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Abstract

Chromosomal passenger complex (CPC) has been demonstrated to be a potential target of cancer 

therapy by inhibiting Aurora B or Survivin in different types of cancer including neuroblastoma 

(NB). However, chemical inhibition of either Aurora B or Survivin doesn’t target CPC specifically 

due to off-target effects or CPC independent activities of these two components. In a previous 

chromatin-focused siRNA screen, we found that NB cells were particularly vulnerable to loss of 

INCENP, a gene encoding a key scaffolding component of the CPC. In this study, INCENP was 

highly expressed by NB cells and its expression decreased following retinoic acid-induced NB 

differentiation. Elevated levels of INCENP were significantly associated with poor prognosis in 

primary tumors of NB patients with high-risk disease. Genetic silencing of INCENP reduced the 

growth of both MYCN-wild-type (MYCN-WT) and MYCN-amplified (MYCN-amp) NB cell 

lines in vitro and decreased the growth of NB xenografts in vivo with significant increases in 

murine survival. Mechanistically, INCENP depletion suppressed NB cell growth by inducing 

polyploidization, apoptosis and senescence. In most NB cell lines tested in vitro, apoptosis was the 

primary cell fate after INCENP silencing due to induction of DNA damage response and activation 

of the p53-p21 axis. These results confirm that CPC is a therapeutic target in NB and targeting 

INCENP is a novel way to disrupt the activity of CPC and inhibit tumor progression in NB.
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Introduction

Neuroblastoma (NB) is the most common extracranial solid tumor in early childhood. It 

accounts for more than 7% of pediatric malignancies in patients under the age of 15 yet 
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causes 15% of all pediatric cancer deaths (1,2). NB is a neural crest-derived malignancy and 

is presumed to arise from a failure of sympathoadrenal progenitor differentiation during the 

normal development of sympathetic nervous system (3). During last few decades, there has 

been significant progress in delineating the genetic underpinnings involved in NB 

tumorigenesis leading to better risk stratification. This and the addition of immunotherapy 

has contributed to the increased survival rate of NB patients (4–6). However, overall survival 

of high-risk NB patients is still <50% despite intensive multimodal treatment (2,6). 

Therefore, a better understanding of the functional consequences of the genetic alterations in 

high-risk NB patients and a function-based target selection strategy should lead to novel 

therapeutics.

In a chromatin-focused siRNA screen we identified 53 targets whose loss of function led to 

decreased NB cell growth and/or increased NB differentiation. INCENP was identified as 

one of those candidate genes whose silencing significantly inhibits NB cell proliferation 

(7,8). INCENP encodes the Inner centromere protein (INCENP), which is the structural and 

regulatory component of the chromosomal passenger complex (CPC) comprised of 

INCENP, Survivin, Borealin, and the Aurora B kinase (9). CPC is responsible for proper 

chromosomal alignment, segregation and cytokinesis during the mitosis (9). In the CPC, 

INCENP plays two critical roles: firstly, it functions as a scaffold protein coordinating 

assembly of this complex by interacting with all the other three components and secondarily, 

the interaction between INCENP and Aurora B is necessary for activation of the Aurora B 

kinase, the catalytic subunit of this complex (9). Thus, disruption of INCENP expression 

leads to dissociation of the whole complex and limits Aurora B kinase activity (10,11). 

Targeting the CPC has been led by strategies aimed at targeting Survivin or Aurora B kinase 

in NB since inhibition of either of them significantly blocks NB tumor cell growth in vitro 
and xenograft growth in vivo (12–15). Recent Genome-Wide Meta-Analyses (GWAS) 

studies have identified SNPs in INCENP that are linked to increased susceptibility and risk 

in Breast, Ovarian, and Prostate Cancer (16,17). In addition, INCENP has been found to be 

overexpressed in high grade non-Hodgkin B-cell lymphomas and non-small-cell lung 

cancer, and proposed to be a biomarker for poor prognosis in these types of cancer (18,19). 

However, the function and therapeutic potential of targeting INCENP in NB remains 

unclear.

In this study we investigated how genetic targeting of INCENP affected NB cell growth. We 

find that decreased INCENP levels are associated with increases in polyploidization, 

apoptosis and senescence in vitro and decreased NB tumor growth in vivo.

Methods and Reagents

Cell culture

All the human NB cell lines used in this study were obtained from the cell line bank of the 

Pediatric Oncology Branch of the National Cancer Institute and have been genetically 

verified by short tandem repeat (STR) analysis and were routinely tested to be free of 

mycoplasma. NB cells were routinely cultured in RPMI-1640 medium supplemented with 

10% fetal bovine serum (FBS), 2mM L-glutamine, 100 units/mL penicillin and 100 μg/mL 

streptomycin (termed complete RPMI-1640). Stable shRNA NB cell lines were maintained 
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in complete RPMI-1640 containing 0.5 or 1μg/ml puromycin. Tet21N cells were maintained 

in complete RPMI-1640 supplemented with 1μg/ml Tetracycline (Tet). HeLa, 293T cells and 

ARPE-19 cells were cultured in DMEM with 10% FBS, 2mM L-glutamine, 100 units/mL 

penicillin and 100 μg/mL streptomycin. For retinoic acid (RA) treatment experiments, NB 

cells were treated with 5 μM of all trans-RA dissolved in 95% ethanol and fresh RA 

containing medium was changed every 48 hrs.

