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Abstract

Phosphatidylinositol 3-kinases (PI3Ks) play important roles in human tumorigenesis. Activation 

of the PI3K target AKT is frequent in neuroblastoma (NB) and correlates with poor prognosis. 

PI3K pan-inhibitors reduce NB tumor formation but present severe toxicity, which limits their 

therapeutic potential. Therefore, defining the importance of specific PI3K isoforms may aid in 

developing more effective therapeutic strategies. We previously demonstrated that PI3K Class IIβ 

(PI3KC2β) and its regulator intersectin 1 (ITSN1) are highly expressed in primary NB tumors and 

cell lines. Silencing ITSN1 dramatically reduced the tumorigenic potential of NB cells. 

Interestingly, overexpression of PI3KC2β rescued the anchorage-independent growth of ITSN1-

silenced cells suggesting that PI3KC2β mediates ITSN1's function in NB cells. To address the 

importance of PI3KC2β in NBs, we generated PI3KC2β-silenced lines and examined their 

biologic activity. Herein, we demonstrate that PI3KC2β-silencing inhibits early stages of NB 

tumorigenic growth. We also show that loss of endogenous PI3KC2β or ITSN1 reduces AKT 

activation but does not impact ERK-MAPK activation. These data reveal a novel role for PI3KC2β 

in human NB tumorigenesis.
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1. Introduction

Neuroblastoma (NB) is the most common extracranial solid tumor in children and is 

responsible for 15% of pediatric cancer-related deaths [21]. Amplification or overexpression 

of the myelocytomatosis viral oncogene (MYCN) is present in approximately 20% of NB 

patients and is a poor prognostic marker [17]. MYCN overexpression has been reported as a 

cause of increased tumor cell proliferation and invasiveness. Proteins of the 

phosphoinositide 3-kinase (PI3K) family play a central role in NB tumorigenesis through 

stabilization of MYCN [7]. In addition, the target of PI3K, protein kinase B (PKB or AKT), 

is also a marker for poor prognosis in NBs [13]. Activation of the PI3K-AKT pathway leads 

to phosphorylation and inhibition of GSK3β which normally phosphorylates MYCN leading 

to its degradation by the proteasome [7]. Pharmacological inhibition of PI3Ks with pan-

inhibitors blocks malignant progression in vivo; however, these inhibitors have serious 

toxicity due to their promiscuity that limits their usefulness in NB treatment [5, 27]. Thus, 

defining the specific PI3K isoforms important for NB tumorigenesis represents an important 

step towards the development of better therapeutic treatments for this disease.

Accumulating evidence reveals that PI3KC2β contributes to oncogenic transformation. 

PI3KC2β expression is upregulated in several cancers and PI3KC2β overexpression leads to 

transformation of colonic epithelial cells [15, 24]. Dominant-negative PI3KC2β inhibits 

human small cell lung cancer growth as well as growth factor-stimulated AKT activation 

[2]. We have previously shown that silencing expression of the ITSN1 scaffold, which 

activates PI3KC2β [11], reduced NB cell growth in anchorage-independent conditions in 

vitro as well as tumor growth in vivo [23]. Furthermore, PI3KC2β overexpression restored 

the anchorage-independent growth of ITSN1-depleted NB cells suggesting that PI3KC2β 

mediates the tumorigenic effect of ITSN1 in NBs [23]. Specific pharmacological inhibition 

of PI3KC2β demonstrates a role for this isoform in additional human cancers as well [6]. 

Thus, we sought to determine the importance of PI3KC2β for NB tumorigenesis. Herein, we 

report that PI3KC2β depletion reduces anchorage-independent growth in vitro as well as 

tumor growth in vivo of NB cells. We also demonstrate that loss of either ITSN1 or 

PI3KC2β in MYCN-amplified IMR-5 NB cells results in reduced EGF-induced AKT 

activation. These studies reveal an important role for PI3KC2β in human tumorigenesis and 

highlight it's role in regulating the AKT pathway in MYCN-amplified tumor cell lines.

