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Investigation of PP2A and Its
Endogenous Inhibitors in

Neuroblastoma Cell Survival and
Tumor Growth

Abstract

High-risk neuroblastoma continues to carry a poor prognosis. Nearly 50% of these tumors relapse following
extensive treatment regimens. Protein phosphatase 2A (PP2A), a tumor suppressor, has been shown to be
downregulated in many human cancers via multiple mechanisms including upregulation of its endogenous
inhibitors, 12PP2A or CIP2A. We hypothesized that inhibition of the endogenous PP2A inhibitors or activation of
PP2A would decrease tumorigenicity in human neuroblastoma cells. Four human neuroblastoma cell lines were
utilized. Expression of PP2A and its endogenous inhibitors I2PP2A and CIP2A was confirmed by immunoblotting.
PP2A activation was measured via phosphatase activation assay. Multiple parallel methods including siRNA
inhibition of the endogenous PP2A inhibitors and pharmacologic activation of PP2A were utilized. Cell viability,
proliferation, migration, and invasion assays were performed. /n vivo studies were utilized to determine the effects
of PP2A activation on neuroblastoma tumor growth. Inhibition of the endogenous inhibitors of PP2A or
pharmacologic activation of PP2A with the PP2A activator FTY720 led to decreased neuroblastoma cell viability,
proliferation, migration, and invasion. Treatment of mice bearing SK-N-AS or SK-N-BE(2) neuroblastoma tumors
with FTY720 resulted in a significant decrease in tumor growth compared to vehicle-treated animals. In
conclusion, activation of PP2A may provide a novel therapeutic target for neuroblastoma.
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Introduction been shown to reduce invasiveness of lung carcinoma [10] and

Neuroblastoma is the most common primary malignant extracra-
nial nervous system tumor in children and is responsible for over
15% of all pediatric cancer deaths [1]. Little progress has been made
in improving the outcome for advanced-stage disease, and the 5-
year survival remains less than 50% [2,3]. The 5-year survival of
those with refractory or relapsed disease is even worse at only 5%
[2,4]. These children have limited new therapeutic options
available and virtually none that have resulted in long-term
survival. Clearly, novel and innovative therapies will be required
to address this disease.

Protein phosphatase 2A (PP2A) is a serine/threonine phospha-
tase that regulates a variety of cellular functions including cell
survival, proliferation, and mobility. In cancer, PP2A plays a role in
cellular transformation [5,6] and interacts with oncoproteins such
as ¢-Myc [7], Ber-Abl [8], and p53 [9] to suppress tumor
formation. PP2A functions to maintain cell adhesion and has

prostate cancer cells [11]. There are two endogenous PP2A
inhibitors, inhibitor of protein phosphatase 2A (I2PP2A, SET)
and cancerous inhibitor of protein phosphatase 2A (CIP2A), which
form inhibitory protein complexes with PP2A limiting its tumor
suppressor function [12].
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We hypothesized that augmenting PP2A in neuroblastoma cell
lines would result in decreased cell proliferation and motility, and
impede tumor growth in wvive. In the current studies, multiple
methods were utilized to increase PP2A including inhibition of the
endogenous PP2A inhibitors and treatment with the PP2A activators
forskolin and fingolimod (FTY720).

Materials and Methods

Cells and Cell Culture

The human neuroblastoma cell lines SK-N-AS (CRL-2137)
and SK-N-BE(2) (CRL-2271) were obtained from American
Type Culture Collection (ATCC, Manassas, VA). SH-EP and
WAC(2) human neuroblastoma cell lines were a kind gift from
M. Schwab (Deutsches Krebsforschungszentrum, Heidelberg,
Germany) and have been described in detail [13]. All cell lines
were maintained under standard conditions at 37°C and 5%
CO,. SK-N-AS cells were maintained in Dulbecco's modified
Eagle's medium (DMEM, 30-2601, ATCC) containing 10%
fetal bovine serum (Hyclone, Suwanee, GA), 4 mM L-glutamine
(Thermo Fisher Scientific Inc., Waltham, MA), 1 uM nones-
sential amino acids and 1 pg/ml penicillin/streptomycin (Gibco,
Carlsbad, CA). SK-N-BE(2) cells were maintained in a 1:1
mixture of minimum Eagle's medium and Ham's F-12 medium
(30-2004, ATCC) with 10% fetal bovine serum (Hyclone),
2 mM L-glutamine (Thermo Fisher Scientific), 1 pM nonessen-
tial amino acids and 1 pg/ml penicillin/streptomycin (Gibco).
SH-EP and WAC2 cell lines were maintained in RPMI 1640
medium (30-2001, ATCC) with 10% fetal bovine serum
(Hyclone), 2 mM L-glutamine (Thermo Fisher Scientific) and 1 pg/
ml penicillin/streptomycin (Gibco). All four cell lines were verified
within the last 12 months using short tandem repeat analysis [Heflin
Center for Genomic Sciences, University of Alabama, Birmingham

(UAB), Birmingham, AL].

