
Am J Cancer Res 2020;10(3):856-869
www.ajcr.us /ISSN:2156-6976/ajcr0106599

Original Article
Polo-like kinase 1 as a therapeutic target  
for malignant peripheral nerve sheath  
tumors (MPNST) and schwannomas

Jianman Guo1,2, Katherine E Chaney3, Kwangmin Choi3, Gabriela Witek1, Ami V Patel3, Hong Xie1, Danny Lin1, 
Kanupriya Whig4, Yao Xiong1, David C Schultz4, Nancy Ratner3, Jeffrey Field1

1Department of Systems Pharmacology and Translational Therapeutics, Perelman School of Medicine, University 
of Pennsylvania, Philadelphia, PA 19104, USA; 2Department of Clinical Pharmacy, Qilu Hospital of Shandong 
University, Jinan 250012, Shandong, P. R. China; 3Division of Experimental Hematology and Cancer Biology 
Cincinnati Children’s Hospital Medical Center, Cincinnati, OH 45229, USA; 4High Throughput Screening Core, 
Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA 19104, USA

Received December 18, 2019; Accepted February 5, 2020; Epub March 1, 2020; Published March 15, 2020

Abstract: Neurofibromatosis type 1 (NF1) and Neurofibromatosis type 2 (NF2) are two dominantly inherited disor-
ders that cause tumors in Schwann cells. NF1 patients have a high risk for malignant peripheral nerve sheath tu-
mors (MPNST), which are often inoperable and do not respond well to current chemotherapies or radiation. NF2 pa-
tients have a high risk for schwannomas. To identify potential therapeutic targets in these two tumors, we screened 
the NF1 MPNST cell line, ST88-14, and the NF2 schwannoma cell line, HEI-193, against ~2000 drugs of known 
mechanisms of action (including ~600 cancer relevant drugs), and also screened the cell lines against an siRNA li-
brary targeting most protein kinases. Both the drug screen and the siRNA screen identified Polo-like kinase 1 (PLK1) 
among the most potent hits in both cell lines. Since PLK1 acts on the cell cycle primarily at the G2/M transition, the 
same stage where aurora kinase (AURKA) acts, we explored PLK1 and its relationship to aurora kinase in MPNST. 
Quantitative profiling of PLK1 inhibitors against a panel of 10 neurofibromatosis cell lines found that they were 
potent inhibitors and, unlike AURKA inhibitors, were not more selective for NF1 over NF2 tumor cells. Furthermore, 
one PLK1 inhibitor, BI6727 stabilized tumor volume in MPNST xenografts. We conclude that PLK1 is a therapeutic 
target for MPNSTs and schwannomas, but inhibitors may have a narrow therapeutic index that limits their use as a 
single agent.

Keywords: HTS, high throughput screen, siRNA screen, signal transduction, von Recklinghausen disease, heat 
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Introduction

Neurofibromatosis type 1 (NF1) and neurofibro-
matosis type 2 (NF2) are genetic disorders that 
commonly cause Schwann cell tumors. NF1 
patients predominantly develop neurofibro- 
mas, and Malignant Peripheral Nerve Sheath 
Tumors (MPNST) while NF2 patients develop 
schwannomas and meningiomas. Most of the 
tumors are benign, but they cannot always be 
surgically resected and can sometimes become 
malignant. 

From 30 to 50% of NF1 patients develop benign 
peripheral nerve sheath tumors, called plexi-

form neurofibromas (PNFs), which may trans-
form to MPNST [1]. MPNST are aggressive life-
threatening sarcomas that have a high proba- 
bility of recurring or metastasizing [2]. They can 
occur sporadically, but are a rare tumor with an 
overall incidence in the general population of 
about 1/100,000. MPNST are much more com-
mon in NF1 patients with a lifetime risk of 
8-13% [2, 3]. Common sarcoma treatment regi-
mens have been adapted for MPNST and 
include surgical excision with radiation and che-
motherapy with agents such as doxorubicin, 
etoposide and ifosfamide [4]. There have been 
few controlled clinical trials for MPNST chemo-
therapy so the effectiveness of chemothera-
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peutic agents for MPNST have been difficult to 
evaluate, although one is in progress (SARC- 
006, NCT00304083) [5]. MPNST do not res- 
pond well to cytotoxic chemotherapy and pati- 
ents have a 5-year survival rate of just 35%-
50%, even with aggressive surgery and chemo-
therapy. Survival is even lower for MPNST in 
patients with NF1 than in patients with sporad-
ic MPNST. 

