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Abstract: The Raf-MEK-ERK signaling network has been the subject of intense research due to
its role in the development of human cancers, including pediatric neuroblastoma (NB). MEK and
ERK are the central components of this signaling pathway and are attractive targets for cancer
therapy. Approximately 3–5% of the primary NB samples and about 80% of relapsed samples contain
mutations in the Raf-MEK-ERK pathway. In the present study, we analyzed the NB patient datasets
and revealed that high RAF and MEK expression leads to poor overall survival and directly correlates
with cancer progression and relapse. Further, we repurposed a specific small-molecule MEK inhibitor
CI-1040 to inhibit the Raf-MEK-ERK pathway in NB. Our results show that CI-1040 potently inhibits
NB cell proliferation and clonogenic growth in a dose-dependent manner. Inhibition of the Raf-
MEK-ERK pathway by CI-1040 significantly enhances apoptosis, blocks cell cycle progression at the
S phase, inhibits expression of the cell cycle-related genes, and significantly inhibits phosphorylation
and activation of the ERK1/2 protein. Furthermore, CI-1040 significantly inhibits tumor growth in
different NB 3D spheroidal tumor models in a dose-dependent manner and by directly inhibiting
spheroidal tumor cells. Overall, our findings highlight that direct inhibition of the Raf-MEK-ERK
pathway is a novel therapeutic approach for NB, and further developing repurposing strategies using
CI-1040 is a clinically tractable strategy for effectively treating NB.
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1. Introduction

Neuroblastoma (NB) is the second most common pediatric solid tumor and is de-
rived from the peripheral sympathetic nervous system. NB mostly affects children below
5 years of age and, in some rare cases, young adolescents and adults. NB is clinically and
biologically heterogeneous due to alterations in signaling regulators such as MEK and
transcription factors amplification such as MYCN [1]. Current therapeutic approaches
include combinational chemotherapy, surgery, radiation, retinoid therapy, immunotherapy,
tyrosine kinase inhibitors, and angiogenesis inhibitors [2–5]. Current therapies have overall
poor outcomes and cause acute life-threatening toxicities and chronic illnesses. Therefore,
identifying molecular mechanisms involved in NB pathogenesis and progression and devel-
oping novel therapeutic approaches targeting these mechanisms is important to effectively
treating NB [6].

The Mitogen-activated protein kinase (MAPK) pathway is one of the most important
cell signaling pathways known to dysregulate in different cancers, including breast, thy-
roid, non-small cell lung cancer, and NB [6–9]. Approximately 3–5% of the primary NB
samples and about 80% of relapsed samples contain mutations in the Ras-Raf-MEK-ERK
pathway [10]. Activation of the MAPK pathway is initiated by the extracellular signal
binding to the receptor tyrosine kinase and activating the Ras proteins (NRAS, HRAS, and
KRAS). Activation of Ras to Ras-GTP is tightly controlled by the activation of both growth
factor receptor-bound protein 2 (Grb2) and son of sevenless (SOS) proteins and by forming
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a Grb2-SOS complex [11]. Ras-GTP binds to and activates Raf, which phosphorylates and
activates MEK protein [12]. Activated MEK phosphorylates and activates ERK that further
dimerizes and translocates to the nucleus to promote the activity of various transcription
factors such as CREB, MYC, JUN, FOS, ELK-1, ETS, MSK, and ATF2. These transcription
factors are involved in regulating various cellular physiological processes such as cell
proliferation, metabolism, differentiation, cell cycle progression, and metabolism [13,14].
Activated ERK is also known to further activate the upstream regulators, such as MEK and
Raf, through the negative feedback mechanism [15]. Mutations and oncogenic activation of
the MAPK pathway proteins are well known in different cancers, including NB [1,16–19].
MEK expression is high in NB cell lines. Previous research reported that inhibition of
MEK activation to inhibit the Ras-MEK-ERK oncogenic pathway inhibited the NB cell
proliferation [20,21]. Therefore, targeting the MEK activation to inhibit the Ras-MEK-ERK
oncogenic pathway is an effective therapeutic approach for targeted cancer therapy.