Antibodies and Reagents

Primary antibodies against human INCENP (sc-376514), GAPDH (sc-25778), p53 (DO-I, 

sc-126), MYCN (sc-53993) and Borealin (sc-376635) as well as HRP-labeled secondary 

antibodies including Goat anti-mouse IgG-HRP (sc-2005) and Goat anti-Rabbit IgG-

HRP(sc-2004) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The 

anti-MYC (5605S), anti-PARP (9532s), anti-Caspase 3 (9662s), anti-p21 (2947s), anti-

Survivin (2808s), anti-pH2A.X (2577s), anti-pCHK2 (2197s), anti-Vinculin (13901s), anti-

Tubulin (3873s) and anti-Aurora B (3094s) antibodies were purchased from Cell Signaling 

Technology (Danvers, MA, USA). Doxycycline (D9891) were purchased from Sigma-

Aldrich. DAPI (4’,6-Diamidino-2-Phenylindole, Dihydrochloride) was purchased from 

Thermo Fisher Scientific.

INCENP silencing and rescue experiment

Transient INCENP knockdown was conducted by nucleofection or Lipofectamine® 

transfection of different NB (except KCNR and Kelly cells) or control cell lines with two 

different siRNAs targeting human INCENP (siINCENP-#2: 5’- GGATGGATCTGAATA 

GCGA −3’; siINCENP-#4:5’- CCACGAUGCUGACUAAGAA-3’) from Dharmacon, GE. 

For INCENP knockdown in KCNR and Kelly cells, ON-TARGETplus pool siRNAs 

targeting INCENP (Dharmacon, GE) were used. For MYCN knockdown, siMYCN (5’- 

CAGTATT AGACTGGAAGTTCA-3’, QIAGEN) was used. Nucleofection was performed 

in an Amaxa Nucleofector II with Cell Line Nucleofector™ Kit V (VVCA-1003, Amaxa 

Biosystems, Gaithersburg, MD, USA) according to the manufacturer’s instructions. A non-

targeting siRNA (siCTRL: 5’-UGGUUUACAUGU CGACUAA-3’, Dharmacon) was used 

as a negative control for gene knockdown experiments. In order to establish an inducible 

INCENP knockdown system in NB cell lines, we packaged a pTRIPZ inducible lentiviral 

shRNA construct targeting INCENP (RHS4740-EG3619, clone ID V2THS_364633, 5’-

AACTGTGACAGATGATGCG −3’, Dharmacon, GE) and a non-targeting pTRIPZ control 

shRNA (RHS4743) into lentiviral particles for efficient transduction and gene silencing. 

Different NB cell lines were transduced with the shCTRL lentiviruses and the shINCENP 

lentiviruses and then the stable shRNA transduced NB cell lines were selected with 

puromycin (0.5 μg/mL for SY5Y and NGP or 1 μg/mL for BE2C). Gene silencing could be 

efficiently induced when these cells were cultured in complete RPMI-1640 containing 1 

μg/mL doxycycline (dox). For the rescue experiment, we first generated a lentiviral construct 

(pLVX-tetOne-INCENP mutant) in which siINCENP-#2 resistant form of INCENP ( the 

target sequence of siINCENP-2# was mutated from GG-ATG-GAT-CTG-AAT-AGC-GA to 

GG-ATG-GAC-TTA-AAC-TCA-GA ) could be induced upon dox treatment. After lentivirus 

packaging and transduction, we generated a stable BE2C cell line with doxycycline 

inducible expression of siINCENP-#2 resistant form of INCENP that still encoded the same 

Sun et al. Page 3

Cancer Res. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



protein. To perform the rescue experiement, the expression of siRNA resistant form of 

INCENP was induced immediately by adding 0.5 μg/mL dox after siRNAs were transfected 

into this cell line.

Cell growth and clonogenicity assays

To assess the effect of INCENP knockdown on NB cell growth, NB cells transfected with 

siCTRL and siINCENP were plated in 24-well plates and the growth kinetics were 

monitored in IncuCyte ZOOM (Essen BioScience) using the integrated confluence 

algorithm as a surrogate for cell number. MTS assay (Promega) was performed according to 

manufacturer’s instructions in 96-well plate at day 3 after transfection. To investigate the 

effects of INCENP knockdown on clonogenic ability of NB cells, we performed both colony 

formation assay (adherent colony formation) and soft agar assay (anchorage-independent 

colony formation) using inducible shRNA NB cell lines. For colony formation assays, 103 

NB cells were plated into each well of 6-well plates and cultured in complete RPMI-1640 

medium containing puromycin (0.5 μg/mL for SY5Y and NGP or 1μg/mL for BE2C) and 

treated with or without 1ug/ml dox. For soft agar assay, 104 NB cells were cultured in 0.7% 

top agarose in media containing puromycin (± doxy) and plated over a bottom layer of 1.4% 

bottom agar/media. In both assays fresh medium was changed twice weekly and visible 

colonies were allowed to be formed in two to four weeks. The number of colonies was 

counted directly or after crystal violet staining.

Immunofluorescent cytochemical staining

Subconfluent cells were seeded on 8 well chamber slide after nucleofection with siRNAs.

The cells were fixed in 4% paraformaldehyde/PBS for 10 min at 48 hr post transfection. 

Immunostaining was performed as previously described [7]. Antibodies used for 

immunostaining are listed as follow: anti-pH2A.X (2577s) and anti-α-Tubulin (3873s). 

DAPI was used to stain the nuclei.

Cell cycle analysis

Cell cycle analysis was performed using FxCycle™ PI/RNase Staining Solution (Thermo 

Fisher Scientific) according to the manufacturer’s instructions. At day 2 post transfection, 

siRNA transfected NB cells were harvested, washed with 1× PBS twice and fixed with 70% 

ethanol for at least two hours. Before acquiring data on a flow cytometer, stained the 

samples with FxCycle™ PI/RNase Staining Solution for 30 minutes at room temperature 

and wrapped them in foil to protect from light. Samples were analyzed in a flow cytometer, 

using 532 nm excitation and emission was collected in a 585/42 bandpass or equivalent. The 

cell cycle results were analyzed using FlowJo software.

