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Abstract

Background: Aberrant expression and activation of epidermal 
growth factor receptor (EGFR) resulted in approval of several forms 
of EGFR inhibitors in the treatment of patients with a wide range 
of epithelial cancers. However, no EGFR inhibitor has yet been ap-
proved for the treatment of patients with brain cancer, indicating that 
targeting EGFR alone may not be sufficient in some patients.

Methods: In this study, we investigated the role of all members of the 
EGFR family, other growth factor receptors, cell-cycle proteins, and 
downstream cell signaling pathways (e.g., mitogen-activated protein 
kinase (MAPK), serine/threonine protein kinase (AKT), signal trans-
ducer and activator of transcription (STAT3), Src, Abelson murine 
leukemia viral oncogene homolog (Abl)) on the growth of a panel of 
human brain cancer cell lines (HBCCLs). We examined the growth 
response of HBCCLs to treatment with 17 targeted agents compared 
to two cytotoxic drugs.

Results: Of the targeted agents, the irreversible pan-human epidermal 
growth factor receptor (HER) inhibitors neratinib and afatinib were 
more effective than erlotinib and lapatinib at inhibiting the growth of 
all HBCCLs, and the cyclin-dependent kinase (CDK)1/2/5/9 inhibitor 
dinaciclib was the most potent targeted agent. We found that treat-
ment with Src/Abl/c-kit inhibitor dasatinib, signal transducer and ac-
tivator of transcription (STAT3) inhibitor stattic, Abl/platelet-derived 
growth factor receptor (PDGFR)α/vascular endothelial growth fac-
tor (VEGFR)2/fibroblast growth factor receptor (FGFR)1 inhibitor 
ponatinib, and the tropomyosin receptor kinase (TRK)/ROS proto-
oncogene 1 receptor tyrosine kinase (ROS)/anaplastic lymphoma 
kinase (ALK) inhibitor entrectinib, also inhibited the growth of all 
HBCCLs. Interestingly, these agents were more effective in inhibiting 
growth of HBCCLs when proliferating at a slower rate. In addition 
to inhibiting the proliferation of HBCCLs, treatment with neratinib, 

dinaciclib, dasatinib, stattic and trametinib inhibited the migration of 
brain tumor cell line A172.

Conclusions: Notably, we found that treatment with neratinib in 
combination with palbociclib (CDK4/6 inhibitor), or miransertib 
(AKT1/2/3 inhibitor) resulted in synergistic growth inhibition of all 
HBCCLs. Our results support that repurposing drugs like neratinib in 
combination with the palbociclib or miransertib may be of therapeutic 
potential in brain cancer and warrants further investigations.
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Introduction

Brain cancer is one of the deadliest and most lethal types of 
human cancers. Glioblastoma (GB) is one of the most frequent 
primary brain tumors in adults with an extremely poor prog-
nosis, with a median overall survival (OS) and a 5-year OS 
of 8 months and 7%, respectively [1]. At present, standard 
treatment for brain cancer patients involves surgery based on 
the anatomical location of the tumor and neoadjuvant chemo-
therapy [2, 3]. However, brain cancer cases are diagnosed in 
patients at an advanced stage of the disease, and most patients 
have poor response to the currently available therapeutic inter-
ventions [3, 4]. As a result, there is an urgent need for identi-
fication of reliable biomarkers for the early detection of brain 
cancer, as well as therapeutic targets and the development of 
more effective therapeutic interventions for such patients [5].

Since the early 1980s, aberrant expression and activation 
of the human epidermal growth factor receptor (EGFR) has 
been reported in a wide range of human malignancies. The 
epidermal growth factor RTK family consists of four mem-
bers: EGFR (ErbB1, human epidermal growth factor receptor 
(HER)1), HER2 (ErbB2), HER3 (ErbB3) and HER4 (ErbB4) 
[6, 7]. EGFR ligands are synthesized as type 1 transmem-
brane precursors that undergo extracellular domain cleavage 
to release soluble ligands, which then bind to and activate the 
EGFR [8]. The seven ligands include epidermal growth factor 
(EGF), transforming growth factor (TGF)α, heparin-binding 
EGF-like growth factor (HB-EGF), amphiregulin, betacellulin 
(BTC), amphiregulin (AREG) and epithelial mitogen (EPGN). 
The binding of ligands to the extracellular domain of the EGFR 
results in the formation of EGFR homodimerization or its het-
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erodimerization with the other three members of the EGFR 
family, which include HER-2 (Neu, c-ErbB-2), HER-3 (ErbB-
3) and HER-4 (ErbB-4). As a result, an auto and/or transpho-
sphorylation of C-terminal region of the intracellular tyrosine 
kinase domain leads to the activation of various downstream 
constituents of signaling pathways, such as phosphatidylino-
sitol 3-kinase (PI3K)/serine/threonine protein kinase (AKT), 
RAS/RAF/mitogen-activated protein kinase (MAPK), Janus 
kinase (JAK)-signal transducer and activator of transcription 
(STAT) and PLC-γ1. This activation, in turn, contributes to 
the set of the most prominent hallmarks of a cancer including 
tumor cell proliferation, migration, and invasion [9]. To date, 
several inhibitors targeting one or more members of the HER 
family have been approved for the treatment of patients with a 
wide range of human cancers but not yet in patients with brain 
cancer [6, 10].

In several studies, increased expression, activation and 
crosstalk between the HER family members, increased ex-
pression of other growth factor receptor systems and the pres-
ence of brain cancer stem cells (BCSCs) have been associated 
with poor response to treatment with the HER inhibitors and 
poor prognosis [11-13]. To date temozolomide (TMZ) is the 
only drug that has gained the Food and Drug Administration 
(FDA) approval for treatment for patients with brain cancer, 
but it is accompanied by toxicity in some patients, highlight-
ing the importance of discovering more specific therapeutic 
targets. In addition, due to the heterogenous nature of brain 
tumors, it is essential to investigate the relative expression of 
all members of HER family, and other biomarkers in the pro-
gression of brain cancer [14]. Furthermore, it is also important 
to determine the responses of brain tumor cells to the treatment 
with various types of HER inhibitors when used alone or in 
combination with other agents targeting different cell signaling 
molecules and pathways [15, 16].

As a result, in this study, we investigated the role of all 
members of the HER family, other growth factor receptors 
(e.g., hepatocyte growth factor receptor (c-MET)), cell-cycle 
proteins, the putative BCSC biomarker CD44 and downstream 
cell signaling pathways in the growth of a panel of human brain 
cancer cell lines (HBCCLs). Moreover, the therapeutic potential 
of various agents targeting such proteins when used alone or in 
combination on the growth of a panel of HBCCLs, established 
from patients with GB, were also investigated.