Reagents and Antibodies

Forskolin was purchased from Millipore (Millipore Sigma,
Burlington, MA), rapamycin from Calbiochem (Millipore Sigma),
and FTY720 from Cayman Chemical (10006292, Cayman Chem-
ical, Ann Arbor, MI). Primary antibodies used for Western blotting
included the following: anti-I2PP2A (H-120) (sc-25564) from Santa
Cruz Biotechnology (Santa Cruz, CA), anti-PP2A (ab32104) and
anti-CIP2A (ab99518) from Abcam (Cambridge, MA), anti—total
AKT (9272), anti—phospho-AKT (S§473; 9271), anti-MYCN (9405),
p44/42 MAP Kinase [ERK1/2 (9102)], anti—phospho-p44/42
MAPK [phospho-ERK, T202/T204, (4377)] from Cell Signaling
Technology (Danvers, MA), and anti—B-actin from Sigma (A1978,
Sigma Aldrich, St. Louis, MO).

siRNA Transfection

Neuroblastoma cells (4 x 10°) were transfected for 48 hours with small
interfering RNAs (siRNAs) directed to either 12PP2A, CIP2A, both
together (dual), or control (siNeg) at 20 nM concentration with
Lipofectamine RNAiMax (Thermo Fisher Scientific). Control siRNA
(siNeg) (ON-TARGETplus Non-targeting siRNA #1, sequence:
UGGUUUACAUGUCGACUAA) was obtained from Dharmacon
(GE Dharmacon, Thermo Fisher Scientific). [2PP2A siRNA was from
Dharmacon as ON-TARGET plusSMARTpool (SO-2460229G), and
CIP2A siRNA was custom designed from Dharmacon (SO-2590255G,
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sequence: sense; CUGUGGUUGUGUUUGCACUUU, antisense;
AGUGCAAACACAACCACAGUU).

Immunoblotting

Briefly, cells were lysed on ice for 30 minutes in a buffer consisting
of 50 mM Tris—HCI (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1%
Triton x-100, 1% sodium deoxcycholate, 0.1% SDS, phosphatase
inhibitor (P5726, Sigma Aldrich), protease inhibitor (P8340, Sigma
Aldrich), and phenylmethylsulfonyl fluoride (P7626, Sigma Aldrich).
The lysates were then centrifuged at 14,000 rpm for 30 minutes at
4°C. Protein concentrations were determined using a Micro BCA
Protein Assay Kit (Thermo Fisher Scientific), separated by
electrophoresis on SDS-PAGE gels, and transferred to Immobilon-
P polyvinylidene fluoride transfer membrane (EMD Millipore).
Precision Plus Protein Kaleidoscope Standards (161-0375, Bio-Rad,
Hercules, CA) were used for molecular weight markers to confirm
expected size of target proteins. Antibodies were used in accordance
with the manufacturers' recommended protocol. Samples were
visualized by enhanced chemiluminescence using Luminata Classico
and Luminata Crescendo Western horseradish peroxidase substrates
(EMD Millipore). Anti—B-actin was used as an internal control to
ensure equal protein loading between samples.

Cell Viability and Proliferation Assays

An alamarBlue assay (Thermo Fisher Scientific) was performed to
assess cell viability following treatment with siRNA or FTY720. For
siRNA, cells were treated with 20 nM siNeg, sil2PP2A, siCIP2A, or
dual inhibition (siDual) with sil2PP2A (20 nM) and siCIP2A
(20 nM) for 48 hours. Cells were plated (1.5 x 10° cells) onto 96-
well plates, and after 24 hours, 10 pl of alamarBlue dye was added to
each well. The plates were read using a microplate reader (Epoch
Microplate Spectrophotometer, BioTek Instruments, Winooski, VT)
to record the absorbance at 570 nm using 600 nm as a reference
wavelength. For the FTY720 experiments, cells (1.5 x 102 cells) were
plated and treated with increasing concentrations of FTY720 (0, 1, 2,
5, 8,10, 25 uM). After 24 hours, 10 pl of alamarBlue dye was added
to each well, and the plates were read as described above. Experiments
were completed in triplicate and viability reported as fold change +
standard error of the mean (SEM).

Proliferation was assessed using the CellTiter 96 Aqueous One
Solution Cell Proliferation assay (Promega, Madison, WI). For
siRNA, cells were treated with 20 nM siNeg, sil2PP2A, siCIP2A, or
dual inhibition (siDual) with sil2PP2A (20 nM) and siCIP2A
(20 nM) for 48 hours. Cells were plated (1.5 x 10 cells) onto 96-
well plates, and after 24 hours, 10 pl CellTiter 96 dye was added to
each well, and the absorbance was measured at 490 nm using a
microplate reader (Epoch Microplate Spectrophotometer). Prolifer-
ation was also examined following forskolin or FTY720 treatment.
Cells (5 x 10° cells) were plated and treated with increasing
concentrations of forskolin (0, 10, 20, 40 uM) for 48 hours or
FTY720(0, 1, 2,5, 8, 10 uM) for 24 hours. CellTiter 96 dye (10 pl)
was added to each well, and the absorbance was measured at 490 nm
using a microplate reader (Epoch Microplate Spectrophotometer).
Experiments were repeated in triplicate and proliferation reported as

fold change + SEM.