The predominant risk factor for MPNST is a 
diagnosis of NF1. NF1 is a dominantly inherit-
ed, autosomal disorder with an incidence of 1 
in 2500 [6, 7]. Largely because of their tumors, 
the life expectancy of NF1 patients is reduced 
by 10-15 years [3]. NF1 follows a typical two  
hit progression. Patients are born with loss-of-
function mutations in the tumor suppressor 
NF1. When Schwann cells acquire sporadic 
mutations in the other chromosomal copy of 
NF1, they initiate a benign tumor called a neu-
rofibroma. Neurofibromas can progress to  
an atypical neurofibroma after mutation of 
CDKN2A [8]. Complete progression to an 
MPNST requires mutations in other genes 
including p53, EED or SUZ12 [9-11]. The NF1 
gene product, neurofibromin, is a Ras-GAP. 
GAPs are negative regulators of Ras that act  
by accelerating the GTPase activity of Ras pro-
teins, so when neurofibromin is lost cells have 
elevated levels of GTP-bound Ras and subse-
quent activation of Ras signaling pathways.

Schwannomas are common in neurofibro- 
matosis type 2 (NF2) patients, though sporadic 
schwannomas also frequently have mutations 
in NF2. NF2 is located on a different chromo-
some than NF1 and encodes a cytoskeletal  
protein that is a member of the ERM family of 
cytoskeletal proteins, called merlin. Merlin has 
distinct biochemical properties than neurofi-
bromin and regulates different signaling path-
ways. Merlin inactivates Pak and MLK3 kinases 
through direct interaction [12-15]. Merlin also 
regulates Hippo signaling [16-18].

Several protein kinases including WEE1, CDKs, 
Aurora kinases and Polo-like kinases (e.g. 
PLK1) regulate progression through the cell 
cycle and make them promising targets for 
treatment of many cancers [19]. We recently 
found that Aurora kinase A (AURKA) was overex-
pressed in MPNST compared to neurofibromas, 
that inhibiting AURKA reduced the viability of 
MPNST cells and the AURKA inhibitor MLN8237 

transiently inhibited xenografts in mice [20, 
21]. PLK1 can be phosphorylated by AURKA 
and additionally PLK1 was identified in a syn-
thetic lethal siRNA screen for genes that are 
required in cells with mutant Ras [22]. 

Here we show that PLK1 inhibitors are am- 
ong the top hits from high throughput drug 
screens and siRNA kinome screens of both an 
MPNST cell line (ST88-14) and an NF2 schwan-
noma cell line (HEI-193). PLK1 inhibitors were 
highly active compared with other cell cycle 
kinase inhibitors against a panel of cells repre-
senting NF1, NF2 and sporadic tumors, but  
did not distinguish between the different cell 
types. Since AURKA interacts with PLK1 to pro-
mote checkpoint recovery, we addressed if 
there was any synergy between inhibition of 
PLK1 and AURKA but did not find any [23]. 
Thus, PLK1 inhibitors are active against NF 
tumors, but unlike previous reports, do not 
show synthetic lethality with activated Ras [22]. 

Materials and methods

Cell culture

Human NF1-derived MPNST cell lines ST88- 
14, T265, 90-8, and the sporadic human 
MPNST cell line STS26T have been described 
[24]. ST88-3, S462TY, sNF02.2, sNF96.2 and 
KT21-MG1-Luc5D were provided by Dr. Jo- 
nathan Chernoff (Fox Chase Cancer Center, 
Philadelphia, PA, USA). The human schwanno-
ma cell line, HEI-193, which was immortalized 
from a NF2 patient [25], and SC4 cells from 
NF2-/- mice, were generously provided by Dr. 
Marco Giovannini (University of California, Los 
Angeles, CA). The rat schwannoma line, RT4-67 
(RT4), was obtained from Dr. Joseph Kissil (The 
Scripps Research Institute, Jupiter, Florida). 
ST88-14, T265, STS26T, ST88-3, S462TY, 
sNF96.2, sNF94.3, HEI-193, KT21-MG1-Luc5D, 
SC4 and RT4 cell lines were grown in Dulbe- 
cco’s Modified Eagle’s Medium (DMEM; Gibco, 
Life Technologies, NY, USA) supplemented with 
10% fetal bovine serum (FBS; Sigma-Aldrich, 
MO, USA) and Penicillin Streptomycin (P/S; 
Gibco, Life Technologies, NY, USA). The 90-8 
cell line was grown in RPMI 1640 (Corning, VA, 
USA) containing 10% FBS and 1% P/S. Cell lines 
were confirmed by STS marker profiling, docu-
mented to be Mycoplasma negative and 
cryobanked. 
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Drugs and compound management