Materials and Methods

Tumor cell lines

A panel of four human brain cancer cell lines (HBCC) were 
examined in this study. Of these LN-18, U118MG and T-98G 
were purchased from the American Tissue Culture Collection 
(ATCC, LGC, Teddington, UK), and A172 from the European 
Collection of Authenticated Cell Cultures (ECACC, UK health 
security agency, Sailsbury, UK). All cell lines were cultured 
routinely at 37 °C in a humidified atmosphere (5% CO2). 
A172, U118MG and T-98G were cultured in Dulbecco’s modi-
fied Eagles medium (DMEM, Sigma-Aldrich, Dorset UK), 

containing 10% fetal bovine serum (FBS) (Sigma-Aldrich, 
Dorset, UK) and antibiotics penicillin (50 U/mL), streptomy-
cin (50 µg/mL) and neomycin (50 µg/mL). LN-18 was also 
cultured in DMEM as above but in 5% FBS, and T-98G was 
supplemented with 100 mM pyruvate (Gibco, UK).

Tyrosine kinase inhibitors (TKIs) and antibodies

Erlotinib, lapatinib, neratinib, afatinib, palbociclib, ribociclib, 
dinaciclib, capmatinib, dasatinib, stattic, ponatinib, entrectinib, 
AZD4547, trametinib, selumetinib, miransertib, lorlatinib, doc-
etaxel and paclitaxel were all purchased from Selleckchem (Suf-
folk, UK) and made at stock concentration of 10 mM and solu-
bilized in dimethyl sulfoxide (DMSO) as instructed on the data 
sheet. The antibodies for flow cytometry included our inhouse 
mouse anti-EGFR (HM43.16B) and anti HER2 (HM50.67A) 
antibodies. The mouse monoclonal antibodies against HER3 
(MAB3481), HER4 (MAB11311), ALK7 (MAB77491) and 
HGF R/c-MET (MAB3582) were purchased from R&D Sys-
tems (Oxford, UK). The mouse anti-CD44 antibodies (immu-
noglobulin (Ig)G2b clone G44-26/27) were supplied by Becton 
Dickinson (Oxford, UK). The anti-mouse IgG fluorescein iso-
thiocyanate (FITC)-conjugated secondary antibodies STAR9B 
was purchased from Serotec Ltd. (Oxford, UK). All purchased 
and inhouse antibodies were solubilized in sterile phosphate 
buffered saline (PBS) and stored at 4 °C in the fridge for short-
term use, at stock concentrations of 1 mg/mL for inhouse an-
tibodies, and 0.5 mg/mL for purchased antibodies. Antibodies 
used in Western blot included the mouse anti-EGFR antibody 
(clone F4) (E3138-2ml), which was obtained from Sigma-
Aldrich, Merck KGaA (Dorset, UK). Other antibodies for the 
Western blot analysis, such as the rabbit anti-phospho-EGFR 
(Tyr1068), HER2 (2242s), phosphor-HER2 (Tyr1221/1222) 
(2243), phosphor-HER3 (Tyr1289) (4791), phosphor-HER4 
(Tyr1284)/EGFR (Tyr1173) (4757), phosphor-MAPK (Tyr202/
Tyr204) (4370), phospho-Akt (S473) (4060), phospho-STAT3 
(Y705) (9145), phospho-SRC (Y416) (Tyr416) (6942) and 
β-actin (4970), were all obtained from Cell Signaling Technol-
ogy Inc. (Hitchin, UK). Both the goat anti-mouse IgG IRDye 
800CW and donkey anti-rabbit IgG IRDye 680RD were pur-
chased from LI-COR Ltd., solubilized in sterile PBS and stored 
at 4 °C (Cambridge, UK). All Western blot antibodies were pur-
chased in solubilized conditions and stored at -20 °C.

Flow cytometry

The expression of various markers in the brain cancer cell lines 
was accessed by flow cytometry as described previously [17]. 
The cells (approximately 5 × 105) suspended in 2% FBS me-
dium were added to 1.5 mL Eppendorf, centrifuged (254 × g 
for 3 min), washed once with cold PBS and incubated with or 
without 10 µg/mL of the primary antibody by rotation at 4 °C 
for 1 h. Following that, the cells were washed thrice with 1 mL 
of cold PBS by centrifugation (254 × g for 3 min) and incubated 
with secondary antibody STAR9B (1:200 dilution) by rotation 
at 4 °C for 1 h. Finally, the cells were washed thrice with cold 
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PBS by centrifugation and resuspended in 1 mL of PBS. The 
fluorescence-activated cell sorting (FACS) analysis was carried 
out using Guava EasyCyteTM flow cytometry (Luminex Corp). 
A minimum of 10,000 events were measured through excitation 
of argon laser using Green-B fluorescence (525/30 nm) and ana-
lyzed using IncyteTM soft 3.3 (Luminex Corp.).

Tumor growth response studies

The effect of various agents on the in vitro growth of tumor 
cells was determined using sulforhodamine B (SRB; Sigma-
Aldrich; Merck KgaA, Dorset, UK) colorimetric assay as pre-
viously discussed by [17]. Briefly, 5,000 cells in 100 µL were 
seeded per well of a 96-well plate in medium containing 10% 
or 2% FBS and incubated at 37 °C (in a humidified atmosphere 
in 5% CO2). Following a 4-h incubation, “time zero” plate 
(representing the initial number of cells prior to treatment) was 
fixed with 10% trichloroacetic acid (Fisher Scientific, Lough-
borough, UK) for 1 h at room temperature, washed thrice with 
tap water and left to air dry overnight. For other plates, 100 µL 
of doubling dilutions of agents were added to each well in trip-
licate and incubated at 37 °C until the controls (medium only) 
became confluent. These plates were then fixed as mentioned 
above, stained with 0.04% (w/v) SRB in 1% acetic acid for 1 
h, washed thoroughly with 1% acetic acid and left to air dry 
overnight. The stained cells were solubilized with 100 µL/well 
of 10 mM Tris-base (pH 10), and the absorbance of each well 
was measured at 565 nm using an Epoch plate reader (Thermo 
Fisher Scientific, Inc.). Growth as a percentage of control was 
determined using the following formula:

X Y% Cell Growth 100
Z Y
−

×
−

whereas X is the absorbance of the drug-treated well at 565 
nm, Y is the absorbance prior to treatment at 565 nm, and Z 
is the absorbance of the untreated cells at 565 nm. The 50% 
inhibitory concentration of each agent (IC50) was calculated 
using the non-linear least squares curve fitting (four param-
eter analysis, log (inhibitor) vs. response, variable slope) using 
Gen5 software (BioTeck, UK).