MYCN and 12PP2A Vectors and Transfection
The MYCN overexpression vector has been previously described
[14]. Empty vector (ev, pcDNA3.1D/V5-His-TOPO) was used as a
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control for comparison. shEV (empty vector, pLKO.1-puro) and
shSET (shI2PP2A) knockdown plasmids were kind gifts from AM
Leopoldino and have been previously described [15]. All plasmids
were sequenced for verification (Heflin Center for Genomic Sciences,
UAB). Transfection was carried out using FuGENE HD Transfec-
tion Reagent (Promega, Madison, WI) per the manufacturer's
protocol. Briefly, cells were plated on the day prior to transfection.
The appropriate plasmid was incubated for 15 minutes at room
temperature in OptiMEMTM media (Thermo Fisher Scientific) with
FuGENE HD Transfection Reagent in a 3:2 ratio of transfection
reagent to DNA, with 7.5 ug DNA per 1 x 10° cells. Cells were
transfected 48-72 hours prior to use in experiments, and immuno-
blotting was utilized to confirm adequate plasmid transfection.

Cell Migration and Invasion Assays

Cell migration and invasion assays were performed using 6.5-mm
Transwell inserts with 8 M pore polycarbonate membrane (Corning
Inc., Corning, NY) in 24-well culture plates. The bottoms of the
inserts were coated with collagen Type I (10 mg/ml, 50 pl for
4 hours at 37°C). For invasion assays, the inside of the inserts was also
coated with Matrigel (1 mg/ml, 50 pl; BD Biosciences) for 4 hours at
37°C. Cells were pretreated with siRNA (20 nM) for 48 hours, and
then 1.5 x 10° cells were plated into the top of the insert. The insert
was then placed into a well containing 300 pl of media containing
10% fetal bovine serum (FBS) as a chemoattractant. After 24 hours,
the cells on top of the inserts were removed and fixed in 3%

s
A 0 & B
; - & b2 SK-N-AS
s £ 3 B8 MYCN T %
7] n 7 = ev - -
CIP2A W I S a— ) kD2 uven IR
I2PP2A | s ——— 17 (D2 12pP24 D
PP24 (R T I ) (05 pr2a LN
B-actin AEESGE— 2 kD3 f-actin ME—
D _AS _BE_ SH-EP WAC2 E
< = < < 3
28 P8 28 =& Bo
Z0Z0 25 20
L T ST
PP2A 60 kDa 2
B-actin  —— 7 < 4900 -
42kDa =
2
T
© 1000 -
<L
o~
a.
a.
900
800 -

Williams et al.

Translational Oncology Vol. 12, No. 1, 2019

paraformaldehyde prior to staining with crystal violet. For forskolin
and FTY720, cells were pretreated for 24 hours (0-10 pM, forskolin;
0-10 uM FTY720), and then 1.5 x 10> cells were plated into the top
of the insert. The insert was then placed into a well containing 300 pl
of treated media with forskolin or FTY720 and 10% FBS as a
chemoattractant. After 24 hours, the cells on top of the inserts were
removed and fixed in 3% paraformaldehyde prior to staining with
crystal violet. The imaging software SPOT Basic 5.2 (Diagnostic
Instruments Inc., Sterling Heights, MI) was used to take pictures of
the inserts at predetermined locations with a microscope at 100x, and
then the cells were quantified using Image] software (Ver 1.49,
available online at http://imagej.nih.gov/ij). Experiments were
repeated in triplicate and migration and invasion reported as fold
change + SEM.

PP2A Activity Assay

Cells (1 x 10° cells) were treated with siRNA (20 nM) or
FTY720 (5 pM) for 4 hours and then lysed using NP-40 lysis buffer.
PP2A activity was measured using a PP2A Immunoprecipitation
Phosphatase Assay Kit (17-313, EMD Millipore). Briefly, protein
lysates were incubated with PP2A antibody at 4°C with continuous
rotation for 2 hours. Following the addition of assay buffers and
malachite green solution, the plate was read at an absorbance of 650
nm using a microplate reader (Epoch Microplate Spectrophotom-
eter). Phosphatase activity was determined using a standard curve.
Experiments were repeated at least in triplicate, and phosphatase
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Figure 1. CIP2A, I2PP2A, and PP2A in neuroblastoma cell lines. (A) Immunoblotting revealed CIP2A, I12PP2A, and PP2A expression in all
four neuroblastoma cell lines studied. There were no differences in expression between the MYCN nonamplified SH-EP and the isogenic
MYCN amplified WAC2 cells. (B) SK-N-AS and SH-EP neuroblastoma cells (MYCN nonamplified) were transfected with MYCN
overexpression vector and cell lysates examined for I2PP2A and PP2A. MYCN was successfully expressed in both cell lines. Expression of
I2PP2A and PP2A was not affected by MYCN overexpression. (C). Neuroblastoma cell lines were treated with siRNA knockdown of
I2PP2A. Whole cell lysates revealed knockdown of I2PP2A with no change in PP2A expression. (D) Neuroblastoma cell lines were treated
with siRNA knockdown of CIP2A. Whole cell lysates revealed knockdown of CIP2A with no change in PP2A expression. (E) PP2A activity
was measured in SK-N-AS cells following siRNA inhibition. Inhibition of I2PP2A, CIP2A, or dual inhibition led to significant increases in
PP2A activity.
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activity was reported as mean fold change + SEM from the untreated
sample for each cell line.