Clinical patient cohorts

Clinical patient data were analyzed using R2: Genomic Analysis and Visualization Platform 

(r2.amc.nl/). Kaplan-Meier plots and the graphs of gene expression were generated based on 

the expression of INCENP in tumors of NB patients in the TARGET dataset (249 patients) 

or Kocak dataset (649 patients in total but only 476 patients have survival data).
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RNA and protein analyses

Total RNA was isolated with RNeasy Mini plus Kit (Qiagen Inc., Valencia, CA, USA). The 

reverse transcription reactions were conducted with High-Capacity RNA-to-cDNA™ Kit 

(Applied Biosystems, Poster City, CA, USA). Housekeeping gene GAPDH was used to 

normalize the gene expression. Primers used in this study were as follows: INCENP-

Forward 5’-AGGCTCCTGAATGTTGAGGTGC-3’ and INCENP-reverse 5’-

GTGTGCTGTTGGCAATCTCCGT-3’; GAPDH-forward 5’-AGAAGGCTGG 

GGCTCATTTG-3’, GAPDH-reverse 5’-AGGGGCCATCCACAGTCT TC-3’. Quantitative 

real-time PCR was performed on CFX384 Touch™ Real-Time PCR Detection System 

(Biorad) using SYBR Green SuperMix as described previously [7]. The gene expression 

levels were analyzed by 2−ΔΔCt method. Transcriptional changes in BE2C cells following 

24 hr of transfection with INCENP siRNAs were analyzed by RNA-seq (HiSeq4000, 

Illumina). Total proteins were extracted from cultured cell lines or tumor tissues in RIPA 

buffer (50 mM Tris pH 8, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1% NP40, 

1 mM EDTA and a mix of protease/phosphatase inhibitors). Western blot was performed as 

previously described (7).

Caspase-Glo 3/7 assay

NB cells nucleofected with siRNAs were plated in triplicate in 96-well plates. At day 3 after 

transfection, Caspase 3/7 activity were detected using Caspase-Glo 3/7 Assay Systems 

(Promega) according to the manufacturer’s instruction.

Xenograft assay

All animal studies were performed at National Cancer Institute (NCI) and approved by the 

Animal Care and Use Committee of the NCI (PB-023). SY5Y shCTRL, SY5Y shINCENP, 

BE2C shCTRL and BE2C shINCENP cells were re-suspended in HBSS and Matrigel (1:1, 

Trevigen, Gaitherburg, MD, USA) respectively. Cell suspension (100ul) containing 2×106 

cells was injected subcutaneously into the left flank of 5- to 6-week-old female athymic 

nude mice (Frederick Animal Facility, NCI) using a 28-gauge needle (Becton Dickinson, 

Franklin Lakes, NJ). When tumors reached approximately 100–200 mm3, mice were given 

chow containing doxycycline (Bioserv, Flemington, NJ, USA) or regular chow. The 

dimensions, length (L) and width (W) of the tumors were measured thrice weekly using a 

digital caliper, and the tumor volume (mm3) was calculated as (L × W2)/4. Mice were 

euthanized once the tumor diameter reached 2 cm.

Statistical analysis

Statistical analyses were performed by a standard two-tailed Student’s t-test using GraphPad 

Prism 7.0 software. The Kaplan-Meier survival analsyis was used to estimate murine 

survival in the animal studies. To evaluate the differences between the survival curves of 

control group and experiment group, we used a log-rank test method (Mantel-Cox). All p 

values of less than 0.05 are considered to be statistically significant and ns stands for not 

statistically significant..
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Results

INCENP is overexpressed in NB cells and high INCENP level correlates with poor outcome 
in high-risk NB patients

From our previous siRNA screen (7), we found silencing of INCENP using either a pool of 

siRNAs or any of four individual siRNAs targeting INCENP significantly decreased the cell 

number in SY5Y cells. To understand the nature of this dependency, we first evaluated the 

expression level of INCENP in 14 commonly used NB cell lines and one non-transformed 

cell line-ARPE-19 cells. Western blot showed that INCENP protein was highly expressed in 

both MYCN-WT and MYCN-amp NB cell lines (Fig.1 A). This pattern of INCENP 

expression is similar to levels of the other components of the CPC-Aurora B, Survivin and 

Borealin, which are also expressed in NB cells (Fig.S1A). In addition, we detected the 

expression pattern of all the components of CPC during retinoic acid (RA)-induced 

differentiation of NB cells and found that RA treatment decreased MYC level in SY5Y cells 

(Fig.1B, left panel) and MYCN level in both KCNR and BE2C cells as early as day 2 (Fig.

1B, right panel). Meanwhile, decreased INCENP was observed in all selected NB cell lines 

(SY5Y, KCNR and BE2C) upon RA treatment (Fig.1B). Notably, different from further 

decrease of MYC or MYCN level in SY5Y and NGP cells, MYCN was decreased at day 2 

but sustained at a stable level in BE2C cells despite of continuous RA treatment (Fig. 1B). 