Determination of combination index

The effect of selected agents on the growth of HBCCLs when 
used in combination was assessed using SRB assay as de-
scribed previously [17]. For each combination, two agents 
(TKIs or cytotoxic agent) were mixed at their respective 4 × 
IC50 value (determined previously as a single agent) followed 
by eight doubling dilutions. Data analysis was performed us-
ing Calcusyn software (Biosoft, UK) and interpreted as follow: 
< 0.9 = synergistic effect, 0.9 - 1.1 = additive effect, > 1.1 = 
antagonistic effect.

Cell cycle distribution analysis

The effect of a range of selected agents including HER fam-

ily members, cyclin-dependent kinase (CDK), Src, STAT3 and 
cytotoxic agent on the cell cycle distribution of HBCCLs was 
investigated using flow cytometry. Approximately, 0.5 × 106 
cells/well were seeded in six-well plate containing 5 mL of 
10% FBS medium with or without drugs at IC70 and incubat-
ed at 37 °C until the control wells (no drugs) became almost 
confluent. Following that, the cells were harvested by trypsi-
nization and pooled with their respective supernatants, washed 
once with cold PBS by centrifugation (264 × g for 4 min) and 
fixed with 70% ice-cold ethanol for minimum of 3 h at -20 °C. 
The cells were collected by centrifugation (450 × g for 5 min) 
washed thrice with cold PBS and stained with Guava cell cycle 
reagent (Luminex Corp, USA). Cells were then run through a 
Guava EasyCyte™ flow cytometer (Luminex Corp.), where 
10,000 events were recorded by excitation with an argon laser 
(488 nm) using Yellow-B fluorescence (583/26 nm) and ana-
lyzed using Incyte™ soft 3.3 (Luminex Corp).

Western blot analysis

Effectiveness of various agents on the downstream signaling 
molecules of A172 cell line was investigated using Western 
blot analysis. Briefly, 0.5 × 106 cells/well were grown in 5 mL 
of 10% FBS DMEM medium in six-well plate to near conflu-
ency. Cells were washed once with 5 mL of 0.5% FBS DMEM 
medium and incubated at 37 °C with the desired drug at a final 
concentration of 400 nM (or no inhibitor/medium only as a 
negative control) in 5 mL of fresh 0.5% FBS DMEM medium 
for 1 h. After that, A172 was incubated for a further 15 min 
with 30 nM of EGF, HB-EGF or no ligand. The cells were then 
washed once with PBS and lysed with 300 µL of preheated ly-
sis buffer (Invitrogen; Thermo Fisher Scientific, Inc.) contain-
ing protease inhibitor cocktail (Sigma-Aldrich; Merck KgaA) 
and homogenized using 25 × 5/8′ gauge needles to reduce its 
viscosity. Protein samples (25 µg) were separated on 4-12% 
Bis-Tris gel (Invitrogen; Thermo Fisher Scientific, Inc.) using 
the Xcell II Surelock Mini-Cell system (Invitrogen; Thermo 
Fisher Scientific, Inc.) and transferred onto immobilon-pol-
yvinylidene fluoride (FL PVDF) membranes (Merck), using 
Xcell II Mini-Cell Blot Module kit (Invitrogen; Thermo Fisher 
Scientific, Inc.). The immobilon PVDF transfer membranes 
were probed with various antibodies at the manufacturer’s rec-
ommended dilutions and visualized using the LI-COR Image 
Studio software.

Migration assay

The effect of selected agents on the migration of HBCCLs was 
investigated using chemotaxis. The cell migration assay was 
conducted using the IncuCyte Clear View 96-well cell migra-
tion plate according to the manufacturer’s instructions (Essen 
Bioscience Ltd. Hertfordshire, UK) as described previously 
[18]. Approximately 25 × 103/mL tumor cells plus the treat-
ment in total volume of 60 µL 0.5% FBS medium were added 
into Clear View 96-well insert [18]. Each cell plate was then 
left to settle at the room temperature for 15 min followed by in-
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cubation for a further 30 min at 37 °C. Then 200 µL of medium 
containing 10% FBS (chemoattractant) was added to the lower 
chamber. The cell plate was then placed onto the IncuCyte 
Zoom® instrument and was left for 15 min at 37 °C to settle. 
After removal of any condensation on the lid, the plate was re-
turned to the IncuCyte Zoom instrument with a 10 × objective 
using the IncuCyte™ chemotaxis system. Chamber wells were 
analyzed every 3 h using the IncuCyte chemotaxis software.

Statistical analysis

The statistical analysis was carried out using SPSS software 
(IBM®, SPSS statistics version 26) as described previously 
[18]. Linear regression analysis was used to assess the rela-
tionship between the expression of HER family members 
and response to treatment with various TKIs, CDK inhibitor, 
STAT3 inhibitor and cytotoxic agent. The effect of selected 
agents on the migration of brain cancer cell lines were tested 
by paired t-test analysis. A P value of ≤ 0.05 was statistically 
significant, and an R2 value closer to 1 showed the reliability 
of the association between the IC50 value of each drug and ex-
pression level of each marker.

Ethics compliance

The study did not involve the use of patient samples, therefore 
Institutional Review Board (IRB) approval and ethical compli-
ance were not applicable.

Results

Cell surface expression of various growth factor receptors 
and CD44 in brain cancer cell lines

We determined the expression levels of all members of the 
HER family, c-MET, ALK7 and CD44 in HBCCLs by flow 
cytometry where results are represented in Table 1 and Figure 

1. Most of the HBCCLs had moderate expression of EGFR 
and little to no expression of HER2, HER3 and HER4. In 
comparison to the overexpressing EGFR control head and 
neck cancer cell line HN5 (mean fluorescence intensity (MFI) 
= 1,071.7), the highest level of EGFR expression was found 
in A172 cells (MFI = 44). The expression level for HER2, 
HER3 and HER4 was very low in all cell lines and almost 
undetectable for some. Similarly, the expression levels of c-
MET and ALK7 were also very low in all HBCCLs. Finally, 
with the exception of LN-18, which was found to be CD44 
negative, all the remaining three brain cancer cell lines had 
overexpression of CD44, with MFI values ranging from 1,355 
(U118MG) to 3,260 (T98-G).