Animal Statement

Animal experiments were approved by the Institutional Animal
Care and Use Committee (IACUC-09355) and were conducted
within institutional, national, and NIH guidelines.

In Vivo Tumor Growth

For the first animal experiment, SH-EP and WAC2 cells were stably
transfected with shEV or shI2PP2A plasmids. Clones were selected under
WB confirmed decreased target expression. Cells (2.5 x 10 cells in 25%
Matrigel, Corning, Inc.) with shEV were injected into the right flank and
cells with shI2PP2A were injected into the left flank of 6-week-old, female,
athymic nude mice (z = 5 per cell line) (Envigo, Prattville, AL). Tumors
were measured twice weekly, and tumor volumes were calculated with the
formula [(widch? x length/2] with width being the smallest measurement.
‘When tumor size reached IACUC parameters, the animals were humanely
euthanized. For the FTY720 experiments, SK-N-AS or SK-N-BE(2) cells
2.5 x 10° cells in 25% Matrigel, Corning, Inc.) were injected into the
right flank of athymic nude mice. Once tumors were palpable (100 mm?),
the mice were randomized to receive either 50 pl suspension
vehicle (ORA-Plus, Perrigo, Allegan, MI) or FTY720 10 mg/kg/day
suspended in 50 pl ORA-Plus once daily viz oral gavage. The
FTY720 dosing was based on previous animal studies [16-18]. The
flank tumors were measured twice weekly using calipers, and tumor
volumes were calculated. The animals were humanely euthanized
when IACUC parameters were met.

Statistical Analyses

Isobolograms were constructed using the methods of Chou-Talalay
[19]. Experiments were performed at a minimum of triplicate. Data
were reported as the mean + standard error of the mean. Parametric
data between groups were compared using an analysis of variance or
Student's 7 test as appropriate. Nonparametric data were analyzed with
Mann-Whitney rank sum test. Statistical significance was defined as
P < .05.

Results

Determination of PP2A and Its Endogenous Inhibitors in
Human Neuroblastoma Cell Lines

Documentation of PP2A and its inhibitors expression was
necessary prior to initiating other investigations. Immunoblotting
revealed that PP2A and the endogenous inhibitors I2PP2A (SET) and
CIP2A were present in all four cell lines evaluated (Figure 14). There
were inconsistent differences in expression of PP2A between MYCN
nonamplified (SK-N-AS) and MYCN amplified [SK-N-BE(2),
WAC2] cell lines, with higher expression in the nonamplified
MYCN SK-N-AS cell line compared to SK-N-BE(2) but nearly
equivalent expression in the SHEP (nonamplified) and WAC2
(amplified) cells (Figure 1A4). Therefore, nonamplified cell lines (SK-
N-AS and SH-EP) were transfected with an MYCN expression plasmid.
There were no differences in PP2A expression between the empty vector
controls (ev) and the MYCN expressing cells (Figure 1B). In addition,
when the MYCN isogenic cell lines SH-EP (nonamplified) and WAC2
(amplified) cells were compared, there were no differences in expression of
PP2A, I12PP2A, or CIP2A (Figure 1A), indicating that these proteins were
not likely to be MYCN dependent.