To date, four MEK inhibitors trametinib, binimetinib, selumetinib, and cobimetinib
received FDA approval for treating different cancers, including melanoma and neurofi-
bromatosis type I tumors [7]. In addition, several MEK/ERK inhibitors such as BVD-523,
CC-90003, FCN-159, refametinib, SHR7390, E6201, CC-90003, KO-947, TAK-733, AZD8330,
and LY3214996 are currently in clinical trials for treating pancreatic adenocarcinoma,
breast cancer, BRAF-mutant colorectal cancer, hepatocellular cancer, metastatic melanoma,
non-small-cell lung cancer, and NB [22]. In addition, trametinib (NCT03434262 and
NCT02124772) and selumetinib (NCT03213691) are currently in phase 1 and phase 2 clinical
trials to treat NB [23]. CI-1040 is an orally active small-molecule inhibitor developed by
Pfizer Inc. that binds to a hydrophobic pocket of MEK and locks it into a closed catalytically
inactive form. Due to the inactivation of MEK, CI-1040 also inhibits the phosphorylation
of ERK1/2 and overall inhibits the MAPK pathway [24–27]. CI-1040 has been shown
to inhibit different cancers, including pancreatic, colon, breast, and non-small-cell lung
carcinoma [27–29]. In addition, CI-1040 is the first MEK-targeted agent to enter clini-
cal trials and has been reported as a well-tolerated drug in phase 1 and 2 clinical trials
(NCT00034827) [28,29].

In the present study, we repurposed the CI-1040 in NB and demonstrated that disrup-
tion of the Raf-MEK-ERK pathway has a profound effect on inhibiting NB growth. Our
results show that CI-1040 inhibits NB proliferation in 2D cell culture and 3D spheroid tumor
models by inducing apoptosis and blocking the cell cycle S phase in a dose-dependent
manner. Together, our results demonstrate the efficacy of CI-1040 in NB and point toward a
novel therapeutic approach by incorporating MEK inhibitors in NB treatment approaches.

2. Materials and Methods
2.1. Cell Culture and Reagents

Normal fibroblast control cell lines (WI-38, NIH-3T3, and COS-7) and human NB
cell lines, MYCN-amplified (NGP, LAN-5, CHLA-255-MYCN), and MYCN-non-amplified
(SH-SY5Y, SK-N-AS, CHLA-255), were routinely cultured and maintained as described
previously [30]. All the cell lines were tested monthly for mycoplasma and validated via
short tandem repeat analysis for genotyping within the past six months. Primary (anti-
ERK1/2 (4695S), anti-pERK1/2 (Thr202/Tyr204) (4370S), anti-Cyclophilin B (43603S)), and
secondary antibodies (anti-rabbit IgG HRP-linked (7074S)) were acquired from Cell Sig-
naling Technology, Danvers, MA, USA. CI-1040 (PD184352) was acquired from MedChem
Express, Monmouth Junction, NJ, USA. CI-1040 is dissolved in DMSO. Control groups in
this study were treated with DMSO and used as vehicle control.

2.2. Clinical Patient Dataset

Different NB patient datasets were evaluated by using the publicly available R2:
Genomic Analysis and Visualization Platform database (https://hgserver1.amc.nl/cgi-
bin/r2/main.cgi (accessed on 16 July 2022)). This database supports the multi-parametric
analysis of NB patient outcomes and includes microarray profiles of NB patient samples
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with gene expression data. This database provides Kaplan–Meier long-rank analysis by
comparing gene expression to the overall survival of NB patients.