2. Materials and Methods

2.1. Reagents and cell culture

All NB cells used in this study were maintained in RPMI with 10% fetal bovine serum at 

37°C in 5% CO2 and were the kind gifts of Drs. Bernard Weissman (University of North 

Carolina at Chapel Hill) and Naohiko Ikegaki (University of Illinois at Chicago). Puromycin 

(GIBCO) was used at 1μg/ml.

2.2 Stable silencing of PI3KC2β

Phoenix-GP cells were used to generate retrovirus for infection of NB cells as previously 

described [23]. These packaging cells were transiently transfected using calcium phosphate 
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method with 20 μg of vector alone (pSUPER.retro.puro; pSR) or pSR expressing shRNAs to 

PI3KC2β (βsh2 or βsh5) along with a plasmid encoding the VSV-G envelope glycoprotein to 

generate viral particles. On the following day, the media was replaced with fresh media, and 

NB cells were seeded for infection. On day 2 post-transfection, conditioned media from the 

Phoenix-GP cells was collected, filtered, and used to infect NB cells followed by selection 

in puromycin. Following selection, colonies were pooled to generate a polyclonal cell line, 

which was used for all subsequent analyses. Western Blot analyses of polyclonal cell lines 

were performed as previously described [1]. The sequences of oligonucleotides used to 

construct these vectors are as follows: βsh2-F-5'-

GATCCCCGACATCAACACTTTCTCTTTGTTCAAGAGACAAAGAGAAAGTGTTGA

TGTCTTTTTA3’(15); βsh2-R-5'-

AGCTTAAAAAGACATCAACACTTTCTCTTTGTCTCTTGAACAAAGAGAAAGTGT

TGATGTCGGG 3'; βsh5-F-5'-

GATCCCCCCAGAAGGCAAGAGAGGAATTCAAGAGATTCCTCTCTTGCCTTCTGG

TTTTTA 3'; βsh5-R-3' 

AGCTTAAAAACCAGAAGGCAAGAGAGGAATCTCTTGAATTCCTCTCTTGCCTTC

TGGGGG 3'; pSCR-A-5’-

GATCCCCGGTACTAAAGCGAATATTATTCAAGAGATAATATTCGCTTTAGTACC

TTTTT and pSCR-B 5’-

AAAAAGGTACTAAAGCGAATATTATCTCTTGAATAATATTCGCTTTAGTACCGG

GGATC. The βsh5 shRNA targets the 3‘UTR of PI3KC2β.

2.3. Proliferation assay

NB cells (700 per well) were plated on 24-well plates in complete media (RPMI +10%FBS 

plus puromycin) for the indicated number of days. On the indicated day, media was removed 

and replaced with 100μl of complete media to which 100μl of CellTiter Glow (Promega) 

was added to the cells. Luminescence was quantified on a Dynex 96-well microtiter plate 

luminometer according to the manufacture's instructions.

2.4. Analysis of apoptosis by Annexin V staining

Cells were seeded on Ultra-Low attachment plates (Corning) at a density of 0.5×106 cells 

per well. After 24hrs cells were collected, washed once with PBS and trypsinized (0.25%) 

for 10 min @ 37°C, washed again with PBS, centrifuged and resuspended in 1x binding 

buffer provided by manufacturer (Invitrogen) at a concentration of 1×106 cells/ml. 

Suspension of cells was transferred into a 5 ml tube to which was added 5ul of FITC 

conjugated-Annexin V and/or 1ul of PI (Invitrogen). The cells were then incubated for 15 

min at RT in the dark. Binding buffer (400 ul) was added into each tube and then apoptosis 

quantified by flow cytometry within one hour.

2.5. Soft agar assay

Assays were performed essentially as described [9]. Briefly, 5% (w/v) agar (DIFCO, Detroit 

MI) was prepared in distilled water then diluted to 0.5% final concentration with complete 

media and kept @ 60°C in water bath. A bottom layer of 0.5% agar in complete media was 

plated in each well of six-well plates to which 10,000 cells were subsequently plated in 

triplicate in a top layer of 0.37% agar in complete media and cooled at 37°C. Samples were 
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placed in humidified cell culture incubators at 37°C for 2-3 weeks after which colonies were 

stained using 100 μl solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT; 2 mg/ml in H2O). Colonies were counted using the Image Quant LAS4010 

(sensitivity set at 9498; size operator at 17; noise at 1) (GE Healthcare).

