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Abstract: This study characterizes the effects of epidermal growth factor receptor (EGFR) 
modulation of growth, metabolic activity, and aspartyl-asparaginyl-β-hydroxylase (ASPH) 
expression in immature central nervous system neuronal cells (PNET2), crosstalk with 
insulin/insulin-like growth factor (IGF)/insulin receptor substrate (IRS) and Notch 
networks, and the effects of ethanol exposure on EGFR-regulated responses. Validation 
studies were conducted with cerebellar tissue and slice cultures from a fetal alcohol 
spectrum disorder rat model. PNET2 cell growth, viability, metabolic function, and ASPH 
expression were supported by EGF, TGF-α, and TGF-β.  Those effects were associated 
with increased tyrosine phosphorylation of EGFR. TGF-β exhibited stimulatory crosstalk 
with the IGF1 pathway and Notch transcription factors, whereas EGF and TGF-α had 
inhibitory effects on INSULIN and IGF1 receptor and IRS1 mRNA.  Ethanol exposure 
significantly inhibited EGF, TGF-α, and TGF-β-stimulated pY-EGFR, PCNA, and ASPH 
expression in PNET2 and rat cerebellar slice cultures. The findings herein establish that 
EGFR pathways regulate critical functions in immature CNS neuronal cells, including ASPH, 
which mediates cell migration during development. Crosstalk between EGF or TGF-α and 
insulin/IGF networks was largely inhibitory, whereas between TGF-β and insulin/IGF or 
Notch networks, the crosstalk was stimulatory. Ethanol’s prominent inhibitory effects on 
EGFR networks and activation of ASPH likely contribute to the FASD-associated 
impairments in cerebellar development and function. Therapeutic measures that fortify 
EGFR signaling through Notch and ASPH may reduce the adverse effects of prenatal 
alcohol exposure on the brain. 

Keywords: fetal alcohol spectrum disorder, epidermal growth factor, notch, cerebellum, 
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INTRODUCTION 

Prenatal alcohol exposures cause characteristic craniofacial dysmorphic features together 

with sustained structural and functional brain pathologies linked to neurocognitive and 

neurobehavioral deficits. These adverse effects of alcohol are collectively termed fetal 

alcohol spectrum disorder (FASD) [1-4]. Binge or chronic alcohol exposures during 

development cause FASD, but the severity of abnormalities is dose-, duration-, and timing-

dependent [5, 6].  The cerebellum is one of the major targets of alcohol-related brain 

damage [2, 7]. In addition to its toxic and degenerative effects on growth and survival, 

ethanol impairs neuronal migration, plasticity, circuitry, and metabolism, which are broadly 

needed to support neurodevelopmental functions [8-11] including plasticity [12]. Prenatal 
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alcohol exposure also compromises the viability and function of glia [13-15], particularly 

oligodendrocytes [16], which are required for myelin formation. Subsequent reductions in 

the integrity and abundance of mature myelin mediate white matter hypotrophy [15, 17, 

18] and contribute to cognitive and motor deficits in FASD due to compromised speed of 

conductivity, and loss of axonal and dendritic inter-neuronal connections [15, 17, 18].   

 Previous studies have demonstrated the importance of insulin and insulin-like growth 

factor (IGF) signaling in neurodevelopment, and that major adverse effects of prenatal 

alcohol exposure include impairments in insulin and IGF signaling [19-21]. Insulin and IGF 

mediate broad functions in the brain, supporting neuronal growth, survival, plasticity, 

energy metabolism, and migration [22, 23]. These effects are mediated by downstream 

signaling via PI3K-Akt and mTOR [23]. Ethanol’s inhibitory effects on insulin- and IGF-

regulated functions in the immature brain have been linked to impairments in signaling at 

multiple levels of the cascade, beginning with receptor tyrosine phosphorylation and 

extending downstream through insulin receptor substrate, PI3K, and Akt [22, 23]. In addition 

to inhibiting Akt, GSK-3β is activated by various mechanisms, including inhibition of PI3K, 

increased oxidative stress, and increased activity of phosphatases, resulting in 

dephosphorylation and activation of GSK-3β. Further studies demonstrated that long-term 

effects of prenatal alcohol exposure include inhibition of signaling through mTOR, which 

also has diverse roles in regulating neuronal metabolic functions [24, 25].   

 An important downstream target of insulin/IGF signaling that is inhibited by prenatal 

alcohol exposure is aspartyl-asparginyl-β-hydroxylase (ASPH) [26-30]. ASPH is a critical 

regulator of immature cell growth and migration [31-34]. Ethanol-mediated inhibition of 

ASPH causes dose-dependent impairments in cerebellar neuron migration [28] and is linked 

to motor dysfunction [35].  ASPH is regulated at the mRNA and protein levels [36]. ASPH 

protein expression can be reduced via declines in mRNA transcript abundance or increased 

proteolytic degradation [26, 28]. Ethanol’s inhibitory effects on ASPH are linked to impaired 

signaling through insulin/IGF-IRS-Akt-mTOR (mechanistic target of rapamycin) networks 

[23]. ASPH functions by interacting with and hydroxylating epidermal growth factor (EGF)-

like domains expressed in key signaling molecules in the Notch pathway, including Notch 

and Jagged [36-39]. ASPH’s catalytic activity drives Notch signaling and promotes cell 

motility [31, 36].  This pathway and mechanism have been demonstrated to be functional 

both in development [35] and various malignancies [31, 40, 41] and inhibited by ethanol 

[29]. 