2.3. Cell Viability and Clonogenic Assay

CellTiter 96 AQueous One Solution Cell Proliferation Assay (G3582; Promega Corp.,
Madison, WI, USA) was used to perform cell viability assays according to the manu-
facturer’s instructions and as described previously [30,31]. NB cells were treated with
increasing concentrations of CI-1040 for 72 h, and cell viability was measured at 490 nm
using a spectrophotometer (SpectraMax iD3, Molecular Device, San Jose, CA, USA). DMSO
was used as vehicle control. GraphPad software (Prism 9, San Diego, CA, USA) is used
for data analysis and for calculating IC50 values. Clonogenic assays were performed as
described previously [31]. Crystal violet solution is used to stain and visualize the colonies.
Colony counting software (OpenCFU ver. 3.8) is used to quantify the number of colonies.
Control treatment groups were used to normalize and plot the data. Cell proliferation and
clonogenic assays were performed at least three times with three technical replicates.

2.4. Apoptosis and Cell Cycle Assay

Apoptosis assays were performed using eBioscience Annexin V-FITC Apoptosis Detec-
tion Kit (Cat. BMS500FI-300, ThermoFisher Scientific, Waltham, MA, USA), and cell cycle
assays were performed using FxCycle PI/RNase Staining Solution (C10633; ThermoFisher
Scientific, Waltham, MA, USA) and Click-iT Plus EdU Alexa Fluor 488 Flow Cytometry
Assay Kit (ThermoFisher Scientific Cat. C10633). Briefly, NB cells were seeded and treated
with increasing concentrations of CI-1040 for 16 h. Apoptosis and cell cycle assays were
performed as described previously and according to the manufacturer’s instructions [31].
Apoptosis was measured by quantifying the percentage of the early apoptotic cells (Q3)
that are only positive for Annexin V. The percentage of apoptosis was quantified and
extrapolated with control. Cell cycle stages were determined by the horseshoe distribution
of cells between different stages based on EdU (5-ethynyl-2′-deoxyuridine) conjugated
with Alexa flour 488 and PI (propidium iodide). All flow cytometry assays were performed
on the Attune Nxt Flow Cytometer (ThermoFisher Scientific) and were analyzed using the
Flow Jo software ver. 10 (BD Biosciences, Ashland, OR, USA).

2.5. Spheroidal Tumor Assays

The 3D spheroidal assay was performed using 3D spheroidal 96-well microplates
(4515; Corning) as per the manufacturer’s instructions and as described previously [30,31].
Briefly, 2.5 × 103 NB cells per well were seeded and incubated for two days or until the
spheroid size reached ~300 µm. Similar size spheroids were randomized and treated with
increasing concentrations of CI-1040 for 15 days with regular drug replenishment and
spheroidal size measurement on every third day. Spheroidal images were captured using
a DMi1 light microscope (Leica Microsystems, Buffalo Grove, IL, USA), and spheroidal
size was measured using the Leica software suite tools (LASX, Leica Microsystems, Buffalo
Grove, IL, USA). Finally, the Viability/Cytotoxicity Assay Kit for Animal Live & Dead
Cells (3002; Biotium Inc., Fremont, CA, USA.) was used to fluorescent label the live and
dead cells, and the number of live cells in the spheroids was quantified by CellTiter-Glo 3D
Cell Viability Assay (G968; Promega Corp., Madison, WI, USA) solution, according to the
manufactures instructions [30,31].

2.6. RNA Extraction and Quantitative Real-Time RT-PCR

Gene expression analysis was performed using the RT-qPCR method as described
previously [30,31]. Briefly, NB cells were treated with different concentrations of CI-1040 for
6 h, followed by total RNA extraction using RNeasy plus mini kit (74134; Qiagen, German-
town, MD, USA) and cDNA synthesis using the cDNA reverse transcription kit (4368814;
ThermoFisher Scientific). Further, RT-qPCR reactions for individual genes were performed
using cDNA and SYBR Green dye (4385610; ThermoFisher Scientific). RT-qPCR reactions
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were performed using QuantStudio 3 Real-Time qPCR System (ThermoFisher Scientific).
GAPDH is used as a housekeeping gene to normalize the expression of individual genes.
All the Primers used in this study are listed in Table 1.