The expression of other CPC components (Aurora B, Survivin and Borealin) decreased in 

RA-treated SY5Y and KCNR cells but their levels did not show obvious change in RA-

treated BE2C cells (Fig. S1B). Next, we evaluated publicly available microarray or RNA-seq 

data of primary NB tumor tissues in R2 database (r2.amc.nl/) (20). We chose and analyzed 

two different datasets -TARGET with 249 patient samples (21) and Kocak with 649 patient 

samples (22) and found that there was higher expression of INCENP in Stage 4 tumors 

compared to Stage 1 tumors (Fig.1C, left panel and Fig.S1C, left panel). Additionally, we 

found significantly higher INCENP mRNA levels in MYCN-amp tumors compared to 

MYCN-WT tumors (Fig.1C, right panel and Fig.S1C, right panel). Consistent with a 

prevailing view that MYCN is an amplifier of transcriptionally active genes (23,24), MYCN 

ChIP-seq data [24] show that MYCN binds to the promoter regions of all the CPC 

component genes including INCENP in BE2C cells, indicating an involvement of MYCN in 

the transcriptional regulation of INCENP and other CPC components (Fig.S1D). 

Consistently, in Tet21N NB cell line with Tetracycline (Tet)-regulated expression of MYCN 

(Tet-off), Tet removal induced the expression of MYCN and upregulated expression of CPC 

components (Fig.S1E, left panel). In contrast, knockdown of MYCN led to a downregulation 

of the expression of CPC components in BE2C cells (Fig.S1E, right panel). These results 

indicate that in NB cells MYCN directly regulates the expression of CPC components and 

sustained CPC levels in RA-treated BE2C cells may be due to residual MYCN expression. A 

Kaplan–Meier analysis of all NB stages showed high INCENP expression was associated 

with worse prognosis, whereas low level of INCENP was associated with a better outcome 

(Fig. 1D, Fig. 1E, Fig.S1F and Fig. S1G). Moreover, in high-risk NB patients including 

stage 4 patients >18 months and patients whose tumors harbor MYCN amplification, high 

INCENP expression was associated with poor prognosis which was statistically significant 

in both TARGET dataset and Kocak dataset (Fig. 1F, Fig. 1G, Fig.S1H and Fig.S1I). Taken 

Sun et al. Page 6

Cancer Res. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



together, our results show INCENP is highly expressed in NB cells and patients whose 

tumors have elevated levels of INCENP have worse prognoses.

INCENP depletion inhibits NB cell growth and tumorigenicity in vitro

To evaluate the biological effects of loss of INCENP in NB cells, we utilized short 

interfering RNAs (siRNAs) to transiently knock down the expression of endogenous 

INCENP in 3 genetically distinct NB cell lines; BE2C (MYCN-amp and p53 mutant), NGP 

(MYCN-amp and p53-WT) and SY5Y (MYCN-WT and p53-WT). These NB cell lines were 

transfected with control siRNA (siCTRL) or INCENP siRNAs (siINCENP-#2 and 

siINCENP-#4) targeting two different regions of INCENP mRNA and cultured for three to 

five days. Western blot showed that INCENP protein levels were significantly 

downregulated in either of INCENP siRNAs transfected NB cells compared to control 

siRNA transfected NB cells (Fig.2A). Phenotypically, we observed INCENP silencing 

resulted in significant cell growth inhibition as both cell confluence and the number of 

attached live cells in the siINCENP transfected NB cells significantly decreased (Fig. 2B–

D). A rescue experiment was performed to exclude the possibility that these siRNA-induced 

phenotypes were due to off-target effects. Briefly, we first generated a stable BE2C cell line 

with doxycycline inducible expression of siINCENP-#2 resistant form of INCENP that still 

encoded the same protein (Fig.S2A). We found that overexpression of siRNA resistant form 

of INCENP could rescue all of the siINCENP-mediated phenotypes including cell growth 

inhibition (Fig. S2B and S2C). This finding indicates that functional activities due to 

INCENP depletion could be rescued by INCENP overexpression. In addition, the inhibitory 

effects of INCENP silencing in NB cells have also been verified in the KCNR and Kelly NB 

cell lines using pool siRNAs (Fig.S2D and S2E). Consistent with above results, gene 

dependency analysis in multiple NB cell lines based on CRISPR-Cas9 screen data from 

Project Achilles (http://www.broadinstitute.org/achilles, Broad Institute) further 

demonstrates that NB cells are dependent on INCENP as well as other CPC components for 

their growth (Fig.S2F).

To investigate whether INCENP depletion could affect the clonogenicity and tumorigenicity 

of NB cells, we utilized doxycycline (dox)-inducible lentiviral shRNA knockdown system to 

generate stable NB cell lines expressing dox-regulated shRNAs targeting INCENP 

(hereinafter refer to as shINCENP). We found that dox-mediated INCENP silencing caused 

a significant decrease in INCENP levels (Fig. 3A) and this was accompanied by a significant 

inhibition of NB cell growth (Fig. 3A). In clonogenic assays, we found that INCENP 

knockdown significantly decreased colony numbers in all three NB cell lines tested (Fig. 

3B). In soft-agar colony formation assays, both the size and the number of the colonies 

generated from INCENP depleted cells were reduced compared to the colonies from control 

treated cells (Fig.3C). However, control shRNA (hereinafter refer to as shCTRL) had no 

effects on cell growth and the anchorage-dependent (clonogenic assay) or -independent 

colony formation (soft agar assay) ability of NB cells (Fig.S3A–S3C). These results show 

that INCENP is important for NB cell clonogenicity and tumorigenicity in vitro.
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INCENP depletion inhibits NB cell growth and tumorigenesis in vivo

To investigate the effects of INCENP depletion in vivo, we implanted doxycycline inducible 

shCTRL or shINCENP BE2C cells (BE2C-dox-shCTRL or BE2C-dox-shINCENP) and 

SY5Y cells (SY5Y-dox-shCTRL or SY5Y-dox-shINCENP) into nude mice subcutaneously. 