 Epidermal growth factor signaling regulates growth, survival, proliferation, and 

differentiation in various cell types.  EGF signaling is activated through the binding of trophic 

factor ligands and tyrosine phosphorylation of the EGF receptor (EGFR). EGF, a 53 amino 

acid peptide, is one of the main activators of EGFR signaling. Transforming growth factor-

alpha (TGF-α) and TGF-β are additional key trophic factors that regulate EGFR signaling 

networks. Both EGF and TGF-α activate Ras/MAPK, PI3K/Akt, mTOR, and JAK/STAT, 

promoting cell proliferation, differentiation, and survival [42-44]. TGF-β functions by 

indirectly transactivating the EGFR, promoting cell migration and invasion [45, 46].  EGFR 

signaling likely plays important roles in neurodevelopment, particularly in the cerebellum, 

based on expression patterns [47]. Therefore, crosstalk between insulin/IGF and EGF 

pathways is an important consideration for brain development.  
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 Publications on prenatal alcohol exposure effects on EGFR signaling in the brain are 

relatively scant. However, exploratory studies suggested that ethanol inhibits EGFR signaling 

in the CNS. Although it is known that ASPH functions by interacting with EGF-like domains 

to trigger signal transduction cascades involving Notch [31, 36, 39, 48], its effects on EGFR 

pathways have not been studied. It is noteworthy that many malignancies with prominently 

activated EGFR signaling overexpress ASPH [41, 49-51].  Therefore, it is hypothesized that 

developmental ethanol exposure inhibits CNS EGFR signaling networks by reducing trophic 

factor-mediated tyrosine phosphorylation of the EGFR. Attenuation of downstream 

pathways reduces ASPH expression and Notch activation.  Ethanol’s inhibitory effects on 

EGFR could be mediated by reduced kinase or increased phosphatase activation, and/or 

reduced EGFR expression, all of which have been demonstrated for insulin and IGF-1 

signaling in FASD models [26, 28, 52, 53].  

 Since the published literature on neuronal EGFR signaling during development was 

extremely scant, the first objective of this study was to characterize the effects of EGF, 

TGF-α, and TGF-β stimulation on growth, metabolic activity, EGFR signaling, and ASPH 

expression in human immature CNS neuronal cells of cerebellar origin (PNET2 cells). The 

second goal was to examine crosstalk between EGFR-activated signaling and insulin/IGF and 

Notch pathways. The third objective was to examine the effects of ethanol exposure on 

EGFR signaling in PNET2 cells and to validate these findings using in vivo and ex vivo 

experimental models of FASD.   

 

METHODS 

Growth Factor Stimulation Studies 

Human PNET2 CNS-derived cerebellar neuronal cells [54] were maintained in antibiotic-free 

Dulbecco’s modified Eagle’s Medium (DMEM) supplemented with 5% fetal bovine serum 

(FBS), 4mM glutamine, and 4.5g/L glucose, and in a standard 5% CO2 incubator.  

 To study the effects of growth factor stimulation on cell growth, metabolic activity, 

and viability, freshly seeded subconfluent 96-well cultures containing 4000 viable (Trypan 

blue-excluded) cells per well in 100µL of culture medium were serum-deprived overnight, 

then stimulated for 24 hours with 1-10% FBS, or 1-10 ng/mL EGF, IGF-1, TGF-α, or TGF-β 

(Supplementary Table 1; Table S1). To further examine the role of EGF pathway signaling in 

relation to cell growth and viability, PNET2 96-well cultures were treated with a dose range 

of EGFR (AG1478 and GEFINTIB) or Notch (ZLDI-8-ADAM17 and GI 254023X/ADAM10) 

inhibitors for 24 hours (Table S1). The treated cultures were assayed for metabolic activity 

and viability. 

 

Table 1: ANOVA – AUC Results for PNET2 Cell Trophic Factor Stimulation 

Index F-Ratio p-Value 

MTT 56.25 0.001 

H33342 306.9 <0.0001 

MTT/H33342 129.3 0.0002 
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Table S1: Trophic Factors and Inhibitors  

Compound Source Company Location Catalogue# Concentration  

Insulin Novolin-

R 

Novo Nordisk 

Pharmaceutical 

Bagsvaerd, Denmark U 100, NDC 0169-

1833-11 

0.1-1.0 IU/mL 

IGF-1 MilliporeSigma St. Louis, MO USA I3769 10 ng/mL 

EGF MilliporeSigma St. Louis, MO USA SRP3027 10 or 20 ng/mL 

TGF-α Abcam Cambridge, MA USA ab283419 20 or 20 ng/mL 

TGF-β Abcam Cambridge, MA USA ab50036 10 or 20 ng/mL 

AG-1478 Selleckchem Houston, TX USA S2728  3.125-100 µM 

Gefitinib  Selleckchem Houston, TX USA S1025 0.0625-2 µM 

ZLDI-8 MedChemExpress Monmouth Junction, NJ USA HY-123931 3.125-100 µM 

GI254023X MedChemExpress Monmouth Junction, NJ USA HY-19956 0.625-20 µM 

Trophic factors and inhibitor compounds used in cell culture. IGF-1=insulin like growth factory, type 

1; EGF= epidermal growth factor; TGF-α = transforming growth factor-alpha; TGF-β = transforming 

growth factor-beta; AG-1478 and Gefitinib = EGFR inhibitors; ZLDI-8 and GI254023X = Notch 

inhibitors. 