Growth response of human brain cancer cell lines to treat-
ment with various targeted agents

Using the SRB assay, we investigated the effect of various 
agents on the growth HBCCLs and the impact on tumor cell 
proliferation rate on the IC50 value of each drug when cultured 
in medium containing 10% FBS (5 - 6 days to reach confluen-
cy) and 2% FBS (8 - 9 days to reach confluency). The effects 
of these agents on the growth of HBCCLs when cultured in 
medium containing 2% and 10% FBS are presented in Table 
2. From the four different types of the HER TKIs targeting 
one or more of the HER family members in medium contain-
ing 2% FBS, the irreversible pan-HER family blocker neratin-
ib was most effective by inhibiting the growth of all four brain 
cancer cell lines, with IC50 ranging from 0.30 to 0.69 µM (Ta-
ble 2, Fig. 2). This was followed by the CDK1/2/5/9 inhibi-
tor dinaciclib which inhibited the growth of all four cell lines 
with the IC50 values ≤ 0.16 µM. Of the other targeted agents, 
the Abelson murine leukemia viral oncogene homolog (Abl)/
Src/c-Kit inhibitor dasatinib inhibited the growth of HBCCLs 
with IC50 values of 0.01 µM (U118MG) to 0.04 µM (A172), 
the STAT3 inhibitor stattic with IC50 values of 0.61 µM 
(A172) to 9.68 µM (T-98G). In addition, treatment with the 
Abl/platelet-derived growth factor receptor (PDGFR)α/vas-
cular endothelial growth factor (VEGFR)2/fibroblast growth 
factor receptor (FGFR)1 inhibitor ponatinib inhibited HBC-

Table 1.  Surface Expression of Various Growth Factor Receptors in Human Brain Cancer Cell Line (Determined by Flow Cytometry)

Cell line
Mean fluorescence intensity (MFI)

Control EGFR HER2 HER3 HER4 C-MET ALK-7 CD44
LN-18 3.7 32.9 8.8 4.2 3.9 5.8 4.4 3.9
U118MG 3.5 28.5 5.8 3.9 4.0 5.4 3.9 1,354.6
A172 3.0 43.6 9.4 3.5 3.4 7.7 3.8 1,439.0
T-98G 3.2 33.8 8.9 3.5 3.6 5.9 3.6 3,259.8
HN5 2.9 1071.7 N/A N/A N/A N/A N/A N/A
SKOV3 3.8 N/A 233.3 N/A N/A N/A N/A N/A
CaCo2 2.4 N/A N/A N/A N/A N/A N/A 49.51

The data are presented as the mean fluorescence intensity (MFI) ± standard deviation (SD) of gated events. N/A: not available. ALK anaplastic 
lymphoma kinase; c-MET: hepatocyte growth factor receptor; CD: cluster differentiation; EGFR: epidermal growth factor receptor; HER: human 
epidermal growth factor receptor.
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CLs growth with IC50 values ranging from 0.03 µM (A172) to 
0.40 µM (U118MG), and the TrkA/B/C/ROS/ALK inhibitor 
entrectinib with values ranging from 0.11 µM (LN-18) to 1.19 
µM (U118MG), respectively. In contrast, the AKT1/2/3 in-
hibitor miransertib had moderate effect on growth of all HB-
CCLs, treatment with c-MET capmatinib, MEK/ERK1/ERK2 
inhibitor selumetinib and ALK/Ros1 inhibitor lorlatinib had 
minimum to no inhibitory effect on the growth of all four HB-
CCLs (Table 2).

Cell cycle distribution analysis

The effect of various agents on the cell cycle distribution of 
all four HBCCL’s was determined using flow cytometry, and 
results are presented in Table 3. Treatment for all four brain 
tumor cell lines with dinaciclib, dasatinib, stattic and paclitaxel 
was accompanied by upregulation of cells in subG1 phase of 
the cell cycle. In contrast, treatment with neratinib resulted in 
upregulation of cells in the subG1 phase in two of the four brain 
cancer lines examined (A172 and LN-18). In addition, whereas 
treatment with all agents resulted in upregulation of the cells in 
the S phase of cell cycle in A172, the same treatments reduced 
the percentage of cells in the S phase in U118MG cells, high-
lighting the heterogenous nature of brain cancer cells.

Treatment with neratinib and miransertib blocks phos-
phorylation of EGFR, MAPK and AKT

The effects of treatment with neratinib, dinaciclib, dasatinib, 
stattic and miransertib on the EGF- and HB-EGF-induced 
phosphorylation of growth factor receptors and downstream 
cell signaling molecules were examined in A172 cells, and the 
results are presented in Figure 3. In common to FACS analy-
sis, the expression of phosphorylated HER2, HER3 and HER4 
were undetectable in A172 cells (data not shown). However, 
treatment with neratinib blocked the phosphorylation of EGFR 
at position 1,068, which resulted in reduction in the phospho-
rylation of downstream signaling molecules such as MAPK 
and AKT in A172 cell line. Moreover, treatment with mi-
ransertib also resulted in reduced EGF- or HB-EGF-induced 
phosphorylation of EGFR, MAPK and AKT (Fig. 3).

Effect of selected agents on the migration of brain cancer 
cell lines

Increased migration is another hallmark of human cancers. 
Next, we examined the effect of various targeted agents on 
the migration of human brain cancer cell line A172, using In-

Figure 1. The expression levels of various growth factor receptors in human brain cancer cell lines determined by flow cytometry 
and represented as histograms. EGFR: epidermal growth factor receptor; HER: human epidermal growth factor receptor; c-MET: 
mesenchymal-epithelial transition factor; ALK7: anaplastic lymphoma kinase 7: CD44: cluster differentiation 44.
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Table 2.  IC50 Values of Various Agents on HBCCLs as Assessed by SRB Colorimetric Assay: (A) HER-Family Targeting TKIs and 
Other Downstream Signaling Molecules and (B) Other TKIs and Chemotherapeutic Agents

IC50 value (µM) % FBS LN-18 A172 U118MG T-98G
A
    Erlotinib (EGFR inhibitor) 2% 6.42 10.00 7.45 6.84

10% > 10.00 > 10.00 > 10.00 > 10.00
    Lapatinib (EGFR/HER2 inhibitor) 2% 1.08 10.00 5.60 3.25

10% 8.55 10.00 6.39 10.00
    Neratinib (EGFR/HER2/HER4 inhibitor) 2% 0.30 0.35 0.33 0.69

10% 1.55 1.12 0.44 1.94
    Afatinib (EGFR/HER2/HER4 inhibitor) 2% 1.11 1.24 1.49 1.85

10% 2.97 2.50 1.42 4.04
    Palbociclib (CDK4/CDK6 inhibitor) 2% 1.94 1.16 0.45 0.56

10% 2.07 4.69 2.46 4.78
    Dinaciclib (CDK1/CDK2/ CDK5/CDK9) 2% 0.006 0.004 0.014 0.013

10% 0.008 0.003 0.0125 0.010
    Ribociclib (CDK4/CDK6 inhibitor) 2% 1.62 5.76 1.43 5.50