2.6. Transferrin internalization assay

Cells (2×105 per well) were plated in 6-well plates. The following the day, cells were 

equilibrated in the presence of 2% BSA for 1h @ 37°C then incubated in the presence of 

Biotinylated transferrin for 15 min @ 37°C. Cells were washed with ice cold PBS, followed 

by an acid wash (0.2M NaCl/0.2M acetic acid) on ice for 8 min then lysed and analyzed by 

Western blot using horseradish peroxidase linked to streptavidin as previously described 

[11].

2.7. EGFR internalization assay

Cells (0.7×105 per well) were plated in triplicate in 24-well plates. The following the day, 

cells were equilibrated in the presence RPMI, BSA 0.1%, 25mM HEPES for 1h @ 37°C. 

Cells were incubated on ice in the presence of RPMI, BSA 0.1%, 25 mM HEPES and 100 

ng/mL EGF for 1hour. Cells were then incubated at 37°C for indicated times, washed with 

ice cold PBS and then fixed with 4% paraformaldehyde for 5 min on ice. Following a wash 

with ice cold PBS, cells were incubate with anti-EGFR antibody AB12 (1:200) for 1h @ RT 

in RPMI/HEPES/BSA, washed 3x with PBS, and incubated with anti-mouse-HRP for 1h @ 

RT. Cells were then washed 3X (10min each) with PBS and incubated with 200ul of TMB 

(tetramethylbenzidine) diluted in PBS 1:10 from Sigma and incubated RT for 5-20 min 

depending on color appearance. Samples (150 ul) were transferred to 96-well flat bottom 

microtiter dish and absorbance read at 655nm.

2.8. Xenograft tumor assays

Approximately 1×107 cells for each stable NB line were collected and resuspended in 

Matrigel (BD bioscience) at a 1:1 volume ratio in a total volume of 200 μl. This cell-

Matrigel mixture was kept on ice then injected subcutaneously into the flanks of athymic 

nude mice using a 25G syringe. Tumor growth was monitored by caliper every other day for 

4 weeks or until the tumors reached a diameter of 1 cm. Tumor volume was calculated using 

the formula (d1 × d2 × d3) × π/6. Animals were then sacrificed and tumors extracted and 

analyzed by Western blot. Tumors were fixed in formalin, processed and embedded in 

paraffin wax, and H&E stained sections were prepared for histological evaluation.

3. Results 3.1. Silencing PI3KC2β does not alter proliferation of NB cells in 

adherent conditions

We previously showed that ITSN1 regulates tumorigenic properties of NBs and that 

PI3KC2β overexpression rescued the tumorigenic properties of ITSN1 silenced cells [23]. In 

addition, we showed that ITSN1 binds and activates PI3KC2β [11]. These results suggested 

that PI3KC2β acts downstream of ITSN1 to mediate tumorigenesis. PI3KC2β is expressed in 

NB cell lines as well as primary tumor samples consistent with a role in NB tumorigenesis 

[23]. To determine the importance of PI3KC2β in NB, we stably silenced endogenous 
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PI3KC2β expression in both MYCN-amplified IMR-5 cells and MYCN-non-amplified SK-

N-AS cells using retrovirally delivered shRNAs specific for PI3KC2β (Fig. 1A-B). Western 

blot analysis of the resulting cell lines demonstrates significant reduction in PI3KC2β levels 

in the PI3KC2β shRNA infected lines (βsh2 and βsh5) but not in the control lines (pSCR and 

pSR). Validity of shRNAs targeting ITSN1 (sh#1 and sh#2) has been previously 

demonstrated [23]. Given the role of Class I PI3Ks in proliferation, we tested whether loss 

of PI3KC2β affected the growth of NB cell lines in culture. As shown in Figs 1C & D, the 

proliferation of PI3KC2β-silenced cell lines was not significantly different from the control 

lines.