We screened a library of small molecules 
enriched for FDA approved drugs (1164) and 
compounds with known bioactivity towards 
pharmacologically tractable targets with a his-
tory of clinical use in humans (Selleckchem, 
Houston, TX). The library is composed of 373 
known kinase inhibitors, 246 compounds clas-
sified as cancer chemotherapeutics, 150 inhib-
itors of epigenetic regulators, 358 GPCR and 
Ion Channel inhibitors, with the remaining com-
pounds falling into diverse target classes (e.g. 
protease, microbiology, etc.). Compounds were 
suspended in DMSO, arrayed as one compound 
per well at a single concentration in columns 
3-22 of 384 well microplates, and stored at 
-40°C. Library plates are thawed a maximum of 
10X to maintain compound integrity. A custom 
library of ~250-compounds (Selleckchem) was 
prepared for drug sensitivity profiling. Forty- 
four drugs were arrayed per 384 well plate in 
8-pt serial dilutions of each drug in 100% 
DMSO. Column one of each compound plate 
contained 100% DMSO as a solvent control. 
Column two contained 10 mM doxorubicin as a 
positive control for cytotoxicity. Multiple daugh-
ter plates for each source plate were prepared 
containing 5 μl of compound and stored at 
-40°C. Each daughter plate was thawed a maxi-
mum of 10 times.

High throughput screening and profiling

The workflow for high throughput profiling  
was previously described [26]. 2000 cells were 
plated in a volume of 25 μl per well of 384- 
well microplates (Corning 3707) using a 
Multidrop Combi Reagent Dispenser (Ther- 
mo Scientific) and allowed to attach overnight 
at 37°C, 5% CO2 in a humidified chamber.  
Drugs (50 nL) were transferred to assay plates 
using a 384 W, 50 nL slotted pin tool (V&P 
Scientific) and a JANUS Automated Workstation 
(Perkin Elmer). For screening, the concentra-
tions of test compounds were 10 nM, 100 nM 
and 1.0 μM in 0.2% DMSO. Columns 1 and 23 
of each assay plate were treated with 0.2% 
DMSO (negative control). Columns 2 and 24 
were treated with 5 uM doxorubicin in 0.2% 
DMSO (positive control). For profiling, the final 
concentrations of each test compound were 
4.6 nM, 14 nM, 41 nM, 123 nM, 370 nM, 1.11 
μM, 3.33 μM, and 10 μM. Plates were incubat-

ed for 72 hours at 37°C, 5% CO2. Cell viability 
was measured using the ATPlite Luminescen- 
ce Assay (PerkinElmer). Assay plates were 
removed from the incubator for 1 hour to equili-
brate to room temperature prior to adding 25 
μL of ATPlite per well using a Multidrop combi 
reagent dispenser. Luminescence was mea-
sured on an EnVision Xcite Multilabel Plate 
Reader (PerkinElmer), using the ultrasensitive 
luminescence measurement technology.

Data analysis

Raw values from Negative (DMSO) and Positive 
control (doxorubicin) wells were aggregated 
and used to calculate z’-factors for each assay 
plate, as a measure of assay performance and 
data quality, with a z’-factor >0.5 representing 
acceptable data. Raw data values of experi-
mental sample wells were normalized to aggre-
gate negative control and positive plate control 
wells and expressed as Normalized Percent 
Inhibition [NPI = ((DMSOavg-Test well)/(DMSO- 
avg-Doxorubicinavg) × 100)] and Z-score [Z = 
(DMSOavg-Test well)/(DMSOsd]. A non-linear fit 
with variable slope (GraphPad Prism 7) of 
Normalized Percent Inhibition and log10 drug 
concentration values was used to define IC50 
values for each drug cell line combination. Heat 
maps were generated in GraphPad Prism. 