Table 1. RT-qPCR primers used in the study.

Gene Forward Primer (5′-3′) Reverse Primer (5′-3′)

MAPK1 TACACCAACCTCTCGTACATCG CATGTCTGAAGCGCAGTAAGATT
MAPK2 GGCAGCTACCTCAGGAATGAC CCAGTGGCATGGTAAATCTCC
ERK2 ACGGCATGGTTTGCTCTGCTTATG TCATTTGCTCAATGGTTGGTGCCC
c-Myc TACACTAACATCCCACGCTCTG CGCATCCTTGTCCTGTGAGT
c-JUN CCCCAAGATCCTGAAACAGA CCGTTGCTGGACTGGATTAT
BCL-2 GTGGATGACTGAGTACCTGAAC GAGACAGCCAGGAGAAATCAA

GAPDH CACCATCTTCCAGGAGCGAG TGATGACCCTTTTGGCTCCC

2.7. Immunoblotting Assays

Immunoblotting assays were performed as described previously [30,31]. Briefly, NB
cells were treated with increasing concentrations of CI-1040 for 24 h, and the cell pellet was
collected and lysed with RIPA buffer (89900; ThermoFisher Scientific) supplemented with
phosphatase inhibitor cocktail (PhosSTOP, Roche, Indianapolis, IN, USA) and protease
inhibitor cocktail (Complete mini EDTA free, Roche). Protein samples were quantified by
Bradford assay (Bio-Rad, Hercules, CA, USA), and 15 µg of protein samples were loaded
and separated on a 12% SDS-PAGE gel. Further protein samples were transferred onto
the PVDF membrane. ChemiDoc XRS Plus system (Bio-Rad) was used to visualize and
document the blots. Densitometric analysis of the protein bands was performed using the
ImageJ software ver. 1.8 (Publicly available, NIH).

2.8. Statistical Analysis

In the present study, all the biological assays were performed at least three times with
three technical replicates. All values are presented as the mean ± standard error (SEM).
A two-tailed Student’s t-test was used to determine drug treatment groups’ statistical
significance after observing the normal distribution. The expression fold difference of
individual genes (p-values) was calculated by Student’s t-test. p < 0.05 was considered
statistically significant.