 

Materials 

Critical chemicals and reagents are listed in Table S2.  All other fine reagents were 

purchased from CalBiochem/Millipore Sigma (Burlington, MA, USA), Pierce Chemical (Dallas, 

TX, USA), or MilliporeSigma (St. Louis, MO, USA). 

 

Table S2: Critical Reagents 

Material/Reagent/Equipment Source Company Location 

Materials and Instruments 

Modular Incubator Chamber Embrient, Inc. San Diego, CA USA 

Shandon Cytospin 3 Marshall Scientific,  Hampton, NH, USA 

Spectra-Max M5 Multimode Plate Reader  Molecular Devices Sunnyvale, CA, USA 

MaxiSorp 96-well plates Thermo-Fisher Scientific Bedford, MA USA 

Luminex MAGPIX Instrument Diasorin Austin, TX USA 

Cellular and Immunoassay Reagents 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) (#M5655) 

MilliporeSigma St. Louis, MO, USA 

Hoechst 33342 (H3570) MilliporeSigma St. Louis, MO, USA 

Crystal Violet Thermo Scientific Chemicals Haverhill, MA, USA) 

Cytoseal 60 Mounting Medium Epredia Inc Portsmouth, NH USA 

Bicinchoninic Acid Assay Reagents  Thermo-Fisher Scientific Bedford, MA USA 

Superblock TBS Thermo-Fisher Scientific Bedford, MA USA 

Proton Biotin Protein Labeling Kit Vector Laboratories Newark, CA, USA 

Horseradish peroxidase-conjugated secondary antibodies Thermo-Fisher Scientific Bedford, MA USA 

Amplex UltraRed Soluble Fluorophore Life Technologies Carlsbad, CA, USA 

Alkaline phosphatase streptavidin Vector Laboratories Newark, CA, USA 

4-Methylumbelliferyl phosphate Life Technologies Carlsbad, CA, USA 

ImmPRESS Peroxidase Polymer Detection Reagents  Vector Laboratories Newark, CA, USA 

Streptavidin Cyanine5 (Cy5) Dye Thermo-Fisher Scientific Bedford, MA USA 

Commercial Kits and Reagents for Multiplex Assays 

Qiazol Lysis Reagent Qiagen Germantown, MD USA 

Quantigene Plex Panels Invitrogen-Thermo-Fisher Scientific Bedford, MA USA 

xMAP Reagents MilliporeSigma St. Louis, MO, USA 

 

Cellular Metabolic Activity and Viability 

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (#M5655, 

MilliporeSigma, St. Louis, MO, USA) assay for measuring metabolic function was performed 
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in 96-well cultures (100 μL) by adding 10µL/well of freshly prepared MTT solution (5 mg/mL 

in MEM without phenol red). After 20 minutes of incubation at 37°C in a 5% CO₂ atmosphere, 

the culture medium was replaced with 100µL of acidic isopropanol (0.04 mol/L 

HCl/isopropanol) to elute the reaction product (5 minutes incubation at room temperature). 

The absorbances were measured at 540nm in a Spectra-Max M5 Multimode Plate Reader 

(Molecular Devices, Sunnyvale, CA, USA). Hoechst dye staining measured cell number 

(growth) in the same wells as the MTT assay, enabling calculation of metabolic function 

adjusted for cell number. For this assay, the MTT eluate buffer was replaced with 50µL of 

10µg/mL Hoechst 33342 dye (H3570, Invitrogen, fluorescence Carlsbad, CA, USA) in 

phosphate-buffered saline (PBS). After 5 minutes of room-temperature incubation with light 

shielding, fluorescence intensity (Ex 360 nm/Em 460 nm) was measured in a Spectra-Max M5 

Multimode Plate Reader (Molecular Devices, Sunnyvale, CA, USA).   

 Parallel cultures were identically treated and assayed for cell viability by crystal 

violet staining as previously described [55]. In brief, after removing the culture medium and 

rinsing with PBS, the cells were stained with 50µL of Crystal Violet (Thermo Scientific 

Chemicals, Haverhill, MA, USA) solution (0.5% crystal violet in 100 mL 20% methanol) for 10 

minutes at room temperature.  After removing excess crystal violet by thorough washing in 

distilled water, the plates were air-dried, and the cellular Crystal violet dye was eluted with 

200µL methanol. Absorbances were measured at 570 nm in a Spectra-Max M5 Multimode 

Plate Reader (Molecular Devices, Sunnyvale, CA, USA).  