Investigation of PP2A and Its Endogenous Inhibitors

Williams et al. 87
siRNA Knockdown of 12PP2A and CIP2A

We commenced to evaluate the effects of inhibition of the
endogenous PP2A inhibitors, using siRNA to target the expression of
I2PP2A (SET) and CIP2A. Immunoblotting confirmed target
knockdown (Figure 1, C and D). Overall PP2A expression was not
affected by 12PP2A or CIP2A knockdown (Figure 1, C and D), and
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Figure 2. siRNA knockdown of 12PP2A and CIP2A decreased cell
viability. (A) Neuroblastoma cell lines were treated with 12PP2A siRNA
(SiSET) or control siRNA (siNeg) and cell viability measured with
alamarBlue assay. There were no significant differences in viability in
any of the four cell lines. (B) Neuroblastoma cell lines were treated with
CIP2A siRNA (siCIP2A) or control siRNA (siNeg), and cell viability was
measured with alamarBlue assay. Viability was significantly decreased
in the SK-N-AS and the SK-N-BE(2) cell lines but not in the SH-EP or
WAC2 cells. (C) Neuroblastoma cell lines were treated with both
I2PP2A and CIP2A siRNA (siDual) or control siRNA (siNeg), and cell
viability was measured with alamarBlue assay. Viability was significantly
decreased in all four cell lines with dual inhibition. Experiments were
repeated at least in triplicate and reported as mean fold change = SEM.
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dual knockdown successfully targeted I2PP2A and CIP2A expression
in SK-N-BE(2), SH-EP, WAC2, and to a lesser degree SK-N-AS
(Supplementary Figure 14). siRNA knockdown of one inhibitor did
not lead to a compensatory increase in the other or change PP2A
expression (Supplementary Figurel, B and C). PP2A activation was
evaluated after inhibition of I2PP2A and CIP2A in SK-N-AS cells using a
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Figure 3. siRNA knockdown of 12PP2A and CIP2A decreased cell
proliferation. (A) Neuroblastoma cell lines were treated with 12PP2A
siRNA (siSET) or control siRNA (siNeg) for 48 hours, and proliferation
was measured with CellTiter 96 assay. Proliferation was significantly
decreased in the SK-N-AS and the WAC2 cell lines. (B) Neuroblastoma
cell lines were treated with CIP2A siRNA (siCIP2A) or control siRNA
(siNeg), and cell proliferation was measured. Proliferation was
significantly decreased in all four cell lines after CIP2A knockdown.
(C) Neuroblastoma cell lines were treated with both [2PP2A and CIP2A
siRNA (siDual) or control siRNA (siNeg), and proliferation was
measured. Proliferation was significantly decreased in all four cell
lines. Experiments were repeated at least in triplicate and reported as
mean fold change = SEM.
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PP2A immunoprecipitation phosphatase assay. There was a significant
increase in PP2A activation after siRNA knockdown (Figure 1E).

Viability was measured with alamarBlue assays. Inhibition of
[2PP2A (SET) did not affect viability in any of the four
neuroblastoma cell lines (Figure 24). Inhibition of CIP2A decreased
viability in SK-N-AS and SK-N-BE(2) only (Figure 2B). When cells
were treated with dual inhibition, there was a significant decrease in
viability in all four cell lines (Figure 2C).

Similar findings were noted with cell proliferation. siRNA inhibition of
I2PP2A had less of an effect on proliferation (Figure 34) than did
inhibition of CIP2A (Figure 3B) or dual inhibition (Figure 3C).

Since I2PP2A and CIP2A are known to affect cell motility,
migration and invasion were examined. There was a significant
decrease in cell migration in all four neuroblastoma cell lines seen with
dual inhibition of I2PP2A and CIP2A when compared to controls
(Figure 44) which was not consistently seen with inhibition of each
alone. Similar findings were noted with cell invasion. Dual inhibition
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Figure 4. siRNA knockdown of 12PP2A and CIP2A decreased cell
motility. (A) Neuroblastoma cell lines were treated with control
siRNA (siNEG) or siRNA to 12PP2A (siSET), CIP2A (siCIP2A) or both
(siDual) for 48 hours. (A) Cells were plated and allowed to migrate
through a micropore membrane for 24 hours. Cells were fixed and
stained, and number of cells were counted. Migration was
significantly decreased in all cell lines with dual inhibition. siSET
only affected migration in SH-EP cells. Also, SH-EP cell line was the
only one not significantly affected by siCIP2A. (B) Similar to
migration, treated cells were plated and allowed to invade into a
Matrigel layer for 24 hours. Also similar to migration, all four cell
lines had a significant decrease in invasion after dual inhibition, but
only the SH-EP cell line was unaffected by siCIP2A and significantly
affected by siSET. Experiments were repeated at least in triplicate
and reported as mean fold change = SEM.



Translational Oncology Vol. 12, No. 1, 2019

B
SH-EP WAC2 2500 -
g 8
G & @ &
G 6 G G 2000 -
A o
E
B-actin P GEEF W . O (3 %1500 4
E
3
o
>
51000 -
E
=
C -
500 -

3 3
a o
o a
o o
=S o
& =

Investigation of PP2A and Its Endogenous Inhibitors

- @ - SH-EP shEV

=0 +SH-EP shi2PP2A
——WAC(2) shEV
e WAC(2) shIZPP2A

6 10 17 20 24 27 31 34 38 41 45 48 52 55 59 62 66 69 73

Williams et al. 89

*p = 0.05 shi2PP2A vs. shEV

Days post injection

Figure 5. Inhibition of I2PP2A led to decreased neuroblastoma tumor growth. (A) SH-EP and WAC2 cells were transfected with sh12PP2A
or control (shEV) plasmids. Immunoblotting confirmed target knockdown. (B) Cells (2.5 X 10% in 25% Matrigel) were injected into the
flanks of immunosuppressed mice, and animals were followed for tumor growth. The shi2PP2A transfected cells grew significantly
smaller tumors than the empty vector (shEV) controls in both the SH-EP and WAC2 cell lines. (C) Photo of representative animals
demonstrated significantly smaller tumors from the shI2PP2A transfected cells.

more reliably led to significant decreases in invasion than inhibition of

either I2PP2A (SET) or CIP2A alone (Figure 4B).