siRNA screening

The Ambion Silencer Select (Life Technologies, 
Carlsbad, CA) siRNA library was arrayed in 384 
well plates with 3 siRNAs against a single gene 
target pooled in one well. Assay ready plates 
(384-well) were prepared by spotting 1 ul of 1.5 
uM siRNA from a stock plate, heat sealed and 
stored at -80°C until use. Each assay plate con-
tains siRNAs to 352 independent gene targets. 
Prior to use, assay plates were thawed at room 
temperature and 1 ul of 1.5 uM control siRNAs 
were manually added to columns 23 and 24. 
For negative controls, cells were transfected 
with 30 nM siRNA against GAPDH, Luciferase, 
GFP, and sequences that do not target a human 
cellular gene, respectively. For a positive trans-
fection control, cells were transfected with 30 
nM siDeath (Qiagen). The ST88-14 cell line  
was transfected with 0.1 ul/well RNAiMAX 
(LifeTechnologies). The HEI193 cell line was 
transfected with 0.5 ul/well HiPerFect (Qia- 
gen). The transfection reagent was diluted in 
OptiMEM (Invitrogen) and equilibrated for 30 
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minutes at room temperature prior to dispens-
ing 10 ul to siRNA containing assay ready plates 
using a Multidrop Combi Reagent Dispenser 
(Thermo Scientific). The siRNA lipid mixture was 
incubated at room temperature for 30 minutes. 
2000 cells in 40 μL of complete growth medi-
um were then dispensed to assay plates using 
a Multidrop combi. Assay plates were incubat-
ed for three days at 37°C, 5% CO2 in a humidi-
fied chamber. Cells were fixed with 4% formal-
dehyde and nuclei were stained with 4 ug/ml 
Hoescht dye. Nuclei were imaged at 10X on  
an automated ImageXpress Micro (Molecular 
Devices, Sunnyvale CA). The number of cells 
was quantified using Metaxpress 5.3.05 (Mo- 
lecular Devices, Sunnyvale, CA). Nuclei co- 
unts were normalized to aggregated negative 
control wells and expressed as Percentage of 
Control (POC = observed/NegCavg) and z- 
score, a measure of standard deviation away 
from the mean, in Spotfire (PerkinElmer). 
Candidate hits were defined by a z-score >3.

Expression analysis

We used the published microarray dataset 
(GEO accession #: GSE41747-GPL10371, Affy- 
metrix GeneChip HU133 Plus 2.0, [CDF: 
HGU133Plus2_Hs_REFSEQ_11.0.1]) for gene 
expression pattern analysis. This dataset 
includes 86 microarrays in total, consisting of 
77 samples and 9 batch reference samples: 
Nerve (3), dNF (13), pNF (13) and MPNST (6). 
For gene annotation, custom CDF (custom 
GeneChip library file) based on RefSeq target 
definitions (Hs133P REFSEQ Version 8) was 
downloaded and used to provide accurate 
interpretation of GeneChip data. We also used 
published mouse microarray dataset (GEO 
accession #: GSE41747-GPL1475, Affymetrix 
GeneChip Mouse Genome 430 2.0 Array  
[CDF: Mouse4302_Mm_REFSEQ_v11]) for ge- 
ne expression pattern analysis. The GEM Nf1 
model tumor data set consisted of 15 litter-
mate control nerves encompassing 3 geno-
types (5 P0CreB, 5 Nf1 flox/flox, 5 Nf2 flox/
flox), 15 GEM model neurofibromas encom-
passing 3 genotypes (4 DhhCre; Nf1 flox/-, 7 
DhhCre; Nf1 flox/flox, 4 P0CreB; Nf1 flox/flox) 
and 18 GEM model MPNSTs encompassing 5 
genotypes (5 P0CreB; Nf1 flox/flox; Nf2 flox/+, 
3 P0CreB; Nf2 flox/flox, 3 P0CreB; Nf1 flox/+; 
Nf2 flox/flox, 3 P0CreB; Nf2 flox/flox; p53+/-, 4 
NPcis).

In vitro cytotoxicity assay

MPNST cell lines were plated in 96-well plates 
at 500 cells per well in medium containing 10% 
fetal bovine serum and 1% antibiotic. Plates 
were incubated at 37°C and 5% CO2 overnight. 
Cells were then treated with media alone or 
inhibitors. Volasertib (BI6727) was purchased 
through Selleckchem, and Alisertib (MLN82- 
37) was provided by Millennium Pharmace- 
uticals, Inc., Landsdowne Street, Cambridge, 
MA 02139. For the single reagent study (BI6727 
alone), cells were treated in quintuplet for each 
dose. For the double reagent study (BI6727 
and MLN8237 in combination), cells were treat-
ed in triplicate for each dose. The amount of 
proliferation was quantified 4 days post addi-
tion of drug by a 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium, inner salt (MTS) assay using 
Cell titer 96 Aqueous One proliferation kit 
(Promega). Absorbance was read at 490 nm in 
a Spectramax M2 plate reader (Molecular 
Devices). 