3. Results
3.1. MAP2K2 and RAF1 Expression Strongly Correlate with Poor NB Prognosis

To determine the association of the Ras-MEK-ERK pathway with NB prognosis, we
investigated the correlation of RAF1 and MAP2K2 gene expression levels with overall NB
patient outcomes by analyzing a total of 1235 primary NB patient clinical data. Kaplan–
Meier survival analysis revealed that the expression of both RAF1 and MAP2K2 is inversely
correlated with the overall survival of NB patients. High expression of both RAF1 and
MAP2K2 showed poor overall survival of NB patients (Kocak n = 649, RAF1 p = 2.9 × 10−7,
MAP2K2 p = 9.0 × 10−18; SEQC n = 498, MAP2K2 p = 1.1 × 10−21; Versteeg n = 88,
RAF1 p = 6.1 × 10−3, MAP2K2 p = 1.2 × 10−6; Figures 1A–C and 2A,B). Further, we ob-
served higher stage NB tumors showed significantly higher RAF1 and MAP2K2 expression
levels (Kocak n = 649, RAF1 p = 8.9 × 10−4, MAP2K2 p = 2.33 × 10−18; SEQC n = 498,
MAP2K2 p = 1.00 × 10−10; Versteeg n = 88, RAF1 p = 8.36 × 10−3, MAP2K2 p = 5.35 × 10−3;
Figures 1D–F and 2C,D), suggesting that RAF1 and MAP2K2 plays a significant role in NB
progression. Further, we observed that highly aggressive MYCN-amplified NB tumors
have higher expression of RAF1 and MAP2K2, which correlates with disease relapse or
reoccurrence conditions in the Versteeg dataset (Figures 1G,H and 2E,F). We further found
in Versteeg dataset that high expression of the MAP2K2 gene leads to the worst outcome of
patient death (Figure 1I). These findings suggest that RAF1 and MAPK genes are critical
prognostic factors for NB, and higher expression of both RAF1 and MAPK leads to poor
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survival of NB patients. Therefore, inhibiting the Ras-MEK-ERK pathway is an important
therapeutic approach for NB.
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Figure 1. MAP2K2 expression correlates with poor overall survival of NB patients. (A–C) Kaplan-
Meier survival analysis showing high expression of the MAP2K2 gene leads to the poor overall
survival of NB patients in datasets analyzed. (A) Kocak dataset (n = 649 patients). (B) SEQC dataset
(n = 498 patients). (C) Versteeg dataset (n = 88 patients). (D–F) MAP2K2 expression correlates with NB
stage progression in all datasets analyzed. (D) Kocak, (E) SEQC, (F) Versteeg. (G–I) Versteeg dataset
analysis revealed that higher MAP2K2 expression correlates with (G) aggressive MYCN-amplified
tumors, (H) disease relapse, and (I) worst overall outcome.
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Figure 2. RAF1 expression correlates with poor overall survival of NB patients. Kaplan-Meier
gene expression analysis of RAF1 shows poor overall survival of NB patients. (A) Kocak dataset
(n = 649 patients). (B) Versteeg dataset (n = 88 patients). RAF1 expression correlates with NB stage
progression in all patients dataset analyzed. (C) Kocak dataset. (D) Versteeg dataset. (E,F) Box-Plot
correlation analysis in the Versteeg dataset revealed that higher RAF1 expression corresponds to
(E) highly aggressive MYCN-amplified tumors, and (F) disease resurrence.

3.2. CI-1040 Inhibits NB Cell Proliferation and Colony Formation

To inhibit the MAPK pathway, we utilized a specific small-molecule MEK inhibitor,
CI-1040. We performed cytotoxicity assays using CI-1040 in six different NB cell lines,
including three MYCN-amplified (NGP, LAN-5, CHLA-255-MYCN) and three MYCN
non-amplified cell lines (SH-SY-5Y, CHLA-255, SK-N-AS). Additionally, we performed
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cytotoxicity assays on three normal fibroblast cell lines (WI-38, NIH-3T3, COS-7) to de-
termine the effect of CI-1040 on normal non-cancerous fibroblast cells as controls. Cells
were treated with increasing concentrations of CI-1040, and IC50 values were determined.
Results showed that CI-1040 significantly inhibited NB cell proliferation in both MYCN
-amplified and -non-amplified cell lines in a dose-dependent manner and has minimal effect
on normal non-cancerous fibroblast cell lines (Figure 3A–C). The IC50 values determined
are as follows SH-SY-5Y (9.7 µM), CHLA-255 (4.6 µM), SK-N-AS (3.8 µM), NGP (4.4 µM),
LAN-5 (6.1 µM), CHLA-255-MYCN (4.5 µM).
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Figure 3. CI-1040 inhibits NB cell proliferation. (A–C) Cytotoxicity assays were performed in six NB
cell lines including 3 MYCN-amplified and 3 MYCN non-amplifies, and 3 non-cancerous fibroblast
cell lines, in response to CI-1040. (A) Non-cancerous fibroblast cell lines (WI-38, NIH-3T3, COS-7).
(B) MYCN non-amplified cell lines (SH-SY5Y, SK-N-AS, CHLA-255). (C) MYCN amplified cell
lines (NGP, LAN-5, CHLA-255-MYCN). IC50 values were calculated and shown in parentheses.
(D,E) Colony formation assays were performed in 4 NB cell lines including MYCN-amplified (LAN-5,
IMR-32) and MYCN non-amplified (SH-SY5Y, CHLA-255) in response to CI-1040. (D) Representative
images of colony formation assay in response to CI-1040 treatment in NB cell lines. (E) Quantitation
of the colony numbers in response to CI-1040 treatment. ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

