.

The mechanism underlying the interactions between AR and
PI3K/AKT still remains poorly understood. In the present study
we uncover several unrecognized interlinks among PIP5Kla,
PI3K/AKT, AR, and CDK1 in PCa. Previous studies show that the
PIBK/AKT and AR pathways negatively regulate each other
during castration resistance (38, 39). Our proposed model suggests
that ISA-2011B inhibits PIP5SK1a, which leads to a subsequent
inhibition in PI3K/AKT levels and sustained P27 and down-reg-
ulation of CDK1 and other cell cycle regulators. Down-regulation
of CDK1 may lead to an inhibition in AR signaling pathways. This
model is supported by our data that CDK1 and AR form protein—
protein complexes predominantly in the nuclear compartment of
cells. The complexes of CDK1-AR are persistent in PNT1A cells
overexpressing PIP5K1a. In agreement with our findings, a pre-
viously reported study showed that CDK1 phosphorylates AR
and thereby activates AR activity during progression of castra-
tion-resistant PCa (40). This indicates that ISA-2011B targets
CDK1-associated pathways that regulate AR activity.
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Fig. 8. Schematic model shows the downstream signaling pathway of PIP5SK1a
and the effect of ISA-2011B inhibition. The model depicts PIP5K1a as the key
kinase responsible for generation of PIP2. In turn, PIP2 serves as a precursor
molecule required for PI3K activity and generation of PIP3. PIP3 is involved in the
downstream activation of AKT, and AKT-related signaling pathways. ISA-2011B is
able to enter into the cell and inhibit PIP5K1a. This leads to the reduced pro-
duction of PIP2 and PIP3 and a subsequent inhibition of PI3K/AKT, but sustained
P27 and down-regulation of CDK1 and other cell cycle regulators. Inhibition of
AR signaling pathways is mediated through CDK1 in part via a feedback loop.

One of the most significant preclinical extensions of this work is to
determine the therapeutic benefit of ISA-2011B in PCa growth.
Treatment of xenograft mice with ISA-2011B results in tumor re-
gression. Similarly, PC-3 cells in which PIP5K1« is inhibited through
knockdown only formed a small tumor in one out of seven mice, in
contrast to control PC-3 cells, which formed large tumors in all seven
xenograft mice. These in vivo data are in agreement with the data
obtained in cell line studies in which ISA-2011B treatment inhibits
tumor growth by inhibiting levels of PIPSKla and pAKT S473.
However, because of the small size of tumors at the end of the ex-
periment, it is difficult to measure the levels of pAKT S473 in vivo.

In the present study we also observed that treatment with
ISA2011B in combination with docetaxel completely blocked the
progression of invasive PCa locally and profoundly inhibited
tumor growth. Docetaxel inhibits mitosis and induces apoptosis
in cancer cells as well as normal proliferating cells and is highly
toxic. We found that ISA-2011B together with docetaxel showed
less toxic effects in mice compared with docetaxel alone. Because
the interaction between two drugs often results in changes in
metabolic pathways and binding of drugs to cellular membranes,
our data suggest that the interaction between ISA-2011B and
docetaxel via unknown mechanisms may lead to reduced off-
target effects in mice bearing tumors.

Taken together, our findings in the present study provide
valuable information on novel targets and anticancer drugs,
which hold a great potential for further development of ad-
vanced PCa treatment. It will be interesting to further system-
atically investigate the on-target effect of ISA-2011B treatment
on pAKT S473 in vivo by using several well-designed in vivo
mouse models in our future studies.
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Materials and Methods

KINOMEscan. The interaction of ISA-2011B with 442 kinases covering more than
80% of the human catalytic protein kinome was tested using KINOMEscan
assay. Screening “hits” are identified by measuring the amount of kinase
captured in test vs. control samples by using quantitative RT-PCR.

Tissue Specimens, Tissue Microarrays, cDNA Microarrays, and CGH Arrays. Tis-
sue microarrays containing BPH and PCa tissues from 48 patients were
purchased from Pantomics Inc. mMRNA expression data of PIP5K1a, AKT2,
PTEN, and AR were extracted from the dataset in the cBioPortal database
(35). The study was approved by the Ethics Committee, Lund University, and
the Helsinki Declaration of Human Rights was strictly observed.

MTS Proliferation Assay. The effects of ISA-2011B, docetaxel, etoposide, and
tadalafil on PCa cell lines and various types of cancer cell lines were de-
termined using the nonradioactive MTS proliferation assay (Promega Bio-
tech) according to the manufacturer’s protocol. Viability was determined by
measuring the absorbance at 490-nm wavelength, on an Infinite M200
multimode microplate reader (Tecan Sunrise).

Mouse Models of Human Xenograft Tumors. Four sets of treatment experi-
ments in mouse models bearing human PC-3 tumors were performed. All
animal experiments met the requirements of the Lund University Animal Care
Regulation. For treatment experiments, BALB/c nude mice aged 8 to 12 wk
were used in the experiments. Tumor cells (4 x 10°) were implanted into the
mice (six mice per group). Tumor xenografts were treated with vehicle (con-
trol), docetaxel (10 mg/kg), ISA-2011B (40 mg/kg), and docetaxel (10 mg/kg) in
combination with I1SA-2011B (40 mg/kg) every second day. For PIP5K1a
knockdown experiments, 2 x 10° PC-3 cells transfected with control or

. Sharma SV, Haber DA, Settleman J (2010) Cell line-based platforms to evaluate the
therapeutic efficacy of candidate anticancer agents. Nat Rev Cancer 10(4):241-253.

. Hijikata-Okunomiya A, Okamoto S, Wanaka K (1990) Effect of a synthetic thrombin-
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PIP5K1a siRNA were implanted into the NRMI nude mice (seven mice
per group).

Plasmids, Stable Transfection, and siRNA Knockdown Assay. For trans-
fection, pLPS-3'EGFP vector containing full-length human PIP5K1a cDNA
as "PIP5K1 a-EGFP” or control empty vector were used. Cells over-
expressing PIP5K1a- pLPS-3’EGFP or pLPS-3’EGFP vector were selected
by culturing cells in medium containing G418 antibiotics (400 pg/mL)
(Sigma-Aldrich).

FACS-Based Cell Cycle Analysis and Apoptosis Assay. Cell cycle analysis of PCa
cells after treatment with ISA-2011B was performed. To measure apoptosis,
cells were collected after treatment for 48 h and were subsequently stained
with FITC-conjugated Annexin V and 7-AAD according to the manufacturer’s
protocol (BD Biosciences).

Invasion Assay. Boyden transwell chambers were used for the invasion assay
according to the manufacturer’s protocol (Merck KGaA).

Statistical Analysis. All outcome variables presented are representative of at
least three independent experiments. All statistical testes were two-sided,
and P values <0.05 were considered to be statistically significant. The sta-
tistical software SPSS, version 21 was used.
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