MPNST xenograft

STS26T MPNST cells (1.5 × 106) were sus- 
pended in 30% Matrigel (BD Biosciences) and 
were subcutaneously injected into the flank of 
6-week-old female athymic nude mice (Harlan; 
Indianapolis, Indiana). Once tumors were visi-
ble tumor volumes were monitored using di- 
gital calipers once every 3 days. Dosing began 
when tumor volumes reached an average  
of 250 mm3. Tumor volume was calculated by: 
L × 2 W (π/6). Administration and dose of 
BI6727 was determined by Selleckchem’s  
suggested dose, followed by a toxicity trial. 
Mice in the vehicle group received the vehi- 
cles of which consisted of 0.1 N Hydrochloric 
Acid in 0.9% Saline solution in sterile water via 
oral gavage. Mice given BI6727 were given a 
dose of 10 or 35 mg/kg, dissolved in vehicle, 
via oral gavage three times weekly (Monday, 
Wednesday and Friday). Mice were sacrificed 
when tumor volume exceeded 10% body 
weight. We also weighed mice every three days 
to exclude toxicity effects. Survival was ana-
lyzed by log-rank tests using GraphPad Prism. 

Immunohistochemistry and western blotting 

For immunohistochemistry, paraffin sections 
were de-paraffinized, hydrated and transferred 
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to 0.1 M citrate buffer (pH 6.0) for antigen 
retrieval. Slides were boiled for 10 minutes in 
citrate buffer, cooled at room temperature for 
30 minutes, rinsed in water twice and in PBS 3 
times. Sections were quenched with 3% hydro-
gen peroxide for 10 minutes, rinsed in PBS, and 
blocked in 10% normal goat serum with 0.3% 
Triton-X-100. Later, sections were incubated 
overnight in primary antibody; rabbit cleaved 
caspase-3 (1:8000, Cell Signaling, #9661), 
rabbit p-histone 3 (1:800, Cell Signaling, 
#9701), Rabbit Ki-67 (1:5000 NCL-Ki67-P; 
Novocastra) and rabbit cyclinB1 (1:500, Cell 
Signaling, #4138). Sections were then incubat-
ed in biotinylated goat anti-rabbit secondary 
antibodies (Vector, at a dilution of 1:200) for an 
hour, rinsed and incubated in Avidin Biotin com-
plex (Vector Vectastain ABC Kit PK-6100) for 
another hour, rinsed and stained with DAB 
(Vector DAB Peroxidase Substrate Kit SK-4100), 
rinsed, dehydrated, counterstained with Harris 

hematoxylin and then mounted on a slide with 
histo-mount. Some sections were processed 
with the histological stain, Hematoxylin & Eosin. 
For nuclear staining, sections were incubated 
with propidium iodide/RNase staining solution 
(Cell Signaling, #4087) for 15 minutes at room 
temperature in the dark, rinsed in PBS 3 times 
and then cover glassed with Prolong® Gold 
Antifade Reagent (Life Technologies, #P36930). 
Sections were photographed on the Zeiss LSM 
510 scanning confocal microscope equipped 
with an argon-ion multi line, HeNe 543, and 
HeNe 633 lasers. Western blots were pro- 
bed with phosphor-PLK1 Thr210 D5H7 Cell 
Signaling, #9062) and PLK1 (Cell Signaling, 
#4535).

Cell cycle analysis

For cell cycle analysis, ST88-14 cells were plat-
ed in 60 mm culture dishes at a density of 
300,000 cells. After 24 h, cells were synchro-

Figure 1. PLK1 inhibitors identified in a 2240 compound screen in NF1 (ST88-14) and NF2 (HEI-193) cells. (A) NF1 
(left) and NF2 (right) cell line Z score distribution, Z scores higher than μ+3σ are presented in (B). μ, mean of Z 
scores; σ, standard deviation of Z scores. Arrows indicate where most PLK1 drugs ranked. (B) Category distribution 
of the top-ranked inhibitors according to a cut-off value of μ+3σ. Left, NF1; right, NF2. 
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nized with double thymidine block (2 mM) and 
treated with BI6727 (100 and 500 nM), 
MLN8237 (500 nM) or a combination of both 
drugs for 24 h. Cells were collected by pooling 
together the non-attached and attached cells 
and incubated in trypsin-EDTA, washed twice 
with cold PBS, fixed in ice cold 70% ethanol for 
30 minutes and subsequently spun at 5000 
rpm for 5 minutes. Cell pellets were washed  
in PBS+2% BSA and treated with Propidium 
iodide/RNAse staining solution (Cell Cycle 
Detection Kit, Becton Dickinson, Franklin 
Lakes, NJ) in the dark for 1 hour at 4°C. Flow 
cytometric analysis was performed with a 
FACSCalibur flow cytometer (Becton Dickinson). 