3.2. PI3KC2β contributes to NB tumorigenesis

Our previous results demonstrated that ITSN1 silencing reduced the tumorigenic properties 

of MYCN-amplified and non-MYCN-amplified NB cells both in vitro and in vivo and that 

overexpression of PI3KC2β in ITSN1-silenced IMR-5 cells rescued the soft agar growth of 

this cell line [23]. To address whether PI3KC2β contributes to the tumorigenic properties of 

NB cells, we assessed the effects of silencing PI3KC2β on the anchorage-independent 

growth of NB cells in soft agar. Although PI3KC2β silencing reduced the number of soft 

agar colonies formed by non-MYCN-amplified SK-N-AS cells, reduction of PI3KC2β in 

MYCN-amplified IMR-5 cells did not reduce colony formation in an anchorage-independent 

growth assay in vitro (Fig. 2A-B). However, reduction of PI3KC2β in MYCN-amplified 

IMR-5 cells reduced colony formation following EGF stimulation (Fig. 2C-D) suggesting a 

differential role of PI3KC2β in regulating tumorigenesis in different NB lines.

To further examine PI3KC2β's potential role in tumorigenesis, we tested whether PI3KC2β-

silenced cells were capable of forming tumors in vivo. Although injection of control NB 

cells into the flanks of athymic nude mice resulted in tumor development, silencing 

PI3KC2β in both IMR-5 and SK-N-AS cells significantly reduced their ability to form 

tumors in athymic nude mice (Fig. 3A-B). PI3KC2β-silenced cells formed smaller tumors 

with slower kinetics (Fig. 3C-D). These results parallel our findings with ITSN1 in which 

loss of ITSN1 expression resulted in decreased tumor formation in vivo (12). However, 

tumor growth of PI3KC2β-silenced cells recovered over time while ITSN1-silenced tumors 

(sh#1) did not suggesting that ITSN1's role in NB tumorigenesis is more pronounced (Fig. 

3C-D). Despite the differences in growth kinetics, the histomorphology of the tumors was 

similar in all groups and the tumor cell morphology was consistent with that of 

neuroblastoma cells, the SK-N-AS tumors showing a whorl-like growth pattern while the 

IMR-5 tumors tended to grow in solid nests and sheets (data not shown). There was 

evidence of central necrosis only in some of the largest tumors. All tumors for which 

adequate margins were available for examination appeared to be invasive.

To assess whether tumor growth of PI3KC2β-silenced cells recovered due to re-expression 

of PI3KC2β, we analyzed emergent tumors by Western blot. PI3KC2β was not re-expressed 

in tumors from PI3KC2β-silenced cells (Sup. Fig. 1A-B). In addition, silencing PI3KC2β 

did not lead to increased expression of other PI3K isoforms (Sup. Fig. 1C-D). These results 

suggest that the stronger effect of ITSN1 in NB tumorigenesis is due to regulation of 
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multiple signaling pathways and that PI3KC2β may regulate a more limited set of these 

pathways important in the early stage of NB tumor growth.

3.3. Silencing PI3KC2β did not alter apoptotic or endocytic pathways

Our previous findings suggest that the ITSN1-PI3KC2β pathway activates AKT (11). Given 

the role of AKT in inhibiting apoptosis, we next tested whether the observed decrease in soft 

agar growth and tumor formation in PI3KC2β-silenced cells was due to an increase in 

apoptosis. We cultured control or PI3KC2β-depleted IMR-5 and SK-N-AS lines in low-

attachment plates and quantified apoptosis by Annexin V staining. Loss of PI3KC2β did not 

lead to increased apoptosis in either IMR-5 or SK-N-AS cells (Sup. Fig. 2A-B) consistent 

with our previous results with ITSN1 [23].

Given ITSN1's role in regulating endocytosis [12] and the association of PI3KC2β with 

ITSN1 on endocytic vesicles [11], we examined whether loss of PI3KC2β resulted in defects 

in receptor-mediated endocytosis. Depletion of PI3KC2β had no effect on transferrin 

internalization in IMR-5 or SK-N-AS cells (Sup. Fig. 3A-B). Thus, stable loss of either 

ITSN1 or PI3KC2β does not adversely affect constitutive endocytosis. In addition we 

assessed whether loss of ITSN affects EGF-induced EGFR internalization. We found that 

ITSN1-depletion did not have effect on EGFR internalization in SK-N-AS cells (Sup. Fig. 

4).