10% 5.80 4.13 1.00 > 10.00
    Capmatinib (C-MET inhibitor) 2% > 10.00 > 10.00 4.22 > 10.00

10% > 10.00 > 10.00 > 10.00 > 10.00
    Dasatinib (Abl/Src/c-Kit) 2% 0.041 0.04 0.01 0.01

10% 1.80 2.96 0.10 0.06
    Stattic (STAT3 inhibitor) 2% 1.21 0.61 1.13 9.68

10% 3.76 0.72 1.00 > 10.00
B
    Ponatinib (Abl/ PDGFRα/VEGFR2/FGFR1 inhibitor) 2% 0.10 0.03 0.40 0.19

10% 0.41 0.19 0.88 0.42
    Entrectinib (TrkA/B/C/ROS/ALK inhibitor) 2% 0.11 0.78 1.19 0.95

10% 2.95 2.85 2.93 3.47
    AZD4547 (FGFR 1/2/3 inhibitor) 2% 1.61 0.01 4.90 0.39

10% 6.62 2.68 4.10 3.83
    Trametinib (MEK 1/2 inhibitor) 2% 0.02 0.01 0.17 0.12

10% 6.29 0.105 0.04 >10.00
    Selumetinib (MEK/ERK1/ERK2 inhibitor) 2% > 10.00 6.72 > 10.00 >10.00

10% 8.40 4.39 4.20 >10.00
    Miransertib (AKT1/2/3 inhibitor) 2% 0.60 3.03 5.25 2.56

10% 3.25 8.17 1.66 9.90
    Lorlatinib (ALK/Ros1 inhibitor) 2% >10.00 9.50 > 10.0 8.76

10% 8.91 8.79 7.20 > 10.00
    Docetaxel (depolymerisation of microtubules) 2% 1.97 0.692 0.11 1.04

10% 0.002 1.797 1.44 1.25
    Paclitaxel (microtubule polymer stabiliser) 2% 0.12 0.015 0.018 0.01

10% 0.03 0.039 0.002 0.03

Each value is the mean of triplicate samples. IC50: 50% inhibitory concentration; SRB: sulforhodamine B; TKIs: tyrosine kinase inhibitors; STAT: signal 
transducer and activator of transcription; Abl: Abelson murine leukemia viral oncogene homolog; AKT: serine/threonine protein kinase; ALK anaplastic 
lymphoma kinase; c-MET: hepatocyte growth factor receptor; CDK: cyclin dependent kinase; EGFR: epidermal growth factor receptor; EPGN: epi-
thelial mitogen; FBS fetal bovine serum; FGFR: fibroblast growth factor receptor; HBCCLs: human brain cancer cell lines; HER: human epidermal 
growth factor receptor; PDGFR: platelet-derived growth factor receptor; VEGFR: vascular endothelial growth factor.
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cuCyte, and results are presented in Figure 4. In comparison to 
the positive control (i.e., no treatment, 10% FBS medium only) 
treatment with drugs such as neratinib (P = 0.016), dinaciclib 
(P = 0.013), stattic (P = 0.013), dasatinib (P = 0.017), trametin-

ib (P = 0.045) and paclitaxel (P = 0.013), was accompanied by 
reduction of the migration of A172 cells (Fig. 4). Values on the 
figure show whether there was statistical significance or no 
significance (NS).

Figure 2. Effect of doubling dilutions of various agents targeting HER family members and other cell signaling molecules on the 
growth of brain cancer cells when cultured in medium containing 2% FBS. Tumor cells that were examined when grown in control 
wells (i.e., only medium) were confluent. Each point represents the mean ± SD of the triplicate sample. FBS fetal bovine serum; 
HER: human epidermal growth factor receptor; SD: standard deviation.
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Treatment with a combination of neratinib with palbo-
ciclib or miransertib resulted in the synergistic growth 
inhibition of brain cancer cell lines

Next, the effect of neratinib in combination with other targeted 
agents on growth of HBCCLs were investigated. Treatment 
with the irreversible HER TKI neratinib in combination with 
the CDK4/6 inhibitor palbociclib resulted in the synergistic 
growth inhibition of all three HBCCLs (Table 4). In addition, 
treatment with a combination of neratinib and AZD4547, ner-
atinib and trametinib, or neratinib with miransertib has result-
ed in synergistic or additive growth inhibition of these brain 
cancer cells lines. These effects were similar when the tumors 
were growing at both a higher rate (i.e., 10% serum) and slow-
er rate (i.e., 2% serum) (Table 4). In contrast, treatment with a 
combination of neratinib with dinaciclib resulted in synergistic 
growth inhibition of T-98G cells, but the same combination 
was antagonistic in LN-18 and A172 cells (Table 4). Finally, 
treatment with neratinib in combination with the remaining 

targeted agents resulted in the synergistic growth inhibition of 
some of the HBCCLs, however the same combinations were 
antagonistic in other brain cancer cells.

The expression of CD44 may be of predictive value of the 
response to treatment with dasatinib and trametinib

The association between the expression level of various growth 
factor receptors and their response to treatment with various 
agents was assessed using SPSS software as shown in Table 
5. There was no correlation between the expression level of 
EGFR and HER2 and the response to various targeted agents. 
The expression of HER3 and HER4 were negative in HBC-
CLs, and therefore the correlation study was not performed. 
However, there were some statistically significant associations 
between CD44 expression and the response to treatment with 
Abl/Src/c-Kit inhibitor dasatinib (R2 = 0.904, P = 0.032) and 
MEK 1/2 inhibitor trametinib (R2 = 0.904, P = 0.049), when 
human BCCLs were cultured in medium containing 10% and 

Table 3.  Effect on Cell Cycle Distribution on LN-18, U118MG, A172 and T-98G Cells Following Treatment With HER-Family Inhibitor 
Neratinib in Combination With Various Agents

Cell lines
Cell cycle phase (% of gated cells)

Treatment Sub G1 G0/G1 S G2/M
LN-18 Control 0.8 ± 0.02 73.7 ± 3.9 9.6 ± 0.9 15.07 ± 4.7

Neratinib 11.9 ± 1.1 71.59 ± 2.8 6.2 ± 0.9 8.8 ± 2.3
Dinaciclib 51.3 ± 7.5 33.5 ± 0.2 4.4 ± 1.1 9.7 ± 4.8
Dasatinib 3.9 ± 1.1 82.8 ± 8.2 9.0 ± 0.8 10.5 ± 0.4
Stattic 98.8 ± 0.3 0.81 ± 0.14 0.5 ± 0.01 0.15 ± 0.05
Paclitaxel 11.63 ± 3.9 59.6 ± 10.7 15.9 ± 1.9 13.3 ± 1.5