Finally, the cell cycle distribution was analyzed 
by Cell Quest software (Becton Dickinson).

Results

To identify drugs and drug targets in NF1 and 
NF2 cells, we screened a small molecule library 
of FDA approved drugs and known bioactive 
compounds suitable for repurposing. In addi-
tion, we screened a focused siRNA library tar-
geting >1000 kinases and phosphatases. The 
cells chosen for screening were ST88-14, an 
NF1-/- MPNST derived from an NF1 patient and 
HEI-193, a schwannoma from an NF2 patient. 
From prior analysis, we determined that ST88-

Figure 2. siRNA screen of NF1 (ST88-14) and NF2 (HEI-193) cells. Cell Viability of siRNA transfected cells was mea-
sured by counting Hoechst stained nuclei 72 hours post-transfection. (A and B) Z-score plots of siRNA knockdown 
in ST88-14 (A) and HEI-193 (B). The relative ranking of PLK1, AURKA, and AURKB kinases are indicated. (C) Rep-
resentative images of nuclei from cells transfected with NegC and PLK1 siRNA. Right side graphs demonstrate the 
number of nuclei counted between NegC and PLK1 siRNA transfections.
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14 has responses typical of NF1-MPNST to a 
wide panel of anti-neoplastic agents. HEI-193 
is one of the few Schwannoma cell lines iso- 
lated from NF2 patients and is NF2-/-. In all  
four of these unbiased screens PLK1 siRNA 
and PLK1 inhibitors were among the top hits. 
Although AURKA inhibition also reduced cell 
growth significantly, AURKA siRNA and small 
molecule inhibitors were not as potent as PL- 
K1 in inhibiting cell growth (Figures 1 and 2). 
Repeats of the NF1 and NF2 siRNA screens 
showed high reproducibility, respectively. The 
Spearman rank correlation (Rs) for NF1 v. NF1 
was 0.86. The Rs for NF2 vs. NF2 was 0.76. 
However, NF1 compared with NF2 yielded a Rs 
of 0.39 (Figure 3A-D). PLK1 was the top hit in 
comparing the two cell lines (Figure 3C). 

We also analyzed expression levels of PLK1 in 
NF1 tumors by extracting data from microarray 
studies of human samples of (Figure 4A) and 
mouse tumors (Figure 4B) [24, 27]. Compared 
to dermal nerves, neurofibromas (dNF) or 
peripheral neurofibromas (pNF) the MPNST  
had the highest levels of PLK1 expression and 
expression levels were comparable to that  
seen with AURKA or AURKB. When we exam-
ined MPNST cell lines on western blots, they 
expressed higher levels of PLK1 than primary 
Schwann cells (Figure 4C).  

late the IC50 of each drug (Figure 5A-C). All 
PLK1 inhibitors were highly active at inhibiting 
growth in the cell lines. Both NF1 and NF2 cells 
arrested in G2 when treated with a PLK1 inhibi-
tor and PLK1 inhibitors reduced phosphoryla-
tion of PLK1 (Figure 5D and 5E). No effects 
were seen on cell migration in a wound healing 
assay (Figure S1). Importantly, there was al- 
most no difference in the response of the dif-
ferent cell lines to PLK1 inhibition, suggesting 
that neither NF1 status nor NF2 status influ-
ences the sensitivity to PLK1 inhibitors. Since 
PLK1 regulates the cell cycle, we also profiled 
the activity of other cell cycle protein kinase 
inhibitors. Most other cell cycle kinase inhibi-
tors, with the exception of CDK4/6 inhibitors, 
showed considerable activity. Some inhibitors, 
including the CDK4/6 inhibitor LY2835219 and 
the AURKA inhibitor MLN8237, showed some 
preference for NF1 cell lines over NF2 cell lines 
(Figure 5A and 5B). AURKA siRNA were also 
more potent in NF1 than NF2 cells (Figure 2A). 
For comparison, we show that MEK1/2 inhibi-
tors show a marked preference for inhibiting 
NF1 MPNST over NF2 cell lines (Figure 5B). 