When tumor volume reached 100–200 mm3, mice were stratified into two different groups 

that received either dox-chow or regular chow. The BE2C-dox-shCTRL and SY5Y-dox-

shCTRL cell lines showed that doxycycline did not significantly affect tumor growth and 

murine survival in vivo (Fig.S4A–S4D). Mice receiving dox-chow had significantly reduced 

tumor size in both the BE2C-dox-shINCENP (Fig. 4A) and the SY5Y-dox-shINCENP cell 

lines (Fig. 4B) and this was associated with increased murine survival compared to mice 

receiving normal chow (Fig. 4C and 4D). The knockdown level of INCENP in the tumor 

samples was confirmed by western blot (Fig. 4E and 4F). These studies demonstrate that 

targeting INCENP expression in NB cells significantly inhibits in vivo tumor xenograft 

growth and prolongs survival of mice.

INCENP depletion in NB cells leads to multinucleation and polyploidy

Next we investigated the mechanisms of how INCENP depletion affected NB growth and 

tumorigenesis. As a critical scaffold protein and regulatory component of the Chromosomal 

Passenger Complex (CPC), INCENP silencing would disrupt the normal function of CPC in 

mitosis and cytokinesis by causing complex dissociation and mis-localization and 

inactivation of Aurora B kinase which could lead to multinucleation and generation of 

polyploid cells (9–11). As a result, we hypothesized that INCENP knockdown-induced 

polyploidy contributes to cell growth inhibition in NB cells. To examine this, we co-stained 

siRNA transfected NB cells with the nuclear dye DAPI and cytoskeleton marker α-Tubulin. 

After transfection with siINCENP, we observed an increase in multinulceated and polyploid 

cells compared to siCTRL treated BE2C cells (Fig. 5A) and NGP cells (Fig.5B). 

Consistently, H&E staining of tumor xenografts showed cells with irregular nuclear shape 

from dox-chow fed mice bearing BE2C shINCENP xenografts compared to controls (Fig. 

5C). Cell cycle analysis of NGP cells transfected with siINCENP-#2 or -#4 showed 

significant increases in the percentage of cells at the G2/M phase and increases in the 

population of cells with DNA content≥4N (Fig.5D). In INCENP silenced SY5Y cells, we 

also observed cells with polyploidy or abnormal nuclei (Fig.S5A,S5B and S5C). As 

expected, multi-nucleated cells have also been found in HeLa and two non-tumorigenic cell 

lines-293T and ARPE19 cells after transfection of siRNAs targeting INCENP (Fig.S5D). 

Taken together, these data support our hypothesis that INCENP depletion increases the 

percentage of G2/M population and induces the generation of multinucleated and polyploid 

NB cells, which contributes to decreased cell growth.

INCENP silencing induces DNA damage and apoptosis in NB cells

To further identify mechanisms involved in the growth inhibition after INCENP silencing, 

we performed RNA-seq analysis after INCENP knockdown for 24 hr. Gene ontology (GO) 

analysis of differentially expressed genes showed enrichment of a series of genes associated 

with cell growth and differentiation in INCENP silenced BE2C cells (Table S1, Fig.S6A and 

S6B). Among the differentially expressed genes, GADD45B was upregulated significantly 
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upon INCENP knockdown. Previous studies show that the upregulation of GADD45B 

frequently occurs in response to different cell stressors and implicates DNA damage as a 

prelude to an apoptotic cellular response (25–27). We found that INCENP knockdown 

increased the expression of DNA damage markers (pH2A.X and pCHK2) in all three NB 

cell lines (Fig.6A and Fig.S6C) with some 30–50% of the cells exhibiting activation of DNA 

damage signaling as evidenced by pH2A.X immunostaining (Fig. 6B). Next we determined 

the apoptosis level in these control and INCENP silenced cells and found there was a 

significant increase in Caspase-3/7 activity when INCENP expression was silenced (Fig. 6C 

and Fig.S6D). Western blot analysis further confirmed that INCENP depletion was 

accompanied by increases in p53-p21 signaling in p53-WT NB cell lines (NGP, SY5Y) and 

upregulation of apoptosis markers including cleaved Caspase-3 and cleaved PARP-1 in all 

three NB cell lines (Fig. 6D). Notably, p53 and p21 were significantly increased in INCENP 

depleted NGP cells and SY5Y cells, both of which had wild type p53. In p53 mutant BE2C 

cells, p53 levels did not change but the levels of p21 slightly increased upon INCENP 

knockdown (Fig. 6D left panel and Fig.S6E). To verify whether p21 upregulation is p53 

dependent in BE2C cells, we performed INCENP and p53 double knockdown experiment. 

We found that knockdown of p53 didn’t block p21 upregulation in INCENP silenced BE2C 

cells but resulted in a slight increase of the protein levels of p21, which is consistent with 

mutant p53 playing a dominant negative role in BE2C cells. (Fig.S6F). This result suggests 

that induction of p21 in INCENP depleted BE2C cells is p53 independent. Thus, our results 

indicate that loss of INCENP activates p21 in both p53 WT NB cells and p53 mutant cells 

through different mechanisms. Moreover, treatment of INCENP silenced BE2C cells with 

the pan-caspase inhibitor Z-VAD-fmk (Z-VAD) partially rescued the BE2C cell numbers and 

this finding further demonstrates that knockdown INCENP induces cell apoptosis (Fig. S6G, 

left panel). Western blot results also showed Z-VAD treatment inhibited the upregulation of 

pH2A.X and cleaved Caspase-3 upon INCENP silencing (Fig. S6G, right panel). 