 

Cellular Morphology 

Cytospin preparations of PNET2 cells were used for cytomorphological studies. Cultured cells 

were detached, dissociated with trypsin-EDTA, pelleted, and re-suspended in culture 

medium containing 0.5% FBS to prevent non-specific lysis. Approximately 0.5x105 viable cells 

were centrifuged onto Plus-charged glass microscope slides at 600 rpm for 5 minutes at room 

temperature, using a Shandon Cytospin 3 Cytology Centrifuge (Marshall Scientific, Hampton, 

NH, USA). The slides were immediately submerged in 10% neutral-buffered formalin for cell 

fixation. After staining with Crystal violet, the cells were rapidly dehydrated through graded 

ethanol solutions and preserved under coverglass with Cytoseal 60 mounting media (Epredia; 

REF# 8310-4) for light microscopic examination.  

 

Immunoassays of Protein Expression 

To measure immunoreactivity by duplex ELISA, the cultured cells were homogenized in weak 

lysis buffer (50 mM Tris (pH 7.5), 150 mM NaCl, 5 mM EDTA (pH 8.0), 50 mM NaF, 0.1% Triton 

X-100) containing protease inhibitor cocktail (1mM PMSF, 0.1 mM TPCK, 2 µg/ml aprotinin, 

2 µg/ml pepstatin A, 1 µg/ml leupeptin) and a phosphatase inhibitor [sodium vanadate]. 

The homogenates were centrifuged at 14,000 rpm for 10 minutes at 4°C to obtain clarified 

supernatants, which were used in protein assays.  Protein concentration was measured with 

the bicinchoninic acid (BCA) assay.   

 The antibodies used in these assays are listed in Table S3. For the direct binding 

ELISAs, samples containing 50ng protein in 50µL of bicarbonate-binding buffer were 

distributed into 96-well MaxiSorp plates for overnight adsorption at 4°C. Superblock TBS was 

used to mask non-specific binding sites. Sequential incubations with primary antibodies (0.2-
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5.0 µg/ml; overnight at 4°C), horseradish peroxidase-conjugated secondary antibody, and 

Amplex UltraRed soluble fluorophore were used to detect immunoreactivity, which was 

measured in a SpectraMax M5 Multimode Plate Reader (Molecular Devices, Sunnyvale, CA, 

USA) (Ex 530 nm/Em 590 nm). Parallel reactions measured immunoreactivity to large acidic 

ribosomal protein (RPLPO) as a housekeeping control [56]. All assays were performed in 

triplicate. The calculated ratios of target to control protein or protein content in the wells 

were used for inter-group statistical comparisons. 

 

Table S3: Antibodies Used in ELISAs 

Antibody Targets* Source Concentration Source Company 

Location 

Catalogue# RRID 

EGFR (EP38Y) Mouse 0.208 µg/mL Abcam Cambridge, 

MA USA 

ab52894 AB_869579 

Phospho-EGF Receptor 

(Ser1046/1047)  

Rabbit 0.016 µg/mL Cell Signaling 

Technology 

Danvers, 

MA 

#2238 AB_331129 

Phospho-EGF Receptor 

(Tyr1068) 

Rabbit 0.6 µg/mL Invitrogen (Thermo-

Fisher Scientific) 

Carlsbad, 

CA USA 

44-788G AB_331792 

PCNA Mouse 0.5 µg/mL BD Biosciences Milpitas, CA 

USA 

610664 AB_397991 

ASPH-A85G6 Mouse 1.3 µg/mL Liver Research Center 

Brown University 

Health 

Providence, 

RI USA 

LRC-A85G6 N/A 

ASPH-FB50 Mouse 0.845 µg/mL Liver Research Center 

Brown University 

Health 

Providence, 

RI USA 

LRC-FB50 N/A 

p44/42 MAPK (Erk1/2) Rabbit 0.1 µg/mL Cell Signaling 

Technology  

Danvers, 

MA 

9102 AB_330744 

Phospho-p44/42 MAPK 

(Erk1/2) 

(Thr202/Tyr204) 

Rabbit  0.5 µg/mL Cell Signaling 

Technology  

Danvers, 

MA 

4370 AB_2315112 

RPLPO Mouse 0.1 µg/mL Santa Cruz 

Biotechnology 

Dallas, TX 

USA 

sc-293260 AB_628218 

*EGFR=epidermal growth factor receptor; pS-EGFR = Serine phosphorylated EGFR; PCNA = 

proliferating cell nuclear antigen; ASPH-A85G6 = aspartyl-asparaginyl-β-hydroxylase full length 

protein with catalytic domain; ASPH-FB50 = aspartyl-asparaginyl-β-hydroxylase truncated homolog 

missing catalytic domain; MAPK = Mitogen-activated protein kinase; RPLPO = large acidic ribosomal 

protein. 