Next, we used another proliferation assay and determined the effect of CI-1040 on
NB colony formation and growth capacity, as colony formation ability is one of the most
peculiar characteristics of solid tumor cancer cells. For this assay, we used two MYCN-
amplified (NGP, IMR-32) and two MYCN non-amplified cell lines (SH-SY-5Y, CHLA-255)
and treated them with CI-1040. Results demonstrated that CI-1040 significantly inhibited
the colony formation and growth abilities of NB cells in a dose-dependent manner in
comparison to controls (Figure 3D,E). Overall, these data indicate that CI-1040 significantly
inhibits NB proliferation and colony formation in a dose-dependent manner.
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3.3. CI-1040 Induces Apoptosis and Blocks Cell Cycle Progression in NB Cells

We further investigated the mechanism by which CI-1040 induces cytotoxicity and
performed apoptosis and cell cycle assays using two NB cell lines, NGP and SH-SY5Y.
Cells were treated with increasing concentrations of CI-1040, and the percentage of early
apoptotic cells was measured, which was found to be significantly higher in CI-1040
treatment groups in comparison to controls. Our results demonstrate that 1 µM CI-1040
treatment induces apoptosis in SH-SY5Y cells to about 3.0-fold while in NGP to about
4.2-fold (Figure 4A,B), in contrast to the control treatments. Further, the cell cycle analysis
showed that CI-1040 significantly inhibited the S phase in both NB cell lines to overall
block NB cell cycle progression. Results demonstrated that 2 µM CI-1040 treatment inhibits
cell cycle S phase by half in both NB cell lines SH-SY5Y and NGP (Figure 4C,D). The
proportion of cells in the G0/G1 phase was increased while the cells in the S phase were
decreased in CI-1040 treatment groups compared to control in a dose-dependent manner
(Figure 4C,D). Overall, our data clearly demonstrate that CI-1040 induces apoptosis and
blocks NB cell cycle progression at the DNA synthesis (S) phase in both MYCN-amplified
and MYCN-non-amplified cell lines.
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Figure 4. CI-1040 induces apoptosis and blocks cell cycle progression in NB cells. Apoptosis and cell
cycle assays were performed using 2 NB cell lines including MYCN amplified (NGP) and MYCN non-
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amplified (SH-SY5Y) in response to CI-1040 treatment. (A,B) Representative flow cytometer im-
ages and the quantitative representation of the percentage of early apoptosis in (A) SH-SY5Y and
(B) NGP cell lines. (C,D) Representative flow cytometer images and quantitative representation of
the percentage of cells in each cell cycle phase. (C) SH-SY5Y and (D) NGP. * p < 0.05, ** p < 0.01, and
**** p < 0.0001.

3.4. CI-1040 Inhibits NB Spheroid Tumor Growth

We further determined the effects of CI-1040 on the NB 3D spheroidal tumor models,
which truly recapitulate the in vivo tumor growth patterns of solid tumor NB. Similar size
spheroid tumors of SH-SY5Y, and IMR-32 cells were developed, randomized, and subjected
to increasing doses of CI-1040. The size and growth of each spheroid were measured and
imaged every third day up to 15 days (Figure 5A,D). Our spheroidal tumor data showed
significant dose-dependent inhibition of tumor growth by CI-1040 in contrast to the control
treatment (Figure 5C,F). Further, a significant dose-dependent reduction in the number of
live cells and increase in dead cells were observed in terminal day fluorescence spheroid
tumors stained with calcein-AM (green) and EthD-III (red), respectively, in both SH-SY5Y
and IMR-32 (Figure 5B,E and Figure 6A,B,D,E). Further, these results were confirmed by
quantifying the amount of ATP released from the live cells using a cell viability assay, which
showed significant inhibition of the number of live tumor cells by CI-1040 (Figure 6C,F).
Overall, our spheroidal tumor results demonstrate the efficacy and potency of CI-1040 in
inhibiting NB tumor growth by directly inhibiting the live tumor cells.