Interestingly, different from our observation in NB cells, we found that INCENP knockdown 

could only induce polypoidy but no obvious apoptosis was detected in 293T, ARPE19 and 

even HeLa cells whereas massive apopotosis has been observed in siINCENP silenced NB 

cells (Fig.S6H). This observation indicates that NB cells are more sensitive to INCENP 

knockdown. Collectively, these data show that INCENP silencing increases the DNA 

damage signaling and induces apoptosis in NB cells.

INCENP depletion induces a cellular senescence phenotype in NB cells

Since several studies have reported that inhibition of Aurora kinase activity using specific 

chemical inhibitors or genetic silencing induced significant cellular senescence in different 

types of cancer cell lines (28–32), we tested whether INCENP knockdown would also 

induce cellular senescence in NB cell lines. Western blot results showed dynamic regulation 

of two markers of cell cycle exit 5 days after INCENP silencing with increased levels of p21 

while levels of phosphorylated forms of RB (pRB) decreased (Fig.7A). Treatment of BE2C 

cells with Barasertib, a specific Aurora B kinase inhibitor, for 7 days significantly increased 

SA-β-gal activity, a marker of senescent cells (Fig.S7A). Similarly, INCENP knockdown in 

BE2C, NGP and SY5Y cells also induced a 30–50% increase in the fraction of cells with 

SA-β-gal activity (Fig.7B, 7C and 7D, Fig.S7B and S7C).
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Discussion:

In this study, we find that high expression of INCENP mRNA levels is associated with poor 

prognosis of NB patients. Our genetic inhibition studies show that INCENP is indispensable 

for the growth of both MYCN-WT and MYCN-amp NB cell lines in vitro and in vivo. The 

functional response of NB cells to INCENP silencing is heterogenous with the evidence of 

induction of multinucleated cells, increased apoptosis and cellular senescence which all 

contribute to decreased cell numbers. Our findings suggest that strategies aimed at 

decreasing INCENP levels selectively target the CPC and inhibit NB tumor growth.

High INCENP expression has been reported in some cancer types. In high grade non-

Hodgkin B-cell lymphomas (18), there is significantly higher nuclear immunohistochemical 

signal of INCENP compared to low grade ones. High expression of three components of 

CPC (Aurora B, INCENP, and Survivin) except Borealin, is associated with poor survival 

rate in patients with NSCLC (19). Recent evidence shows both Aurora B and Survivin are 

highly expressed in NB cells and high levels of either Aurora B or Survivin are associated 

with poor prognosis (12–15). We find that INCENP is highly expressed and required for cell 

growth in both MYCN-AMP and MYCN-WT NB cell lines although MYCN amp-NB 

patient tumors have higher INCENP mRNA levels (Fig.1C right panel and Fig.S1C right 

panel). High INCENP level is associated with poor prognosis even in high-risk NB patients 

(Fig.1F, Fig.1G, Fig.S1H and Fig.S1I). The results of MYCN knockdown and 

overexpression experiments as well as analysis of publically available ChIP-seq data support 

a model in which MYCN directly activates INCENP expression and thus contribute to its 

elevated levels in NB cells expressing high levels of MYCN. However, the mechanisms 

leading to dysregulation of INCENP in the high-risk non-MYCN amplified tumors have not 

been delineated. It is known that some MYCN-WT NB tumors have an elevated MYC level 

or MYCN/MYC transcriptome signature (33,34) which might contribute to elevated 

INCENP level in these non-MYCN amplified tumors. Another intriguing possibility is that 

INCENP is located at chromosomal location at 11q12.3 adjacent to the commonly deleted 

region on chromosome 11q which is a characteristic of the high-risk MYCN subgroup and 

may impact INCENP regulation (35,36). Genome-wide association studies (GWAS) 

identified several single nucleotide polymorphisms (SNPs) in INCENP which contributed to 

the susceptibility of Breast, Ovarian, and Prostate Cancer (16,17) but GWAS analyses in NB 

have not reveal any susceptibility loci in INCENP’s chromosomal region (37,38).

Similar to the functions of the other two components of CPC-Aurora B and Survivin in NB, 

we find INCENP is also indispensable for NB growth in vitro and in vivo.

Previously, Aurora B and Survivin have been shown to be necessary for NB growth (12–15). 

Survivin was firstly described as a member of the inhibitor of apoptosis protein (IAP) family 

(39) and the subsequent finding that survivin was expressed in a cell cycle-dependent 

manner led to its involvement in the CPC (40–42). A combined siRNA and drug screen 

identified Aurora Kinase B as a potent and selective target in NB cells (15). Targeting either 

Survivin or Aurora B with small molecule inhibitors or siRNAs inhibits NB cell growth by 

induction of multinucleation and apoptosis (12–15). In the present study, we observed 

similar phenotypes in INCENP depleted NB cells. Consistent with the important function of 
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INCENP and CPC, DAPI staining and cell cycle analysis showed that INCENP knockdown 

induced multinucleation and generated more cells with DNA content≥4N. In addition, in 

INCENP silenced NB cells there was massive apoptosis marked by activation of p53-p21 

pathway (only in p53 WT NB cells), upregulation of Caspase-3/7 activity and increases in 

cleaved Caspase-3 and cleaved PARP-1 (Fig. 6C, Fig. 6D and Fig.S6D) and increases in the 

sub-G1 fraction of NB cells in the cell cycle analysis (Fig. 5D and Fig. S5C). In contrast, 

there was no obvious cell death in INCENP silenced non-tumorigeneic 293T and ARPE-19 

cells or tumorigenic HeLa cells (Fig.S6H). These findings suggest that NB cells are more 

sensitive to INCENP silencing than non-tumorigenic cells and some other types of cancer 

cells. One possible explanation why NB cells respond so dramatically to INCENP silencing 

is that NB cells have a dysregulated postmitotic checkpoint due to disruption of the p53-p21 

axis (43,44) or loss of pRb or amplification/overexpression of MYC family genes (44–46). 