U118MG Control 6.9 ± 1.1 76.9 ± 6.9 12.2 ± 7.9 3.6 ± 0.7
Neratinib 5.6 ± 4.4 84.4 ± 0.6 6.05 ± 3.6 3.5 ± 1.0
Dinaciclib 42.7 ± 18.3 50.1 ± 13.3 5.4 ± 4.9 1.4 ± 0.3
Dasatinib 8.2 ± 4.4 88.3 ± 3.1 2.1 ± 0.7 1.0 ± 0.7
Stattic 37.5 ± 29.3 54.1 ± 19.8 8.1 ± 9.6 1.5 ± 1.7
Paclitaxel 22.1 ± 9.8 70.3 ± 13.2 10.4 ± 7.5 2.9 ± 0.05

A172 Control 2.8 ± 0.9 90.4 ± 1.8 4.1 ± 0.3 2.5 ± 0.01
Neratinib 45.1 ± 34.1 36.3 ± 13.3 18.5 ± 21.7 2.2 ± 2.2
Dinaciclib 67.7 ± 7.3 25.8 ± 1.08 7.3 ± 7.7 0.2 ± 0.3
Dasatinib 12.6 ± 5.6 72.3 ± 10.6 16.5 ± 20.5 1.3 ± 0.1
Stattic 9.1 ± 9.6 82.2 ± 4.5 6.8 ± 5.5 2.7 ± 1.4
Paclitaxel 55.6 ± 13.6 25.2 ± 6.4 12.4 ± 4.9 6.0- ± 3.2

T-98G Control 1.9 ± 1.04 88.9 ± 2.3 6.7 ± 1.5 2.6 ± 0.4
Neratinib 1.67 ± 0.7 83.1 ± 6.8 12.9 ± 8.2 3.2 ± 0.5
Dinaciclib 28.8 ± 0.5 3.2 ± 0.07 5.07 ± 0.02 59.7 ± 0.6
Dasatinib 14.1 ± 3.3 70.0 ± 2.0 13.4 ± 5.6 3.5 ± 0.9
Stattic 48.3 ± 65.7 41.5 ± 52.7 8.9 ± 12.2 1.5 ± 1.9
Paclitaxel 64.1 ± 18.8 25.8 ± 13.9 7.6 ± 2.9 1.9 ± 1.3

Each value is expressed as mean ± standard deviation (SD). HER: human epidermal growth factor receptor.
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Figure 3. Effects of tyrosine kinase inhibitors (TKIs) on cell signaling on brain tumor cell line A172 in the presence or absence 
of ligands. The cells were cultured in 10% FBS DMEM medium to near confluency. Cells were washed once with 0.5% FBS 
DMEM medium and incubated with selected agents (400 nM) for 1 h and then stimulated with 30 nM ligands (EGF or HB-EGF) 
for 15 min. Cells were then lysed, separated using SDS-PAGE, transferred onto PVDF membranes, probed with the antibod-
ies of interest, and visualized using LI-COR software. DMEM: Dulbecco’s modified Eagles medium; SDS-PAGE: sodium 
dodecyl sulfate polyacrylamide gel electrophoresis; PVDF: polyvinylidene fluoride; EGF: epidermal growth factor; HB-EGF: 
heparin-binding EGF-like growth factor; EGFR: epidermal growth factor receptor; MAPK: mitogen-activated protein kinase; 
AKT: serine/threonine protein kinase; STAT3: signal transducer and activator of transcription 3; SRC: proto-oncogene tyrosine 
kinase SRC.

Figure 4. The effect of various agents on migration of brain cancer cell line A172. Migration is determined using the IncuCyte 
Clear View 96 well IncuCyte Chemotaxis system. Cells were seeded into the top layer of a 96-well cell migration assay plate in 
0.5% FBS DMEM together with TKIs at IC50 concentrations, while 10% FBS DMEM (chemoattractant) was added to the bottom 
layer. Cells were incubated at 37 °C for 48 h, with images taken from chamber wells and were analyzed every 3 h for 48 h using 
the IncuCyte chemotaxis software. Most TKIs inhibited migration of A172 cell line, to varying degrees. Each point is a representa-
tive of the mean ± SD of triplicate samples. NS: not significant; IC50: 50% inhibitory concentration; TKIs: tyrosine kinase inhibitors; 
SD: standard deviation; FBS fetal bovine serum; DMEM: Dulbecco’s modified Eagles medium.
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2% serum respectively (Table 5).

Discussion

Despite the major advances in early diagnosis and treatment of 

various types of human cancers, brain cancer remains one of 
the most aggressive and lethal forms of cancer [1]. Currently, 
there are no curative treatment options for GB (glioblastoma 
multiforme (GBM)), and the survival rate of patients diag-
nosed with GBM remains one of the lowest for patients with 
various types of cancers [19]. In the past few decades, aberrant 

Table 4.  The Effect of Treatment With the Pan-HER Family Inhibitor Neratinib When Used In Combination With Other Drugs on Cell 
Lines LN-18, A172 and T-98G

Drug combination
Combination index mean (range)

LN-18 A172 T-98G
10% 2% 10% 2% 10% 2%

Neratinib Palbociclib 0.43 0.18 0.68 0.45 0.34 0.88
Dinaciclib 3.78 1.14 1.12 1.06 0.84 0.61
Capmatinib 0.28 0.35 1.47 1.15 0.60 0.78
Dasatinib 0.75 1.78 1.82 0.71 0.75 0.88
Stattic 0.83 0.71 0.72 1.2 9.17 0.78
Ponatinib 0.63 0.97 3.1 0.97 0.99 0.85
AZD4547 1.01 0.25 1.1 0.08 0.58 0.18
Trametinib 0.89 0.77 1.02 1.15 0.91 0.26
Miransertib 0.24 0.52 0.59 0.70 0.91 0.21
Paclitaxel 0.34 1.44 1.27 0.87 1.37 0.85

Combination Index < 0.9 = synergistic effect, 0.9 - 1.1 = additive effect, > 1.1 = antagonistic. HER: human epidermal growth factor receptor.