3.5. CI-1040 Inhibits the MAPK Pathway in NB Cells

To further determine the effect of CI-1040 on the MAPK pathway, we performed gene
expression analysis on different MAPK and cell cycle-related genes. Our gene expression
analysis revealed that CI-1040 significantly inhibits the mRNA expression of several MAPK
pathway genes, such as MAPK1, MAPK2, and ERK2. CI-1040 also significantly inhibits gene
expression of cell cycle-related genes such as c-JUN and BCL-2 in a dose-dependent manner
and in contrast to the controls (Figure 7A–E). Further, we performed Western blot analysis
of the ERK1/2, as activation and phosphorylation of ERK1/2 at Thr202/Tyr204 is the final
ultimate step of the MAPK pathway. Western blot analysis and densitometric quantitative
analysis clearly demonstrated that CI-1040 significantly inhibits the phosphorylation of
ERK1/2 at its Thr202/Tyr204 catalytic site in a dose-dependent manner and in contrast
to the loading control CyPB (Figure 7F,G and Supplementary Figure S1). Additionally,
CI-1040 showed no effect and reduction in the total ERK1/2, therefore further confirming
the specificity as a MEK inhibitor by inhibiting the phosphorylation of ERK1/2. These data
highlight the efficacy and potency of CI-1040 in inhibiting the Raf-MEK-ERK pathway by
inhibiting the MEK-mediated ERK1/2 phosphorylation and activation.
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Figure 5. CI-1040 inhibits NB 3D spheroid tumor growth. NB 3D spheroids of MYCN amplified
(IMR-32) and MYCN non-amplified (SH-SY5Y) cells were developed and treated with CI-1040
for 15 days. (A–D) Representative images of the 3D spheroid tumor growth at different days in
response to CI-1040 treatment (A) SH-SY5Y (D) IMR-32. (B,E) Terminal day 3D spheroid tumor
images stained with Calcein AM (Green; live cells) and EthD-III (Red; dead cells) fluorescence dyes.
Size bar = 1 mm. (B) SH-SY5Y (E) IMR-32. (C,F) Quantitative 3D spheroid tumor growth showing
reduction of tumor size in response to CI-1040 treatment (C) SH-SY5Y (F) IMR-32. ** p < 0.01,
*** p < 0.001, and **** p < 0.0001.
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Figure 6. CI-1040 directly inhibits NB spheroidal live cells. NB 3D spheroid in Figure 5 were further
analyzed for the effect of CI-1040 on tumor cell viability. (A,D) Quantitation of the percentage
of live cells on final day (day 15) spheroids stained with Calcein AM (A) SH-SY5Y (D) IMR-32.
(B,E) Quantitation of the percentage of dead cells stained with EthD-III. (B) SH-SY5Y (E) IMR-32.
(C,F) Quantitation of the number of live cells using a live cell ATP release assay (C) SH-SY5Y
(F) IMR-32. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
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Figure 7. CI-1040 inhibits MEK/ERK pathway genes. (A–E) Gene expression analysis of different
MAPK pathway and apoptosis related genes in response to CI-1040 treatment in SH-SY5Y cells.
(A) MAPK1. (B) MAPK2. (C) ERK2. (D) BCL-2. (E) c-JUN. (F,G) Western blot analysis of total ERK1/2
and pERK1/2 (Thr202/Tyr204) in response to CI-1040 treatment. (F) Representative western blot
images. (G) Densitometric analysis of pERK1/2 protein band as shown in F. * p < 0.05, ** p < 0.01,
*** p < 0.001, and **** p < 0.0001.