The significant increase in DNA damage signaling in INCENP knockdown cells supports a 

model in which polyploid NB cells arising after INCENP depletion are able to re-enter the 

next cell cycle and undergo S-phase and subsequent mitosis and these events eventually lead 

to endoreduplication, increased genomic instability and apoptosis (47).

In this study, we report that both Aurora B inhibiton and INCENP knockdown significantly 

increase the number of senescent cells in NB, as judged by cell morphology, SA-β-gal 

expression, induction of p53-p21cip1 signaling pathway, hypo-phosphorylated RB and 

reduction of cell proliferation. Aurora B kinase inhibition has been associated with an 

increase in sensescent cells in several different types of cancer cells and normal cells (28–

32) which is variably reported to be dependent on p53 (29) (31). Here, we find INCENP 

knockdown induces senescence in both p53 wild-type NGP and p53 mutant BE2C cells and 

this indicates that senescence induced by INCENP depletion in NB is not p53 dependent.

CPC has been proved as a very potential therapeutic target for cancer by inhibiting either 

Aurora B or Suvivin. However, targeting these two components couldn’t always specifically 

inhibit CPC function for following reasons. Firstly, to date, many Aurora kinase inhibitors 

have been developed to interfere with the activation of these kinases by binding ATP-binding 

pocket competitively, including Barasertib (AZD1152) (48) used in this study. As many 

kinases share similar ATP-binding pocket, these chemical inhibitors have non-specific 

activities against many other kinases (49). Furthermore, it is relatively straightforward to 

generate mutant cells resistant to these Aurora inhibitors after long term treatment, and the 

utility of these inhibitors in the cancer therapy may therefore be limited (49,50). Secondly, 

Survivn also plays important roles in regulating apoptosis independent on CPC (39). 

Therefore, inhibition of Survivin could suppress tumor cell growth through both CPC 

dependent and CPC independent mechanism. Targeting INCENP or the interaction between 

INCENP and Aurora B kinase may provide a novel and alternative strategy to inhibit the 

CPC function and block NB cell growth (51,52). However, alternative strategies to limit the 

CPC function by targeting INCENP need to be further tested. The identification of peptides 

specifically interacting with INCENP may enable a PROTAC strategy (53–55) to be 

developed that selectively degrades INCENP and destabilize the CPC complex. Additionally 

an antisense oligo mediated gene silencing approach has been shown to effectively target 

nuclear protein-STAT3 in lymphomas and lung cancer (56) as well as NB (57) and such an 
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approach could also provide another feasible strategy to selectively target CPC by inhibiting 

INCENP.

In conclusion, our study demonstrated the importance of INCENP for NB cell growth and 

the association of high INCENP expression with poor prognosis for NB patients. We further 

showed INCENP silencing inhibited NB tumor growth in NB xenograft model. Finally, we 

demonstrated INCENP silencing inhibited NB growth by induction of polyploidization, 

DNA damage response, massive cell apoptosis and cellular senescence.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
INCENP is highly expressed in NB cells and high INCENP expression is associated with 

worse prognosis in NB tumors.

A. Upper panel: western blot analysis of INCENP protein levels in fourteen NB cell lines 

and one immortal but non-tumorigenic cell line-ARPE-19; lower panel: densitometric 

analysis of INCENP protein levels normalized to GAPDH in both MYCN AMP and MYCN 

WT NB cell lines was calculated using Imaging J software. Bars show the mean ± SEM. B. 
Western blot analysis of INCENP, and MYC or MYCN protein levels in SY5Y (left panel), 

KCNR and BE2C cells (right panel) treated with 5 μM Retinoic Acid (RA) for 0, 2, 4 and 6 

days. C. Left panel: INCENP mRNA levels in stage 1 and stage 4 NB tumors (TARGET-249 

dataset). Right panel: INCENP mRNA levels in MYCN-WT and MYCN-amp NB tumors 

(all stages, TARGET-249 dataset). D and E. Event-free (D) and overall (E) Kaplan-Meier 

plots based on the expression of INCENP in tumors from NB patients at all stages. All the 

data are from TARGET-249 dataset. F and G. Event-free (F) and overall (G) Kaplan-Meier 

plots based on the expression of INCENP in tumors from high-risk NB patients in 

TARGET-249 dataset.
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Figure 2. 
INCENP depletion inhibits NB cell growth in vitro.

A. Western blot analysis of INCENP knockdown efficiency in BE2C, NGP and SY5Y cells 

transfected with two different siRNAs targeting INCENP (#2: siINCENP-#2; #4: 

siINCENP-#4) and control siRNA (C: siCTRL) for 72 hr. B. The bright field pictures of 

BE2C, NGP and SY5Y cells at 72 hr (BE2C and NGP) or 96 hr (SY5Y) after siRNA 

transfection. Scale bars, 100 μm. C. The confluence analysis of siCTRL, siINCENP-#2 and 

#4 transfected BE2C, NGP and SY5Y cells in the IncuCyte ZOOM. The values of cell 

confluence at 96 hr is used for statistical analysis by standard two-tailed student’s t test (p1: 
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siCTRL vs. siINCENP-2#; p2: siCTRL vs. siINCENP-4#). Bars show the average of three 

replicates ± SD. D. Live cell number counting of siCTRL, siINCENP-#2 and #4 transfected 

BE2C, NGP and SY5Y cells at 72 hr (BE2C and NGP) or 96 hr (SY5Y) post-transfection. 