Table 5.  Linear Regression Analysis of the Expression of Various Receptors Against the Sensitivity of Human Brain Cancer Cell 
Lines to Treatment With Various TKIs, CDK Inhibitors, STAT3 Inhibitor and Cytotoxic Agents

Drugs/cell sur-
face markers

2% 10%
EGFR HER2 CD44 EGFR HER2 CD44
R2 (P value) R2 (P value) R2 (P value) R2 (P value) R2 (P value) R2 (P value)

Erlotinib 0.784 (0.114) 0.717 (0.153) 0.221 (0.530) N/A N/A N/A
Lapatinib 0.901 (0.051) 0.634 (0.204) 0.070 (0.735) 0.019 (0.863) 0.528 (0.273) 0.125 (0.647)
Neratinib 0.164 (0.595) 0.069 (0.737) 0.372 (0.390) 0.531 (0.271) 0.023 (0.850) 0.004 (0.941)
Afatinib 0.042 (0.796) 0.011 (0.897) 0.775 (0.120) 0.461 (0.321) 0.047 (0.783) 0.004 (0.939)
Palbociclib 0.107 (0.673) 0.031 (0.824) 0.694 (0.167) 0.065 (0.745) 0.796 (0.108) 0.004 (0.939)
Dinaciclib 0.023 (0.849) 0.811 (0.099) 0.064 (0.746) 0.543 (0.263) 0.003 (0.947) 0.102 (0.681)
Ribociclib 0.049 (0.778) 0.837 (0.085) 0.007 (0.916) 0.476 (0.310) 0.036 (0.810) 0.021 (0.855)
Dasatinib 0.226 (0.525) 0.460 (0.322) 0.814 (0.098) 0.152 (0.610) 0.275 (0.475) 0.904 (0.032)
Stattic 0.297 (0.455) 0.012 (0.891) 0.405 (0.364) 0.560 (0.251) 0.002 (0.961) 0.251 (0.499)
Ponatinib 0.002 (0.958) 0.328 (0.428) 0.656 (0.190) 0.000 (0.985) 0.479 (0.308) 0.475 (0.311)
Entrectinib 0.272 (0.479) 0.066 (0.743) 0.507 (0.288) 0.128 (0.643) 0.126 (0.644) 0.288 (0.464)
AZD4575 0.023 (0.850) 0.481 (0.307) 0.212 (0.539) 0.557 (0.254) 0.692 (0.168) 0.024 (0.846)
Trametinib 0.000 (0.992) 0.145 (0.619) 0.904 (0.049) 0.813 (0.098) 0.039 (0.803) 0.090 (0.700)
Selumetinib N/A N/A N/A 0.856 (0.075) 0.051 (0.773) 0.052 (0.771)
Miransertib 0.455 (0.325) 0.008 (0.909) 0.308 (0.445) 0.001 (0.963) 0.610 (0.219) 0.000 (0.994)
Lorlatinib 0.047 (0.784) 0.303 (0.450) 0.139 (0.627) 0.310 (0.443) 0.136 (0.631) 0.005 (0.927)
Docetaxel 0.222 (0.529) 0.194 (0.560) 0.086 (0.707) 0.009 (0.953) 0.634 (0.204) 0.064 (0.747)
Paclitaxel 0.872 (0.066) 0.218 (0.533) 0.024 (0.846) 0.352 (0.407) 0.308 (0.445) 0.291 (0.461)

N/A: not available; TKIs: tyrosine kinase inhibitors; STAT: signal transducer and activator of transcription; CDK: cyclin dependent kinase; EGFR: 
epidermal growth factor receptor; HER: human epidermal growth factor receptor; CD44: cluster differentiation 44.
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expression and activation of HER family members have been 
reported in a wide range of cancers, and of these EGFR and 
HER2 are important targets for therapy with various types of 
monoclonal antibody-based products and small molecule ty-
rosine inhibitors [20, 21]. To date, TMZ is the only drug that 
has gained FDA approval for treatment for patients with brain 
cancer, and no HER inhibitors have yet been approved for the 
treatment of patients with brain cancers. The heterogenous na-
ture of brain cancer (i.e., intra- and inter-tumor heterogeneity) 
and its microenvironment, and activation with other redundant 
cell signaling pathways could be some of the factors respon-
sible for the primary or acquired resistance to treatment with 
the EGFR or other types of HER inhibitors in brain cancer [14, 
22, 23].

Increased proliferation, dysregulated cell-cycle progres-
sion and increased migration and invasion are important hall-
marks of human cancers [9]. Therefore, in this study and to 
our knowledge for the first time, we investigated the growth 
response of a panel of human GB cell lines to treatment with 
several agents targeting one or more members of the HER 
family, other growth factors receptor systems (e.g., PDGFRα 
and FGFR1/2/3, c-MET), different cell-cycle proteins (e.g., 
CDK4/6 inhibitor) and downstream cell signaling molecules 
(e.g., MEK1/2 or AKT1/2/3). Some of the agents investigated 
in this study, such as the irreversible pan-HER family blockers 
neratinib and afatinib or the CDK4/6 inhibitor palbociclib, have 
already been approved for the treatment of patients with other 
types of cancer, such as lung or breast cancers [24, 25]. Of the 
HER family inhibitors, treatment with neratinib and afatinib, 
which are irreversible pan-HER inhibitors, were more effec-
tive than treatment with reversible EGFR-specific erlotinib 
and reversible dual EGFR/HER-2 TKI lapatinib, in inhibiting 
growth for all four brain cancer cell lines. Moreover, treatment 
with neratinib also inhibited the ligand-induced phosphoryla-
tion of EGFR in A172 cells, which unlike other pHER2- and 
pHER3-positive human breast (SKBR3) and stomach (N-87) 
cancer cell lines, were pHER2- and pHER3-negative [26]. In-
deed, neratinib has already been approved for the treatment of 
patients with HER2-positive breast cancer, who received two 
or more prior anti-HER2-based therapy [27]. Neratinib was 
found to be effective in the treatment of HER2-positive breast 
cancer with brain metastases although no significant benefit 
was seen in quality of life due to the toxicity [28]. More recent-
ly, the OS after anti-HER2 trastuzumab therapy (ExtesNET) in 
HER2-positive breast cancer in the extended adjuvant setting 
was found to be comparable for neratinib and placebo, after a 
median follow-up of 8.1 years. These studies highlight the im-
portance of investigating the therapeutic benefit of neratinib in 
combination with agents against other cells signaling pathways 
and molecules in human cancers [29]. In another study, using 
an unbiased computational prioritization coupled with high-
throughput screening, Houweling et al examined treatment 
of 25 patient-derived GBM cultures, with 15 out of 43 drug 
combinations resulting in synergistic interaction. In particular, 
they found that treatment with a combination of dual EGFR/
HER2 inhibitor lapatinib and thapsigargin (Ca2+ ATPase) and 
lapatinib with obatoclax mesylate (BCL2 and MCL1) resulted 
in highest synergistic effect, with the apoptosis pathway being 
suggested to be one of the mechanisms involved in long-term 

effect in GBM cells [30].
A common feature of almost all human cancers is the dys-