 

Analysis of mRNA Expression 

A custom Quantigene 2.0 multiplex panel (Cat# 312185) measured mRNA transcript 

abundance corresponding to insulin/IGF and Notch pathway molecules (Table S4) with 

Hypoxanthine phosphoribosyltransferase 1 (HPRT1) included as the internal control. Total 

RNA was isolated from PNET2 cells using QIAzol Lysis Reagent (Qiagen, Germantown, MD 

USA). For the multiplex assays, xMAP fluorescent capture beads suspended in lysis buffer 

containing blocking reagent and RNA probe sets (pre-amplifier, amplifier, and biotin-label) 

were dispensed into 96-well plates and incubated overnight with 1µg of total RNA. Then, 

after incubating the samples with streptavidin-conjugated R-Phycoerythrin, fluorescent 

signals were quantified in a Luminex MAGPIX instrument (Diasorin, Austin, TX, USA) along 

with MAGPIX calibration and verification standards to ensure that the fluorescence signals 

were proportional to RNA transcript abundance captured by the beads. The net results after 

subtracting probe-related background from the target median fluorescence intensity were 

normalized to HPRT1 for intergroup statistical comparisons.  
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Table S4: QuantiGene 2.0 Plex  

Bead 

Number 

Gene 

Symbol 

Target Genes 

  Insulin/IGF/IRS Network Genes 

20 INS INSULIN 

46 IGF1 INSULIN-LIKE GROWTH FACTOR 1 (somatomedin C) 

14 IGF2 INSULIN-LIKE GROWTH FACTOR 2 (somatomedin A) 

28 INSR INSULIN RECEPTOR 

21 IGF1R INSULIN-LIKE GROWTH FACTOR 1 RECEPTOR 

13 IGF2R INSULIN-LIKE GROWTH FACTOR 2 RECEPTOR 

30 IRS1 INSULIN RECEPTOR SUBSTRATE 1 

12 IRS2 INSULIN RECEPTOR SUBSTRATE 2 

44 IRS4 INSULIN RECEPTOR SUBSTRATE 4 

  Notch Network Genes  

53 NOTCH1 NOTCH HOMOLOG 1, translocation-associated (Drosophila) 

35 JAG1 JAGGED 1 (Alagille syndrome) 

33 ASPH ASPARTATE BETA-HYDROXYLASE 

22 HES1 HAIRY AND ENHANCER OF SPLIT 1, (Drosophila) 

25 HEY1 HAIRY/ENHANCER-OF-SPLIT RELATED WITH YRPW MOTIF 1 

39 HIF1A HYPOXIA-INDUCIBLE FACTOR 1, ALPHA subunit (basic helix-loop-helix transcription factor) 

  Control Genes  

34 ABCG2 ATP-BINDING CASSETTE, sub-family G (WHITE), member 2 

43 CASR CALCIUM-SENSING RECEPTOR (hypocalciuric hypercalcemia 1, severe neonatal 

hyperparathyroidism) 

36 HPRT1 HYPOXANTHINE PHOSPHORIBOSYLTRANSFERASE 1 

54 RPL13A RIBOSOMAL PROTEIN L13A 

 

In Vitro Ethanol Exposure Model 

PNET2 cells were pretreated with 0 mM or 100 mM ethanol in T75 flasks for 72h, with media 

changed daily to maintain ethanol concentration. For the trophic factor stimulation studies, 

the cells were reseeded into 12-well plates in medium supplemented with 0.5% FBS and 

maintained at 37°C in sealed humidified Modular Incubator Chambers (Embrient, Inc, San 

Diego, CA, USA) in which 0mM or 100mM ethanol was vaporized from a reservoir tray 

(changed daily).  The sealed chambers were equilibrated with gas containing 75% N, 20% O2, 

and 5% CO2. After overnight adaptation to 0.5% FBS containing medium, the cells were 

stimulated with EGF, TGF-α, TGF-β, or FBS for 24 hours.  At the conclusion of the 

experiment, the cells were harvested for protein and RNA isolation.  Identically treated 6-

well cultures were used for cytospin preparations to evaluate the effects of ethanol and 

trophic factor stimulation of neuronal morphology.  

 

Ex vivo Ethanol Exposure Model 

Long Evans rat dams with litters were housed under standardized humane conditions, 

including a 12-hour light (7AM-7PM)/dark (7PM-7AM) cycle, controlled temperature (70°F- 

74°F), and free access to food.  The Institutional Animal Care and Use Committee (IACUC) 

at the Lifespan/Rhode Island Hospital approved the use of rats for these experiments. Our 

approved protocols followed the guidelines established by the National Institutes of Health.  

 Rat pups were used to generate FASD model for direct studies of cerebellar tissue 

and to generate ex vivo cerebellar slice cultures for examining the effects of ethanol on 

EGFR signaling and ASPH expression. The model was generated by binge-administering 

intraperitoneal injections of saline (vehicle control) or 2g/Kg of ethanol in 50 µL volumes 
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on postnatal days 4 (P4) and P6 [18]. On P7, the cerebella were harvested and hemi-sected 

in the mid-sagittal plane. One hemisphere was snap-frozen on dry ice and stored at -80 °C 

for subsequent studies. The other hemisphere was used for slice cultures [18, 57]. In brief, 

after chilling in ice-cold Hank’s Balanced Salt Solution (HBSS), the cerebella were sliced at 

250μm intervals using a McIlwain tissue chopper (Mickle Laboratory Engineering Co. Ltd, 