Since PLK1 is a target of AURKA, we co-treated 
cells with a PLK1 inhibitor and an AURKA inhibi-
tor and used the Chou-Talalay method to deter-
mine if there were any synergistic effects 
between them [28]. The combination index was 

Figure 3. Comparison of NF1 and NF2 screens. Comparison of siRNA activity 
in independent replicates. (A) NF1 vs. NF1, (B) NF2 vs. NF2 and (C) NF1 vs. 
NF2. (D) Spearman’s correlation coefficients for siRNA screens.

To confirm the activity of 
siRNA and drugs identified in 
our screens, we profiled four 
PLK1 kinase inhibitors at ei- 
ght concentrations against 
seven NF1-associated MPNST 
cell lines (ST88-14, T265, 
ST88-3, 90-8, sNF02.2, S4- 
62TY, SNF96.2), one spora- 
dic MPNST cell line (STS26), 
one schwannoma from a  
NF2 patient (HEI-193), one  
NF2-deficient malignant me- 
ningioma (KT21-MG-Luc5D),  
one mouse NF2 schwannoma 
(SC4) and one sporadic rat 
schwannoma (RT4-67 or RT4) 
(Figure 5, data shown only for 
the human cell lines). These 
cells lines represent the differ-
ent genotypes of NF tumors, 
NF1-/-, NF2-/- and sporadic. 
The data was used to calcu-
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1.05 indicating that the two drugs were addi-
tive in combination and not synergistic (data 
not shown). 

We used an MPNST xenograft model to test 
BI6727 (Volasertib) a PLK1 inhibitor (Figure 6). 
BI6727 was highly effective in preventing tumor 

growth when administered at 50 mg/kg 3 tim- 
es weekly (Figure 6A) in a pilot experiment test-
ing it at a dose previously used in vivo [29]. 
However, the mice did not tolerate the drug well 
and ~25% died after one week. At lower doses 
BI6727 was not as effective and caused a tem-
porary reduction in tumor volume at 35 mg/kg, 

Figure 4. PLK1 and AURK expression is increased in MPNST. 
Expression levels were determined from microarrays. A. Human 
Nerves, dermal neurofibromas (dNF), peripheral neurofibromas 
(pNF) and MPNST. B. Mouse nerves neurofibromas and MPNST. 
C. Western blot of cells used in this study compared with human 
peripheral Schwann cells (HPSC). A lane was deleted from the gel, 
due to a loading error.
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and at 10 and 25 mg/kg it did not differ from 
the vehicle alone (Figure 6B). On histological 
analysis, at the end of the experiments, tumors 
from treated animals did not show obvious dif-
ferences in cell death (cleaved caspase-3), cell 
proliferation (Ki67) or mitosis (phosphohis-
tone-3), during drug response (Figures 7A and 
S2), or at the end of the experiment (Figure 7B). 
Previous studies showed that high doses of 
AURK inhibitor result in accumulation of multi-
nucleated MPNST cells in xenografts [21]. We 

Figure 5. High throughput profiling of PLK1, AURKA and MEK1/2 inhibitors. (A) Eight concentrations of each drug 
were tested, and the data are expressed as a heat map of the IC50s. (B) IC50s of selected drugs were replotted. For 
this analysis only human cell lines were included that were derived from NF1 and NF2 patients. (C) The cell cycle 
kinases profiled against neurofibromatosis cells in (A). (D) Flow cytometry analysis of the effect of PLK1 inhibitor 
BI6727 and the Aurora Kinase inhibitor, MLN8237 using propidium iodide DNA staining. Cells were treated for 24 
hours. The histogram shows the percentage of cells in different phases of the cell cycle. (E) ST8814 cells were 
synchronized by thymidine (2.5 mM, 24 h) treatment followed by washed with PBS and incubated for 18 h in fresh 
medium supplemented with nocodazole (1 μg/mL) to arrest cells in mitosis. Cells were treated with 10 μmol/L of 
BI6727 and 10 μmol/L of GSK461634 for 24 h and then harvested. A western blot was probed for p-PLK1, total 
PLK1, and GAPDH. 

found that PLK1 inhibition also caused the 
appearance of multi-nucleated cells (Figure 7A 
and 7B) in MPNST xenografts. This is likely the 
result of cell cycle arrest as PLK1 and AURKA 
inhibitors both caused NF1 and NF2 cells to 
arrest in G2 (Figure 5C). 