Inhibition of I2PP2A with shRNA Resulted in Decreased
Tumor Growth In Vivo

To further demonstrate that inhibition of I2PP2A was pertinent, SH-
EP and WAC2 cells were stably transfected with plasmid containing short
hairpin RNA for I2PP2A (shI2PP2A). Empty vector plasmid (shEV) was
utilized as a control. Immunoblotting confirmed target knockdown in the
cells (Figure 5A4). These shI2PP2A or shEV cells were injected into the left
and right flank, respectively, of athymic nude mice, and animals were
followed for tumor growth. The shI2PP2A cells formed significantdy
smaller tumors than the empty vector controls (shEV, Figure 5B).
Representative photographs of tumors are shown in Figure 5C.

Forskolin Treatment Resulted in Decreased Proliferation and
Motility in Neuroblastoma Cells

Forskolin is a known activator of PP2A [20]. Therefore, we chose to
evaluate the phenotypic changes in neuroblastoma cells following
forskolin treatment. Proliferation was studied with CellTiter 96 assays.
Forskolin significantly decreased proliferation in all four neuroblastoma
cell lines (Figure 6A4). Importantly, the ability of the cells to migrate or
invade was significantly diminished at concentrations as low as 8 ©M and
10 pM, respectively (Figure 6, B and C), which were well below the
inhibitory concentration 50% (ICsp) of the cells.

FTY720 Activated PP2A and Led to Decreased Viability,
Proliferation, and Motility in Neuroblastoma Cell Lines
Since forskolin, a PP2A activator, had a significant effect upon
neuroblastoma cell proliferation and motility, we next wished to
investigate a compound that may be useful as a clinical therapeutic.

We chose FTY720, as activation of PP2A has been proposed as a
mechanism by which its produces its antitumor effects [21,22]. We
examined the ability of FTY720 to activate PP2A with a phosphatase
activation kit. Following treatment of SK-N-AS, SK-N-BE(2), SH-
EP, and WAC2 cells with FTY720 (5 uM) for 4 hours, the
phosphatase activity of PP2A was significantly increased over baseline
relative to control in all four lines (Supplementary Figure 2).

FTY720 has been shown to decrease cancer cell viability
[20,23,24] and modility [25] in a variety of tumor types, so we
examined whether FTY720 would have similar effects on neuroblas-
toma cells. Cells were treated with increasing concentrations of
FTY720 for 48 hours, and viability was measured. FTY720
significantly decreased viability in all four neuroblastoma cell lines
(Figure 7A). The lethal dose 50% (LDs) for FTY720 was 5.2 pM in
SK-N-AS cells, 4.7 pM in SK-N-BE(2) cells, 5.9 uM in SH-EP cells,
and 6.5 pM in WAC2 cells. Cell proliferation was measured
following treatment for 24 hours with increasing concentrations of
FTY720. There was a significant decrease in proliferation seen in all
four cell lines following FTY720 treatment (Figure 7B).

The ability to migrate and invade is a hallmark behavior of cancer
cells. Therefore, we investigated whether FTY720 treatment
decreased neuroblastoma cell motility. Following treatment with
FTY720 at increasing concentrations for 24 hours, invasion and
migration were assessed. FTY720 resulted in a significant decrease in
both invasion (Figure 7C) and migration (Figure 7D) in all four

neuroblastoma cell lines.

FTY720 Decreased Neuroblastoma Tumor Growth In Vivo
For in vivo testing of FTY720 against neuroblastoma tumor

growth, SK-N-AS or SK-N-BE(2) human neuroblastoma cells

(2.5 x 10%in Matrigel) were injected into the right flank of athymic



90 Investigation of PP2A and Its Endogenous Inhibitors

(X}

*p < 0.05 control vs. forskolin

-

b
L=}

Fold change proliferation
(=]
(=2}

044" W - SK-N-AS
—— SK-N-BE(2)
02 - ---o--SHEP
——WAC2
0
0 uM 10 pM 20 pM 40 pM
Concentration forskolin
12 4
= *p < 0.05 control vs. forskolin
s '] -
=
‘§-, 0.8 I |
E ------ "
eosd 0 NITYIeTd
g — m —SK-N-AS o
E 04 | o SK-N-BE()
If'_ 02 | «®©- SH-EP
0 ——WAC2
0pM 5uM 8 uM 10 pM
Concentration forskolin
1.2 *p < 0.05 control vs. forskolin
c
g 14
“w
s
E 0.8
@
0.6
g - W - SK-N-AS
S 04 | —e—SK-N-BE2)
-
S 02 o SH-EP
s ——WAC2
04 ®
0pM 10 pM 20 pM