4. Discussion

The MAPK pathway plays an essential signaling cascade that maintains cellular home-
ostasis under normal physiological conditions [15,32]. In addition, the MAPK pathway
plays an important role in cell proliferation, cell growth, apoptosis, differentiation, angio-
genesis, and tumor metastasis in multiple cancer types, including NB [33,34]. Previous
studies have reported that ERK1/2 is crucial for cell survival and proliferation of NB,
thyroid, breast, and prostate cancer stem cells [35–38]. Upregulation of MEK1/2 is mainly
due to the catalytic activity or mutations of upstream regulators such as Ras, Raf, GRB2, and
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SOS [39,40]. MEK1/2 acts as a gatekeeper for the Ras-MEK-ERK pathway and transmits
signals from multiple upstream regulators to the ERK1/2 [41].

In this study, we repurposed a highly specific small-molecule inhibitor CI-1040 in NB.
CI-1040 is an ATP non-competitive MEK1/2 inhibitor that inhibits the phosphorylation and
activation of the ERK1/2 [42,43]. CI-1040 is currently in phase II clinical trials (NCT00033384
and NCT00034827) for the treatment of advanced colorectal, lung, breast, and pancreatic
cancer patients [28]. Our results demonstrated that CI-1040-mediated inhibition of ERK1/2
phosphorylation significantly inhibits NB growth. Previous research on CI-1040 established
that this drug has an anti-proliferative activity against different types of cancer cells,
including colon cancer and papillary thyroid carcinoma [25,44]. In the present study, we
evaluated the anti-proliferative activity of MEK1/2 inhibitor CI-1040 on NB cells. CI-1040
inhibited NB cell growth and proliferation in a dose-dependent manner in both 2D cell
culture and 3D tumor models.

Metabolic conversion of CI-1040 generates an anti-bacterial compound ATR-002, which
interferes with the influenza life cycle by interrupting the Raf-MEK-ERK pathway in
adenocarcinoma human alveolar basal epithelial cells [45]. We observed a dose-dependent
induction of apoptosis and blockage of cell cycle progression at the S phase in NB cells
by CI-1040 treatment. Similar results were observed in different cancer cells, including
papillary thyroid carcinoma and multiple myeloma [25,46]. Further, our gene expression
and Western blot analysis revealed that CI-1040 directly inhibits the expression of MAPK,
ERK, c-JUN, and BCL-2 genes and inhibits the phosphorylation of ERK1/2 protein. Similarly,
CI-1040 has been shown to induce dexamethasone lethality in acute lymphoblastic leukemia
cells through the pro-apoptotic molecule BCL-2 and MEK/ERK signaling pathway [47].
CI-1040 inhibits the expression of Cyclin D1 and phospho-p70S6K (Thr389) levels in the non-
small-cell lung cancer (NSCLC) [48]. CI-1040, in combination with rapamycin and 17-AAG,
has been shown to reduce prostate cancer metastasis [26]. Similar to our results, three-
dimensional (3D) spheroidal tumor studies in breast cancer revealed that the cytostatic effect
of CI-1040 is high in 3D models compared to 2D models, and CI-1040 specifically inhibits
the MEK/ERK pathway [27]. We also observed a differential specificity of CI-1040 in
inhibiting the NB 2D and 3D tumor models, with higher specificity for 3D spheroid tumors.

5. Conclusions

In conclusion, the Ras-MEK-ERK pathway is one of the most important cell signaling
pathways that dysregulate in many cancers, including NB. Our results clearly demonstrate
the potency of CI-1040 in inhibiting NB proliferation and growth in NB cells and spheroidal
tumors. We demonstrated that CI-1040, in a dose-dependent manner, induces apoptosis
and arrests cell cycle progression in NB cells, inhibits the transcription of multiple onco-
genes, and inhibits the phosphorylation and activation of ERK1/2 in NB. Overall, our
results demonstrated that targeting the Ras-MEK-ERK pathway by CI-1040 is an effective
therapeutic approach for NB and for other MEK/ERK pathway-driven cancers.
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