UK). The slices were separated under a dissecting microscope and cultured in 12-well Nunc 

plates (4 or 5 slices per well) that contained 200 µL DMEM supplemented with 10% heat-

inactivated FBS, 1X non-essential amino acids solution, 4mM L-glutamine, 4.5g/L glucose, 

25mM potassium chloride, 120U/mL Penicillin, 120µg/mL Streptomycin. The cultures were 

maintained at 37°C in a standard 5% CO2 incubator. After overnight incubation, the medium 

was changed, and the cultures were stimulated for 24 h with 0.5% FBS or with 20 ng/mL of 

EGF, TGF-α, or TGF-β.  At the conclusion of the experiment, the slices were harvested in 

weak lysis buffer containing protease and phosphatase inhibitors (see above). The clarified 

homogenates were stored at -80°C for immunoreactivity assays.  

 

Data Analysis 

The results were analyzed and graphed using GraphPad Prism 10.5 (San Diego, CA, USA). 

Inter-group comparisons were made with analysis of variance (ANOVA) and post hoc 

repeated-measures significance tests, or Welch T-tests. Statistical significance was set at p 

≤ 0.05. 

 

RESULTS 

EGF Pathway Stimulation of Neuronal Cells (Figure 1) 

To examine the effects of EGF pathway stimulation on CNS neuronal metabolic activity and 

viability, 96-well PNET2 neuronal microcultures were treated with a concentration range of 

FBS, EGF, TGF-α, TGF-β, or FBS (positive control). The effects of treatment were illustrated 

graphically and statistically compared using area under the curve analysis and one-way 

ANOVA (Table 1) with post hoc Tukey's Test (Figure 1). MTT activity increased with the 

concentration of FBS or trophic factor, but FBS consistently produced sharply higher levels 

of MTT relative to the specific trophic factors (Figure 1A). One-way ANOVA demonstrated 

significant inter-group differences for MTT responses (p=0.001). Post hoc tests revealed 

significantly higher levels of MTT in the FBS-stimulated relative to the other conditions, and 

reduced MTT in TGF-β relative to EGF- and TGF-α-stimulated cultures (Figure 1D).  H33342 

fluorescence, reflecting the culture cellular abundance, mainly increased with FBS 

concentration (Figure 1B). Inter-group comparison of the areas under the curve was 

significant (p<0.0001; Table 1) and notable for progressively higher cell densities in TGF-α, 

followed by TGF-β, and then FBS relative to EGF (Figure 1E). Although EGF stimulation had 

subtle effects on H33342 (cell density), the calculated MTT/H33342 ratios were sharply 

higher than with the other three culture conditions (Figure 1C). One-way ANOVA of the area 

under the curve data demonstrated significant inter-group differences (p=0.0002), and the 

post hoc test confirmed robust stimulatory effects of EGF on metabolic activity/cell number 

(MTT/H33342) relative to the other conditions (Figure 1F).   
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Figure 1: EGF Pathway Stimulation of PNET2 Neuronal Cells: Effects of increasing 

concentrations (ng/mL) of EGF, TGFα, and TGFβ, and percent FBS (0-10%) on (A) MTT 

activity, (B) H33342 fluorescence, and (C) MTT activity normalized to culture cell 

density (MTT/H33342). Graphs corresponding to the area-under-the-curve analysis of 

dose-dependent growth factor stimulation are shown in Panels (D) MTT, (E) H33342, 

and (F) MTT/H33342. Results (mean ± S.D.) were obtained from three replicate 

cultures per data point. Inter-group comparisons were made by one-way ANOVA with 

post hoc Tukey tests (see Table 1). Significant (p≤0.05) differences are displayed.  

FLU= fluorescence light units. 

 

EGFR Inhibitor Effects on Neuronal Metabolism and Growth 

To confirm the role of EGFR pathway activation for promoting neuronal metabolism and 

survival/growth, 96-well PNET2 cultures were treated with dose ranges of the EGFR 

inhibitors, AG1478 and Gefitinib (ZD1839) for 24 hours. AG1478 is a potent EGFR tyrosine 

kinase inhibitor that has an IC50 of 3 nM. Gefitinib (ZD1839) is an EGFR tyrosine kinase 

phosphorylation inhibitor that has an IC50 of 25 to 60 nM.  The dose-response curves were 

analyzed using log-linear regression to determine whether the slopes differed significantly 

from zero and to compute the coefficient of determination (R2) for the dose-response 
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relationship (Figure 2).  At the lowest concentrations, AG1478 (Figure 2A) and Gefitinib 

(Figure 2D) had modest effects on MTT activity, but as the doses approached and exceeded 

the IC50s, MTT activity progressively declined. Both slopes differed significantly from zero; 

for AG1478, the r2= 0.5788, and for Gefitinib r2= 0.3142. H33342 fluorescence remained 

relatively stable across most of the dose ranges but declined sharply above the AG1478 IC50s 

(r2= 0.8706; Figure 2B).  In contrast, H33342 fluorescence varied with dose but without a 

clear trend, accounting for the very low correlation, r2= 0.068 (Figure 2E).  The curves for 

MTT/H33342 were complex (Figures 2C, 2F). For cells treated with AG1478, overlap of 

reduced MTT with cell loss resulted in very low MTT/H33342 ratios. The tail-end increase in 

MTT/H3334 was due to greater cell loss compared with the decline in MTT. The biphasic 

curve produced an r2= 0.0452 (Figure 2C). The curves corresponding to Gefitinib’s effects 

on H33342 (Figure 2E) and MTT/H33342 (Figure 2F) were largely similar. These studies 

primarily demonstrate that EGFR inhibitors markedly inhibit MTT activity, suggesting that 

EGF pathway stimulation plays a dominant role in supporting neuronal metabolic function, 

followed by cell viability and growth. 