Data is represented as mean ± SD of triplicates.
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Figure 3. 
INCENP depletion suppresses the colony formation ability and tumorigenesis of NB cells in 
vitro.

A. The confluence analysis of BE2C, NGP and SY5Y inducible shINCENP cells treated 

with doxycycline (dox) or vehicle in the IncuCyte ZOOM (upper panel). The representative 

pictures for each cell type under different treatment are shown (lower panel). Western blot 

analysis of INCENP knockdown level after 72 hr dox treatment are also shown. The values 

of cell confluence at 120 hr is used for statistical analysis by standard two-tailed student’s t 
test. Bars show the average of three replicates ± SD. Scale bars, 100 μm. B. Clonogenicity of 
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BE2C, NGP and SY5Y inducible shINCENP cells was determined by colony formation 

assays. The relative number of colonies (upper panel) and the representative pictures for 

each cell type after crystal violet staining are shown (lower panel). Bars show the mean ± 

SD of triplicates. C. The tumorigeneicity of BE2C, NGP and SY5Y inducible shINCENP 

cells was determined by soft agar assays in vitro. The relative colony numbers (upper panel) 

and the representative pictures of colonies grown in soft agar for each cell type upon 

different treatment are shown (lower panel). Data is represented as mean ± SD of three 

replicates.
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Figure 4. 
Genetic silencing of INCENP inhibits the growth of NB tumor xenografts in vivo.

A. BE2C-shINCENP xenograft tumor growth in mice treated with doxycycline (dox)-

containing (n=9) or control chow (n=13). Upper panel: xenograft growth curve by average 

tumor volume of each group; Lower panel: xenograft growth curve by tumor volume of 

individual mouse in each group. Bars show the tumor size average of the mice/group ± 

SEM. B. SY5Y-shINCENP xenograft tumor growth in mice treated with doxycycline (dox)-

containing (n=8) or control chow (n=10). Upper panel: xenograft growth curve by average 

tumor volume of each group; Lower panel: xenograft growth curve by tumor volume of 
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individual mouse in each group. Bars show the tumor size average of the mice/group ± 

SEM. C and D. Kaplan-Meier graphs showing the murine survival of BE2C-shINCENP (C) 

and SY5Y-shINCENP (D) tumor-bearing mice upon INCENP silencing. The statistical 

significance between two treatment groups was evaluated using a log rank test. E and F. 
Western blot analysis of INCENP knockdown levels in BE2C-shINCENP xenografts and 

SY5Y-shINCENP xenografts two weeks after dox treatment.
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Figure 5. 
Genetic Inhibition of INCENP in NB cells leads to multinucleation and polyploidy.

A. The results of immunostaining (DAPI: Cyan; a-Tubulin: Magenta) showing the irregular 

nuclear shape of INCENP depleted BE2C cells at 48 hr post transfection. White arrows 

indicate multinucleated cells with enlarged and abnormal nuclei. Scale bars, 20 μm. B. The 

results of immunostaining (DAPI: Cyan; a-Tubulin: Magenta) showing the irregular nuclear 

shape of INCENP depleted NGP cells at 48 hr post transfection. White arrows indicate 

multinucleated cells with enlarged and abnormal nuclei. Scale bars, 20 μm. C. H&E staining 
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results of BE2C-shINCENP xenografts without (upper panel) or with (lower panel) dox 

treatment. Scale bars, 50 μm. D. Cell cycle analysis of NGP cells transfected with siCTRL, 

siINCENP-#2 and siINCENP-#4 for 48 hr. Data represent mean ± SD of three replicates.
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Figure 6. 
Genetic Inhibition of INCENP induces DNA damage response and apoptosis in NB cells.

A. Western blot analysis of DNA damage markers-pH2A.X and pCHK2 in BE2C, NGP and 

SY5Y cells transfected with two different siRNAs targeting INCENP (#2: siINCENP-#2; 

#4: siINCENP-#4) and control siRNA (C: siCTRL) for 48 hr. B. Quantification of the 

percentage of pH2A.X positive cells in each cell type based on the results of 

immunocytochemistry for DNA damage marker pH2A.X in BE2C, NGP and SY5Y cells 

transfected with siCTRL, siINCENP-#2 and siINCENP-#4 for 48 hr. Bars show the mean ± 
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SD of triplicates. C. Caspase-3/7 activity assay was conducted to determine the activation of 

apoptosis in INCENP depleted BE2C (left), NGP (middle) and SY5Y (right) cells at 72 hr 

post transfection. Data represent mean ± SD of three replicates. D. Western blot analysis of 

INCENP knockdown efficiency, the activation of p53-p21 pathway and the upregulation of 

apoptosis markers including cleaved caspase-3/7 and cleaved PARP1 in BE2C (left), NGP 

(middle) and SY5Y (right) cells transfected with siRNAs targeting INCENP.
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Figure 7. 
INCENP depletion induces cellular senescence phenotype in NB cells.

A. Western blot analysis of senescence markers-downregulation of pRB and upregulation of 

p21 in BE2C, NGP and SY5Y cells transfected with two different siRNAs targeting 

INCENP (#2: siINCENP-#2; #4: siINCENP-#4) and control siRNA (C: siCTRL) for 5 days. 

B, C and D. β-gal staining of senescent cells in siCTRL, siINCENP-#2 and #4 transfected 

BE2C (B), NGP (C) and SY5Y (D) at day 7 post transfection to determine the cellular 
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senescence in each cell population. Bright field pictures (left panel) and quantification data 

(right panel) are shown. Bars show the mean ± SD of triplicates. Scale bars, 50 μm.
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