Concentration forskolin

Figure 6. Forskolin treatment decreased cell proliferation and
motility. (A) Neuroblastoma cells were treated with increasing
concentrations of forskolin for 48 hours, and proliferation was
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decrease in proliferation in all four cell lines. (B) Cells were treated
with increasing concentrations of forskolin for 24 hours, plated,
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Experiments were repeated at least in triplicate and reported as
mean fold change = SEM.

nude mice. Once tumors were palpable (100 mm?), animals were
randomized in equal numbers to receive daily oral doses of vehicle or
FTY720 (10 mg/kg/day). This dosage was chosen based on previous
literature reports [25-27]. The animals bearing SK-N-AS (n = 14)
tumors treated with FTY720 showed a significant decrease in tumor
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volume when compared to vehicle-treated animals (Figure 8A4).
Similar findings were seen in animals bearing SK-N-BE(2) (z = 10)
tumors (Figure 8C). FTY720 did not affect the weight of the animals
(Figure 8, B and D).

FTY720 Resulted in an Increase in AKT Phosphorylation

Other investigators have postulated that FTY720 may function
through downstream targets of PP2A such as changes in ERK or AKT
phosphorylation [26,27]. SH-EP and WAC2 cells were treated with
FTY720 for 24 hours at increasing concentrations and whole cell
lysates with immunoblotting. There were mild increases in ERK
phosphorylation seen, but total ERK expression was also increased,
diminishing the importance of the phosphorylation findings
(Supplemental Figure 3). When AKT phosphorylation was examined,
it was found that AKT phosphorylation increased in all four cell lines
with increasing concentrations of FTY720 at 24 hours (Figure 94).
Total AKT expression was not affected. These results prompted an
investigation into whether combination therapy with FTY720 and an
AKT inhibitor would be relevant. Neuroblastoma cells were treated
with FTY720 and the AKT inhibitor rapamycin for 24 hours, and
cell viability was measured with alamarBlue. Isobolograms were
constructed using the method of Chou-Talalay [19] with a
combination index <1 representing a synergistic response, >1 an
antagonistic response, and =1 an additive response. In the SK-N-AS
(Figure 9B) and SK-N-BE(2) (Figure 9C) cells, there was a marked
synergistic response seen with FTY720 treatment combined with
rapamycin. In the SH-EP (Figure 9D) and WAC2 (Figure 9E) cell
lines, most combinations with FTY720 and rapamycin were
synergistic or at least additive (Table 1).

Discussion

Although significant advances have been made in the treatment of
childhood solid tumors, high-risk neuroblastoma continues to carry a
dismal prognosis. It is obvious that the development of novel
therapeutic approaches is urgently needed. Recent studies have
purported I2PP2A oncogene as a treatment target for multiple cancers
[28-30] and served as an initiating point for the investigations in the
current study.

I2PP2A (SET) and CIP2A, the endogenous inhibitors of PP2A,
have been shown to be overexpressed in numerous cancer types
[27,31] including chronic myelogenous leukemia [32], cholangio-
carcinoma [33], colorectal and squamous cell cancer [34], and
neuroblastoma [35]. Amplification of the MYCN oncogene is the
most important negative prognostic indicator in neuroblastoma [36].
This oncogene has numerous targets, many of which have not been
well characterized. Khanna et al. recently found that CIP2A
expression was MYCN independent [35]. We wished to determine
whether expression of I2PP2A in neuroblastoma was related to
MYCN status. In the cell lines included in this study, it did not appear
as though I2PP2A expression was dependent upon MYCN. Similarly,
PP2A expression did not appear to be affected by MYCN, as its
expression was not different by immunoblotting in both the MYCN
isogenic SH-EP and WAC2 cell lines and the SK-N-AS and SH-EP
cell lines after MYCN transfection.

Other authors have investigated the utility of targeting these
endogenous PP2A inhibitors as a treatment strategy for cancer. Farrell
et al. established that shRNA inhibition of CIP2A or I2PP2A resulted
in decreased growth of pancreatic tumor cells [29]. Mukhopadhyay
and colleagues showed that ceramide inhibition of 12PP2A led to
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Experiments were repeated at least in triplicate and reported as mean fold change + SEM.

decreased viability in some prostate cancer cell lines [37].
Niclosamide, an anthelmintic drug, was shown to inhibit CIP2A in
non-small cell lung cancer cells, which led to decreased cell
proliferation and attachment independent growth [30]. Similar to
the current findings in neuroblastoma, using short hairpin knock-
down of I2PP2A, investigators demonstrated decreased tumor growth
in immunocompromised mice in squamous cell carcinoma [15]. The
unifying factor in the previous studies was the inhibition of CIP2A or
I2PP2A resulted in activation of PP2A leading to the recognized
downstream effects [15,30]. We also utilized siRNA inhibition of
12PP2A (SET) and CIP2A. These studies showed decreased tumor
growth and motility. These phenotypic changes related to I2PP2A or
CIP2A knockdown were variable between cell lines and were not
necessarily additive. Further, they did not appear to be secondary to
increased expression of CIP2A or I2PP2A in response to knockdown
of the other protein or to PP2A expression (Supplemental Figure 1A4).
Rather, they may have been due to compensatory changes in
other PP2A regulating mechanisms such as JAK2 [38]; but these
postulations will be the subject of future study. Additionally, there

was not an increase in PP2A expression with I12PP2A or CIP2A
knockdown (Supplemental Figure 1, Band C), but PP2A activation
was increased, leading to the hypothesis that this activation is
the mechanism leading to the observed alterations in tumor cell
viability, proliferation, invasion, migration, and iz vive tumor
growth.