 
Figure 2: EGFR Inhibitor Effects on MTT Activity and H33342 Fluorescence. PNET2 96-

well cultures were treated with increasing concentrations of the (A-C) AG1478 or (D-F) 
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Gefintib EGFR inhibitor for 24h.  Each condition included 8 replicate cultures. Graphs 

show the mean ± S.D. of (A, D) MTT activity, (B,E) H33342 fluorescence, and (C, F) 

MTT/H33342. The curves were subjected to log-linear regression analysis to assess 

whether the slopes differed significantly from zero and to calculate the R-squared 

(goodness of fit). The results are shown in the tables above each graph. FLU= 

fluorescence light units. 

 

EGF Pathway Activation 

The next goal was to determine the effects of each trophic factor on EGFR signaling and 

potential downstream targets. ELISAs measured EGFR, tyrosine phosphorylated EGFR (pY-

EGFR), proliferating cell nuclear antigen (PCNA), a marker of cell growth, ASPH-A85G6, 

ASPH-FB50, and RPLPO with results normalized to protein content in the wells.  Results from 

5 replicate cultures were analyzed by one-way ANOVA (Table 2) and are displayed with 

boxplots/whiskers (Figure 3).  

 

Table 2: ANOVA Test Results of Trophic Factor-Stimulated PNET2 Cells  

Molecule F-Ratio p-Value 

EGFR 2.22 N.S. 

pY-EGFR 6.57 0.0014 

PCNA 6.31 0.0017 

ASPH-A85G6 4.21 0.0128 

ASPH-FB50 2.29 0.097 

RPLPO 0.73 N.S. 

PNET2 cells were stimulated with vehicle (0.5% FBS) or 10 nM EGF, TGF-α, or TGF-β. 

Immunoreactivity was measured by ELISA in 5 replicate cultures. Intergroup comparisons were 

made by one-way ANOVA with post hoc Tukey tests (See Figure 3). 

 

 Post hoc Tukey tests demonstrated significant trophic factor effects on pY-EGFR 

(Figure 3B), PCNA (Figure 3C), and ASPH-A85G6 (Figure 3D), and a statistical trend effect 

(0.05<p<0.10) was observed for ASPH-FB50 (Table 2; Figure 3E).  The levels of pY-EGFR were 

significantly elevated in EGF, TGF-α, and TGF-β stimulated cultures relative to vehicle 

(Figure 3B). PCNA was also significantly elevated in trophic factor-stimulated relative to 

vehicle, and TGF-α produced the greatest effect (Figure 3C). ASPH-A85G6 immunoreactivity 

was significantly increased by EGF compared with Vehicle, TGF-α, and TGF-β (Figure 3D).  

In contrast, the mean levels of EGFR (Figure 3A), ASPH-FB50 (Figure 3E), and RPLPO (Figure 

3F) were similar across the different culture stimulations. 
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Figure 3: EGF Pathway Activation: Effects of EGF, TGF-α, and TGF-β stimulation of (A) 

EGFR, (B) tyrosine phosphorylated EGFR (pY-EGFR), (C) proliferating cell nuclear 

antigen (PCNA), (D) full-length aspartyl-asparaginyl-β-hydroxylase (ASPH-A85G6), and 

(E) truncated ASPH (ASPH-FB50) expression were compared to Vehicle control (0.5% 

FBS). (F) RPLPO is a housekeeping control molecule. Immunoreactivity in 5 replicate 

cultures was measured in replicates of four by ELISA with results normalized to protein 

content. Inter-group comparisons were made by one-way ANOVA (Table 2) with post 

hoc Tukey tests. Significant differences (p≤0.05) are shown within the panels. FLU= 

fluorescence light units. 

 

EGF Pathway Crosstalk with Insulin/IGF Networks 

Neuronal growth, viability, metabolic function, and ASPH expression were shown to be 

strongly regulated by insulin/IGF-stimulated networks [22, 38, 58]. An important question 

was whether the stimulatory effects of EGF, TGF-α, and TGF-β on EGFR pathway activation 

were mediated by crosstalk with insulin/IGF signaling networks. The approach was to utilize 

custom Quantigene 2 panels to measure mRNA abundance associated with growth factor 

stimulation (See Methods; Table S4). Two-way ANOVA tests were clustered to compare the 
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effects of trophic factor stimulation on the expression of growth factors (INSULIN, IGF1, and 

IGF2), growth factor receptors (INSULINR, IGF1R, and IGF2R), and insulin receptor substrate 

molecules (IRS1, IRS2, and IRS4). Two-way ANOVA tests demonstrated significant effects of 

trophic factor stimulation (EGF, TGF-α, and TGF-β) on the expression of growth factors 

(INSULIN, IGF1, and IGF2), growth factor receptors (INSULINR, IGF1R, and IGF2R), and IRS 

genes (IRS1, IRS2, and IRS4).  