3.4. Silencing ITSN1 or PI3KC2β decreased AKT activation in NB cells

Our results suggest that ITSN1 and PI3KC2β regulate a pro-tumorigenic signaling pathway 

in NB cells. We previously reported that ITSN1 stimulates a PI3K-dependent activation of 

AKT [11, 28] and that ITSN1 and PI3KC2β regulate an AKT-dependent cell survival 

signaling pathway in neurons [11]. Furthermore, expression of a PI3KC2β dominant-

negative inhibits growth factor activation of AKT as well as growth of human lung cancer 

cell lines [2]. Given that AKT activation is a poor prognostic marker in NB, we next 

examined whether the ITSN1-PI3KC2β pathway contributes to AKT activation in NB cells. 

Silencing PI3KC2β did not impair AKT activation in non-MYCN amplified SK-N-AS cells 

(Fig. 4A). However, depletion of PI3KC2β resulted in reduced growth factor stimulated 

AKT activation in MYCN amplified IMR-5 cells (Figs. 4B). As a control, depletion of 

ITSN1 resulted in >50% reduction in AKT activation following EGF stimulation in these 

cells as well (Figs. 4B). However, this reduction in AKT activation in PI3KC2β-silenced 

cells did not result in increased apoptosis (Sup. Fig. 2).

Given reports of ITSN1's contribution to ERK1/2 activation [30], we also tested whether 

loss of ITSN1 or PI3KC2β altered EGF activation of ERK1/2. As illustrated in Fig. 5, we 

did not observe any differences in phosphoERK1/2 levels in ITSN1-silenced IMR-5 or SK-

N-AS cells following EGF stimulation consistent with our previous findings [1, 19].

A number of receptor tyrosine kinases have been implicated in NB tumorigenesis including 

ALK, TRK family members, IGF-1, and EGFR [8]. Given PI3KC2β's role in regulating 

RTK-dependent AKT activation [2, 11, 28], we examined the contribution of PI3KC2β to 

growth factor stimulated enhancement of anchorage-independent growth. In the case of 

IMR-5 cells, EGF stimulation increased colony formation when compared to non-stimulated 
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cells; however, SK-N-AS cells did not respond to EGF treatment (Fig. 6 A-B). Furthermore, 

silencing PI3KC2β attenuated EGF-stimulated colony formation in IMR-5 cells further 

supporting a role for PI3KC2β in NB tumorigenesis. Inhibition of AKT completely 

abolished colony formation in SK-N-AS. In IMR-5, AKT inhibition reduced colony 

formation under basal conditions. In the presence of EGF, the AKT inhibitor abolished 

EGF-induced increase in colony formation consistent with a pivotal role for AKT in NB 

tumorigenesis (Fig. 6C-D).

4. Discussion

Given our previous findings on the importance of ITSN1 in NB tumorigenesis and the 

ability of PI3KC2β to rescue the tumorigenic properties of ITSN1-silenced NB cells [23], 

we examined the role of PI3KC2β in NB tumorigenesis. Herein, we demonstrate the 

importance of PI3KC2β for NB tumorigenesis. PI3KC2β depletion reduces tumor growth of 

NB cells in vivo. A recent study with leukemia and NB cells demonstrates that PI3KC2β 

pharmacological inhibitors have anti-proliferative effects in vitro [6]. However, our results 

obtained by silencing PI3KC2β (or ITSN1) do not show any effects on proliferation in 

adherent conditions. This discrepancy in results may be due to the fact that we are depleting 

PI3KC2β from cells as opposed to just inhibiting the kinase activity of PI3KC2β. It is well 

known that Class I PI3Ks have both kinase-dependent and kinase-independent activities. 

While the difference in our results from those of Boller et. al. may involve these kinase-

independent functions, it is unclear how the remaining scaffold functions of PI3KC2β may 

lead to growth inhibitory activity whereas loss of the entire protein or reduction in its level 

does not. One possibility is that the remaining scaffold function of PI3KC2β complexes with 

Ras thereby preventing its activation [28]. Alternatively, it is possible that the anti-

proliferative activity of the PI3KC2β inhibitors stems from off-target effects. Finally, since 

we have selected for stably silenced PI3KC2β cells, it is possible that the resulting cell lines 

have compensated for the loss of the protein. Nevertheless, these studies together suggest 

that characterizing the role of PI3KC2β may uncover mechanisms involved in NB 

tumorigenesis.