Discussion

We used high throughput screening of FDA 
approved drug libraries with content suitable 
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Figure 6. Xenografts with the PLK1 inhibitor BI6727. A. Mice treated with BI6727 at 50 mg/kg. B. Dose escalation 
study of BI6727. 

for repurposing and siRNA libraries to identify 
candidate drugs and drug targets for NF1 and 
NF2. The NF1 MPNST hits in our diverse drug 
library screen was dominated by protein kinas-
es. The NF2 screen had fewer protein kinase 
inhibitor hits amongst the top drugs. The com-
mon hits were dominated by cell cycle kinase 
inhibitors, while NF1 tumors (with the exception 
of the NF2 mouse line SC4) were sensitive to 
MEK inhibitors. We studied PLK1 in depth 
because it was a top screening hit, even among 
cell cycle kinases, it interacts with a document-
ed target, AURKA, and several PLK1 inhibitors 
are in clinical trials [21]. Moreover, protein 
kinases are major cancer drug targets, with 
several kinase inhibitor drugs approved and 
many others in clinical trials. 

Our diverse panel of neurofibromatosis tumors 
allowed us to determine if tumor origins were a 
factor in PLK1 sensitivity. A previous siRNA 
screen found that tumor cell lines with mutant 
Ras genes are especially sensitive to PLK1 
inhibitors [22]. This was because there was a 
correlation between the presence of activated 
Ras and sensitivity of cells to PLK1 inhibition, a 
phenomenon called synthetic lethality. If syn-
thetic lethality were occurring in NF cell lines, 
the cell lines with NF1 mutations would be 
more responsive to pathway inhibition com-
pared to cell lines without NF1 mutations. 
Examples of this in our studies are the highly 
selective killing of NF1 cells by MEK1/2 inhibi-
tors, as well as the somewhat less selective  
killing by AURKA and CDK4/6 inhibitors. 

However, we found that all cells were sensitive 
to PLK1 inhibition, regardless of origin-NF1, 
NF2 or sporadic MPNST. This observation was 
concordant across our siRNA screens, drug 
screens and in quantitative drug sensitivity pro-
filing (Figures 2 and 5). Thus, while PLK1 inhibi-
tion was effective in all cells, we did not observe 
any evidence of selective synthetic lethality 
between Ras and PLK1 inhibition.

PLK1 inhibitors are common hits in drug and 
siRNA screens, though not always tested in 
xenografts [22, 30]. When we tested a PLK1 
inhibitor in xenografts, achievable doses failed 
to significantly block MPNST tumor growth. A 
higher dose was not well tolerated. We were not 
able to determine the reasons for the toxicity, 
but clinical trials with PLK1 inhibitors have 
found hematological toxicities and thrombosis 
[31-33]. It remains possible that other agents 
targeting cell cycle pathways, or combinations 
of agents, will be more effective. By way of com-
parison, achievable doses of MEK inhibitors as 
single agents show a transient delay in MPNST 
xenograft growth in the tumor model tested 
here [27], and higher doses of an AURKA inhibi-
tor cause sustained suppression of MPNST 
xenograft growth [21]. Notably, a Phase 1 trial 
of an AURKA inhibitor showed some evidence 
of activity versus historical controls in advanced 
metastatic sarcoma patients with MPNST [34].  

MEK inhibitors benefit NF1 patients with  
neurofibromas and two MEK inhibitors are 
already FDA approved for BRAF positive mela-
nomas [35]. However, MEK inhibitors only 
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Figure 7. Histology of tumors from treated 
mice. A. Mice were treated for 5 days and 
stained as indicated. B. Mice were treated 
for 33 days and stained as indicated. Data 
were analyzed using multiple t-tests.
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Figure S1. Wound healing migration assay. A scratch test wound healing assay was performed on MPNST cells 
treated as indicated.
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Figure S2. Quantification of immunostaining. Cleaved caspase 3, pHistone 3, CyclinB1 were counted on 9 pictures at 40X (HPF) from each animal sample (3 sec-
tions/sample and 3 fields/section). The immunopositive cells were counted and averaged over 9 fields. For Ki67 the total cells and the % positive were calculated 
from 9 pictures). The differences were not significant by Mann-Whitney analysis.