regulation and over activation of CDKs, and to date three dif-
ferent CDK4/6 inhibitors have been approved for the treatment 
of metastatic hormone receptor-positive breast cancer [31]. 
Therefore, in this study we examined the effect of different 
CDK inhibitors on the growth of brain cancer cell lines when 
used alone or in combination with the irreversible pan-HER 
inhibitor neratinib. Of all agents examined, the CDK1/2/5/9 
inhibitor dinaciclib was the most potent agent and inhibited 
the proliferation of all four HBCCLs more effectively than 
the CDK4/6 inhibitors palbociclib and ribociclib (Table 2). In 
another study, Buzzetti et al have also found that dinaciclib 
was more effective than palbociclib in inhibiting the growth of 
medulloblastoma cells [32]. Interestingly, while treatment with 
neratinib in combination with dinaciclib resulted in slight to 
moderate antagonism in two of the HBCCLs, treatment with a 
combination of neratinib and palbociclib resulted in synergis-
tic growth inhibition of all three HBCCLs (Table 4). As both 
neratinib and palbociclib have already been approved for the 
treatment of patient with breast cancer, and treatment with a 
combination of these two drugs resulted in synergistic growth 
inhibition of all three HBCCLs, treatment with neratinib in 
combination with palbociclib may also be of therapeutic value 
in brain cancer by drug repurposing. Currently, clinical trials 
with both agents as monotherapy are underway in patients with 
GB (NCT02977780 and NCT05432518). Therefore, further 
investigation is warranted to determine the therapeutic poten-
tial of such drugs when used in combination [33, 34].

The downstream signaling protein Src is a known key 
signaling pathway inducer of several membrane bound acti-
vated receptors, including EGFR. SRC/c-kit/Abl inhibitor da-
satinib inhibited the growth of all four HBCCLs with IC50 of 
≤ 3 µM. Interestingly, treatment with dasatinib was more ef-
fective in inhibiting the growth of HBCCLs when they were 
growing at slower rate (i.e., in medium containing lower serum 
concentration). In one study, treatment with dasatinib mono-
therapy in a phase II clinical trial in target-selected patients 
with recurrent GB was found to be ineffective, supporting the 
importance of treatment with a combination of agents [35]. 
Indeed, treatment with dasatinib in combination with TMZ 
resulted in clinical benefits in children with central nervous 
system tumors [36]. In this study, we found that treatment with 
a combination of neratinib and dasatinib resulted in synergistic 
growth inhibition in T-98G investigated under different serum 
concentration. However, the same combination was found to 
be antagonistic in LN-18 and A172 cells, which were cultured 
in the medium containing 2% and 10% serum, respectively, 
highlighting the complex and heterogeneous nature of brain 
cancer (Table 4).

CD44 has been shown to be an important biomarker in 
many types of cancers and is a putative brain cancer stem cell 
marker. In one study, Wang et al found CD44 expression may 
be associated with invasion and migration of glioma [37]. In 
this study, we found the expression of CD44 to be high in three 
of the four human brain cancer cell lines (Table 1). Notably, 
we found a statistically significant association between the 
expression CD44 and response of HBCCLs to the treatment 
with dasatinib when such cancer cells were grown at higher 
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rate (Table 5). Therefore, our results suggest that expression of 
CD44 may be of potential predictive value for the response to 
treatment to dasatinib in brain cancer.

Of the other targeted agents employed in our study, the 
AKT1/2/3 inhibitor miransertib inhibited the growth of all 
HBCCLs as a single agent. In particular, treatment with a com-
bination of neratinib with miransertib was accompanied by the 
synergistic growth inhibition of all HBCCLs (Table 4). Treat-
ment with miransertib also reduced the EGF and HB-EGF 
phosphorylation of AKT in A172 cells (Fig. 3). Moreover, in 
another study, we found that treatment with a combination 
of the irreversible pan-HER blocker afatinib and miransertib 
resulted in synergistic growth inhibition of a panel of human 
gastric cancer cell lines [26]. While AKT pathway is one of the 
critical signaling outputs of EGFR and HER pathways, to our 
knowledge there has been no study of the therapeutic potential 
of the irreversible pan-HER family inhibitor such as neratinib 
when used in combination with miransertib in brain cancer 
[38]. Taken together, our results support that treatment with a 
combination of the irreversible pan-HER family blocker ner-
atinib in combination with the AKT inhibitor miransertib may 
be of therapeutic value in brain cancer.

The coexpression of other growth factor receptors and 
over-activation of downstream cell signaling molecules have 
been associated with resistance of tumor cells to treatment 
with the HER inhibitors and cytotoxic drugs [12, 39-42]. The 
expression levels of ALK and c-MET were found to be very 
low in brain cancer cells, which is in concordance with the 
poor response of all four HBCCLs to the treatment with the 
c-MET inhibitor (capmatinib) and ALK inhibitor (lorlatinib) 
(Table 2). However, neratinib in combination with c-MET TKI 
capmatinib resulted in synergistic growth inhibition of LN-18 
and T-98 cells, but the same combination was antagonistic in 
A172 cells, highlighting the complex biology and heteroge-
neous nature of brain cancer. While there has been no study 
of treatment with a combination of neratinib and capmatinib 
in patients with brain cancer, there is currently an ongoing 
clinical trial (NCT05243641) examining of this combinational 
treatment in patients with breast cancer, and the results should 
reveal the therapeutic potential of such combinations in pa-
tients with other solid tumors. Finally, in addition to increased 
proliferation, increased motility is another hallmark of human 
cancers. Therefore, in this study, we examined the effects of 
these targeted agents on the migration of the brain cancer cell 
line A172 cells, which was found to be the only migratory cell 
line. We found that treatments with the targeted agents such as 
stattic, neratinib, trametinib were more effective than other tar-
geted agents by inhibiting the migration of A172 cells (Fig. 4).

In conclusion, of targeting agents employed in this 
study, we found that the irreversible pan-HER TKI neratinib, 
CDK1/2/5/9 inhibitor dinaciclib and the Src targeting TKI 
dasatinib were the most effective at inhibiting the growth of 
brain cancer cells, blocking cell signaling through HER fam-
ily members and reducing the migration of brain cancer cells. 
Interestingly, treatment with the irreversible pan-HER family 
blocker neratinib in combination with the CDK4/6 inhibitor 
palbociclib or the AKT1/2/3 inhibitor miransertib resulted in 
synergistic growth inhibition of all HBBCLs. We also found 
that the CD44 expression may be a predictive factor of the 

response to treatment with stattic and trametinib. Taken to-
gether, our results suggest that treatment with the irreversible 
pan-HER inhibitor neratinib when used in combination with 
the CDK4/6 inhibitor palbociclib or the AKT1/2/3 miransertib 
may be of therapeutic value in brain cancer by repurposing 
such drugs.
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