PI3KC2β also contributes to tumorigenesis in additional cancer types. Over-expression of 

PI3KC2β in colonic epithelial cells results in oncogenic transformation [18]. Single-

nucleotide polymorphisms in the promoter region of PI3KC2β are also associated with 

increased risk for prostate cancer [15]. Furthermore, PI3KC2β mRNA is elevated in a 

variety of cancers including pancreatic cancer [24], mixed lineage leukemia [4] and a subset 

of acute myeloid leukemia [22]. In glioblastoma, ITSN1 has been shown to be required for 

tumorigenesis [16]; however, the contribution of PI3KC2β to this effect has not been 

addressed.

Silencing either PI3KC2β or ITSN1 has anti-tumorigenic effects in both MYCN-amplified 

and non-amplified cells suggesting that this pathway is of broad importance to NB 

tumorigenesis. In MYCN-amplified IMR-5 cells, depletion of either ITSN1 or PI3KC2β 

leads to reduced AKT activation following growth factor stimulation, although without a 

corresponding increase in apoptosis. Interestingly, we observed robust AKT activation in 

IMR-5 cells only when stimulating cells with growth factor, i.e., EGF, in the presence of 
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serum. Serum starvation of cells prior to EGF treatment abolished AKT activation 

suggesting that in these cells, EGF was not sufficient for AKT activation but required 

additional factors present in the serum. The effects of ITSN1 or PI3KC2β on AKT activation 

are consistent with our previous findings demonstrating that ITSN1 and PI3KC2β regulate 

an AKT-dependent signaling pathway in neurons [11]. However, in this present case, loss of 

this pathway does not lead to increased apoptosis in NB cells in contrast to our previous 

observations. Although ITSN1 silencing increased apoptosis in the N1E-115 mouse NB cell 

line, this effect was only observed when ITSN1 silenced cells were induced to differentiate 

into neuron-like cells [11]. ITSN-1 silencing had no effect on the proliferation or survival of 

N1E-115 grown in the presence of serum. Additional studies demonstrate that expression of 

a PI3KC2β dominant-negative inhibits growth factor-induced activation of AKT as well as 

growth of human lung cancer cell lines [2]. These results raise questions regarding the 

specific phosphoinositide(s) produced by PI3KC2β. It has been previously shown that 

PI3KC2β produces PtdIns(3)P [10, 25] and PtdIns(3,4)P2 [3]. However, evidence from our 

lab and others showing that PI3KC2β mediates AKT activation suggests that PI3KC2β may 

also produce PtdIns(3,4,5)P3 [3, 11]. In contrast to the MYCN-amplified IMR-5 cells, 

neither ITSN1 nor PI3KC2β depletion affects EGF-induced AKT activation in MYCN non-

amplified SK-N-AS cells. These results suggest that PI3KC2β and ITSN1 mediate distinct 

signaling pathways in MYCN-amplified vs. non-amplified cells despite expression of the 

receptor in both cell types. In addition, EGF treatment increased colony formation in IMR-5 

cells and silencing PI3KC2β and ITSN1 abolished this effect. Using an AKT inhibitor in 

IMR-5 reduced the EGF-mediated increase in colony formation. In SK-N-AS EGF does not 

increase colony formation; however, the AKT inhibitor completely abolished colony 

formation suggesting that AKT is important for SK-N-AS tumorigenesis but EGF may be 

not as important. These results suggest a differential role for EGF-induced AKT activation 

in tumorigenesis of diverse NB tumor cell lines. Further experiments are needed to identify 

the signaling pathways through which PI3KC2β and ITSN1 regulate tumorigenesis in 

MYCN non-amplified NBs. Interestingly, MYCN downregulates β1integrin resulting in 

different levels of β1integrin in MYCN-amplified and non-amplified NBs suggesting that 

β1integrin may play a distinct role in these different NB subtypes [26]. In glioblastoma 

tumor cells, ITSN1 regulates β1integrin activation [16] suggesting a potentially similar 

mode of action in NBs.