Because of the inconsistencies seen with siRNA targeting of these
endogenous PP2A inhibitors and lack of currently available clinical
therapeutic formulations, studies were advanced to targeting PP2A
itself. Forskolin is a known activator of PP2A [39]. Forskolin
treatment resulted in slightly decreased proliferation but had a more
pronounced effect on proliferation and motility in neuroblastoma
cells than would have been expected with that seen in proliferation.
Similar results were seen by other investigators in acute myeloid
leukemia cells [39] and prostate cancer cells [20].

FTY720 (2-amino-2-[2-(4-octylphenyl)]-1,3-propanediol, fin-
golimod) is a synthetic sphingosine immunosuppressant that was
approved by the United States Food and Drug Administration for
the treatment of multiple sclerosis [40,41]. Over the past decade,
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FTY720 has also been shown to have antitumor properties in several
human malignancies [16,23,26,42-44], including the pediatric
tumor medulloblastoma [25], prompting its use in the current
investigations. Many mechanisms have been proposed for the effects
of FTY720, including activation of PP2A [21,22], generation of
reactive oxygen species [44-46], and inhibition of sphingosine
kinase 1 (SphK1) [47,48]. Li and others showed that FTY720
inhibited sphingosine kinase 2 in neuroblastoma [49], and Lange et
al studied the effects on calcium channel signaling in neuroblastoma
[50], but neither group explored whether PP2A activation was
involved [49,50]. In the current study, we found that FTY720
treatment significantly increased PP2A activity in neuroblastoma
cells.

In addition to reducing cell viability, FTY720 has been shown to
affect tumor cell motility. Zhou demonstrated decreased migration
and invasion with FTY720 treatment in the human prostate cell lines
DU145 and PC3 [51]. Zhang and others showed that human glioma
cells had a marked reduction in migration and invasion following

FTY720 treatment [26], and Garner demonstrated similar effects in
human medulloblastoma patient-derived xenograft cells [25].
Similarly, in this study, treatment of human neuroblastoma cells
with FTY720 in doses well below the LDsq resulted in significant
reductions in both migration and invasion.

Previous investigations have postulated that the effects of FT'Y720-
induced PP2A activation may be dependent upon dephosphorylation of
AKT. Loss of AKT phosphorylation has been noted in breast and prostate
cancer cells and mesothelioma [17,20,23]. In this study, FTY720
treatment resulted in an increase in AKT phosphorylation in all four
neuroblastoma cell lines tested. Studies conducted in neurologic
noncancer models found that FTY720 led to activation of AKT kinase
[52,53], indicating that our findings may have important clinical
relevance. To that end, we demonstrated that FTY720 combined with
AKT inhibition decreased neuroblastoma cell proliferation in a mostly
synergistic, and at least additive, fashion, implying that it may sensitize
neuroblastoma cells to conventional rapalogue chemotherapeutic agents.
Alterations in ERK phosphorylation have also been proposed as a
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potential mechanistic target for FTY720. Rincon and colleagues showed
decreased activation of ERK in BT-474 and MDA-MB-231 breast cancer
cells following treatment with FTY720 [27], and others reported similar

Table 1. Combination Indices (CI) for Rapamycin and FTY720

Rapamycin CI FTY720 CI

8 0.58 8 0.72
SKN-AS 15 0.67 10 0.65

8 0.75 8 0.67
SK-N-BE(2) 15 0.68 10 0.67

8 0.56 8 0.68
SH-EP 15 1.6 10 0.73

8 0.87 8 1.1
WACD) 15 1.1 10 0.96

results with PC-3 prostate cancer cells [20]. In the current study, SH-EP
and WAC2 cells showed increased ERK phosphorylation, but these
changes followed changes noted in expression of total ERK (Supplemen-
tal Figure 2). These data indicated that the effects of FT'Y720 on kinases
are likely cell line dependent and, along with the findings for AKT, will
serve as a basis for further mechanistic studies of FTY720 in
neuroblastoma.

Conclusions

The data in the current study provide evidence that inhibition of I2PP2A
or CIP2A, or activation of PP2A, decreased neuroblastoma cell
proliferation, motility, and 7 vivo tumor growth. These findings suggest
that development of novel therapeutics that antagonize endogenous
PP2A inhibitors and also enhance PP2A activity has potential for clinical
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applications in neuroblastoma. Further, these data suggest that potentially
combining PP2A activation with kinase inhibition may be beneficial in
neuroblastoma. These findings provide the impetus to further investigate
these pathways for the treatment of neuroblastoma.
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