ITSN1-silencing results in stable reduction of tumor growth whereas PI3KC2β-silencing 

results in reduction of tumor growth that recovers over time. This difference in effect may 

be due to a mechanism of compensation in PI3KC2β-silenced cells in which cells adapt to 

the lack of PI3KC2β by altering additional tumorigenic pathways. Additionally, given 

ITSN1's ability to couple to multiple biochemical pathways, the more potent effect of ITSN1 

silencing may stem from impairment of additional downstream pathways beside PI3KC2β-

AKT. We have shown that ITSN1 regulates EGFR trafficking and signaling as well as 

recruitment of phosphatases such as Shp2 (PTPN11) [20]. PTPN11 activating mutation have 

been found in NB with a frequency of 3.4% [14] suggesting that regulation of this 

phosphatase may be important for NB tumorigenesis. In addition, we have identified several 

ITSN1-binding proteins by yeast two-hybrid screening that may contribute to ITSN1 

signaling in NB, such as Rab and Arf family GTPases, both of which regulate receptor 
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endocytosis and recycling [29]. Both Rab and Arf members play a role in cancer [29]. 

Therefore, our future studies will define the signaling pathways mediated by PI3KC2β and 

ITSN1 that are important for MYCN+ vs MYCN− NB tumors. Such information may help 

in the development of new therapeutic strategies for treating NB patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• PI3KC2β contributes to neuroblastoma tumorigenesis.

• MYCN-amplified vs non-MYCN amplified tumor cells demonstrate a 

differential dependence on PI3KC2β for their tumorigenic activity.

• The ITSN1-PI3KC2β pathway regulates the AKT but not ERK-MAPK pathway 

activation by growth factor.
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Figure 1. PI3KC2β silencing does not alter adherent growth of NB cells
(A&B) PI3KC2β expression levels in shRNA-expressing NB cell lines. SK-N-AS (A) and 

IMR-5 (B) NB cells were infected with retrovirus containing the indicated empty vector 

control (pSR), scrambled shRNA (pSCR), or PI3KC2β shRNAs (βsh2 and βsh5). Stable 

polyclonal cell lines were generated, lysed, and analyzed by Western blot to assess PI3KC2β 

levels. Actin is shown as a control for loading. Growth curves of shRNA-expressing SK-N-

AS (C) and IMR-5 (D) NB cells from above were determined using Cell TiterGlo 

(Promega). Each point is the average of three independent wells of cells +/− standard 

deviation.
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Figure 2. PI3KC2β-silencing decreases anchorage-independent growth of IMR-5 NB cells
SK-N-AS (A) and IMR-5 (B) NB cells expressing the indicated shRNAs were plated in 

triplicate in soft agar. Colonies were stained with MTT after 3 weeks of growth and then 

photographed using a digital scanner. SK-N-AS (C) and IMR-5 (D) cells infected with 

indicated shRNAs or controls were plated in triplicate in soft agar with or without 100 ng/ml 

of EGF. Colonies were stained with MTT after 3 weeks of growth and then photographed 

using a digital scanner. Colonies were counted using the Image Quant LAS4010. Data 

represent the mean +/− standard error of three independent experiments. For SK-N-AS, βsh2 

p=0.0026** and βsh5 p=0.0072** compared to control pSCR without EGF; for EGF-

treatment, βsh2 p=0.021* and βsh5 p=0.029* compared to control pSCR. For IMR-5 in 

absence of EGF stimulation, differences observed with βsh2 and βsh5 were not significant 

compared to control pSCR. For EGF-treated samples, βsh2 p=0.00029** and βsh5 

p=0.00022** compared to control pSCR.

Russo et al. Page 14

Cancer Lett. Author manuscript; available in PMC 2016 April 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. PI3KC2β-depletion results in reduced tumor growth in vivo
Xenograft assays. SK-N-AS (A) or IMR-5 (B) cells were injected into nude mice (eight 

injections per condition). Shown are tumors that formed in mice at 15 days post injection. 

Graphs below pictures represent the average tumor volume +/− standard error at day 10 

post-injection. A two-tailed Student's T test was applied to determine significance compared 

to pSCR. For IMR-5 βsh2 has p=0.02* and βsh5 p=0.016*; sh#1 has p=0.0038**; for SK-N-

AS βsh2 has p=0.002** and βsh5 p=0.0005***. Differences between pSR and pSCR were 

not significant. Tumor growth for SK-N-AS cells (C) and IMR-5 cells (D) were monitored 

for the indicated times.
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Figure 4. Silencing PI3KC2β or ITSN1 results in reduced AKT activation in IMR-5 cells
SK-N-AS (A) and IMR-5 (B) cells stably infected with virus expressing control (pSCR or 

pSR), ITSN1 (sh#1 or sh#2), or PI3KC2β (βsh2 or βsh5) shRNAs and grown in complete 

media containing 10% serum, then stimulated with or with EGF (100 ng/ml for 10 min), 

lysed and analyzed by Western blot to assess phosphorylation of AKT at Ser473 as well as 

total AKT levels. Levels of ITSN1 and PI3KC2β are also shown. Relative AKT 

phosphorylation was calculated by comparing the level of AKT phosphorylation in samples 

in the presence of EGF and normalizing to AKT phosphorylation levels in pSCR stimulated 

with EGF. Graphs are the average +/− standard error of three independent experiments. For 

IMR-5 βsh2, βsh5, sh#1 and sh#2, p<0.05 compared to control pSCR. For SK-N-AS, 

differences in phosphorylation between samples were not significant.
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Figure 5. Silencing PI3KC2β or ITSN1 did not affect ERK1/2 activation in either IMR-5 or SK-
N-AS
SK-N-AS (A) and IMR-5 (B) cells stably infected with pSCR or pSR, sh#1, sh#2, βsh2 or 

βsh5, were lysed and analyzed by Western blot to assess phosphorylation of 

phosphoERK1/2 or ERK1/2 total levels. Levels of ITSN1 and PI3KC2β are also shown. 

Phosphorylation of ERK1/2 was normalized to total ERK1/2 and relative value calculated 

normalized to pSCR value. Graphs are the average +/− standard error of three independent 

experiments. P values were not significant.
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Figure 6. AKT inhibition reduces anchorage-independent growth of NB cell lines
SK-N-AS (A) and IMR-5 (B) cells infected with indicated shRNAs or controls were plated 

in triplicate in soft agar with or without 100 ng/ml of EGF and with or without AKT-

inhibitor (AKTi, 10 μM) as indicated. Colonies were stained with MTT after 3 weeks of 

growth and quantified as in Fig. 2. Data represent the mean +/− ± standard error of three 

independent experiments. (A) For parental SK-N-AS cells, treatment with AKT-inhibitor 

completely abolished colony formation +/− ± EGF treatment (AKTi p < 0.0001***; AKTi + 

EGF p = 0.007**). The effect of AKTi on PI3KC2β silenced SK-N-AS cells was not 

determined given the lack of effect of PI3KC2β loss on AKT activation in these cells (see 

Fig. 4). (B) IMR-5 derived cells infected with indicated shRNAs or controls (1 = pSCR; 2 = 

pSR; 3 = βsh2; 4 = βsh5; 5 = sh#1; 6 = sh#2) were treated with or without AKTi in the 

presence or absence of EGF stimulation. For IMR-5 treated with vehicle in the absence of 

EGF, differences observed with βsh2 and βsh5 (columns 3 and 4, respectively) were not 

significant compared to control pSCR; however, silencing ITSN1 (columns 5 and 6) reduced 

colony formation as previously reported [11]. p value for sh#1 = 0.007 **; for sh#2 = 0.004 

**; compared to pSCR. For EGF-treated samples in the absence of AKTi, silencing 

PI3KC2β or ITSN1 reduced colony numbers. βsh2 p = 0.001*** and βsh5 p = 0.0002***; 

sh#1 + p = 0.001***, sh#2 p < 0.0001 *** compared to control pSCR. Treatment with AKTi 

in the absence of EGF stimulation results in significant reduction in colony formation in all 

conditions compared to pSCR. Treatment of cells with EGF + AKTi results in loss of EGF-

induced increase in colony formation in pSCR and pSR controls when compared to EGF 

alone, whereas in the presence of EGF, AKTi does not affect colony number when either 

ITSN1 or PI3KC2β are silenced.
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