 

Table 3: PNET2 Cells- EGFR Pathway Crosstalk with Insulin/IGF/IRS Network 

Genes Pathway 

Genes  

(F-Ratio) 

p-

value 

Trophic Factor 

Stimulation 

(F-Ratio) 

p-value Pathway Genes x Trophic Factor 

Stimulation (F-Ratio) 

p-

Value 

INSULIN, IGF1, 

IGF2 

2.76 0.064 497.5 <0.0001 4.54 0.003 

INSULINR, 

IGF1R, IGF2R 

9.30 0.001 10.64 0.0001 2.32 0.066 

IRS1, IRS2, IRS4 3.910 0.021 525.0 <0.0001 1.51 N.S. 

PNET2 cells were stimulated with vehicle (0.5% FBS) or 10 nM EGF, TGF-α, or TGF-β. Gene 

expression was measured using a custom Quantigene 2.0 multiplex hybridization panel. Trophic 

factor genes included INSULIN, IGF1, and IGF2. Trophic factor receptor genes included INSULIN 

RECEPTOR (INSULINR), IGF1R, and IGF2R. Insulin receptor substrate (IRS) genes included IRS1, IRS2, 

and IRS4. Intergroup comparisons were made by two-way ANOVA with post hoc Tukey tests (See 

Figure 4). 

 
Figure 4: EGF Pathway Crosstalk with upstream components of insulin/IGF signaling 

networks: Experiments examined the effects of EGF, TGFα, and TGF-β relative to 

vehicle (0.5% FBS) on the expression of (A) INSULIN, (B) IGF1, and (C) IGF2 growth 

factors, (D) INSULINR, (E) IGF1R, (F) IGF2R, (G) IRS1, (H) IRS2, and (I) IRS4 mRNA 

transcripts. Gene expression was measured using a multiplex RNA hybridization panel 

with results normalized to housekeeping genes. Violin plots display the distribution of 

results from 4 replicate cultures per group. Inter-group comparisons were made by 
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one-way ANOVA (Table 3) and post hoc Tukey tests. Significant differences (p≤0.05) or 

statistical trendwise effects (0.05 < p < 0.10) are shown within the panels. 

 

 In addition, significant effects were observed with respect to the growth factor 

receptor and IRS genes, and interactions between trophic factors stimulation x the growth 

factor target genes (INSULIN, IGF1, and IGF2).  A statistical trend effect (0.05 < p <0.10) 

was also detected for the interaction between growth factor receptor genes x trophic factor 

stimulation (Table 3). The graphs and post hoc tests demonstrated significant intergroup 

differences restricted to IGF1, such that TGF-β significantly increased IGF1 mRNA relative 

to all other treatments, whereas under EGF stimulation, IGF1 was significantly reduced 

relative to the effects of TGF-β, and trendwise reduced relative to vehicle (Figure 4B).  The 

INSULIN (Figure 4A) and IGF2 (Figure 4C) mRNA levels were not modulated by trophic factor 

stimulation. 

 Regarding the insulin/IGF receptors, the major intergroup differences were centered 

on IGF1R, which showed significantly reduced mRNA levels in cultures stimulated with EGF 

or TGF-α and higher levels in TGF-β-stimulated cultures relative to the other three groups 

(Figure 4E). In addition, EGF significantly reduced INSULINR (Figure 4D) and trendwise 

reduced IGF2R (Figure 4F) relative to vehicle. Regarding IRS genes, the post hoc Tukey tests 

demonstrated significant or trendwise reductions in IRS1 in EGF- and TGF-α-stimulated 

relative to vehicle or TGF-β (Figure 4G). There were no significant or trendwise intergroup 

differences observed with respect to IRS2 (Figure 4H) or IRS4 (Figure 4I). 

 

EGF Pathway Crosstalk with Notch Networks 

Exploring the potential role of crosstalk between EGFR and Notch signaling was based on 

evidence that Notch networks are activated by ASPH’s catalytic domain [40, 59-61], and 

that ASPH expression and function are modulated by insulin/IGF stimulation [26, 62]. 

Therefore, it was important to determine if the stimulatory effects of EGFR networks were 

mediated by crosstalk with Notch pathways. The Notch network mRNA transcripts measured 

were NOTCH1, JAGGED1, ASPH, HES1, HEY1, and HIF-1A. Two-way ANOVA demonstrated 

significant trophic factor stimulation and Notch pathway receptor/ligand genes, and no 

interactive effects of receptor/ligand genes x trophic factor stimulation (Table 4). The violin 

plot) and post hoc Tukey tests revealed similar mRNA levels of NOTCH1 (Figure 5A), 

JAGGED1 (Figure 5B), and ASPH (Figure 5C) across the different trophic factor stimulations. 

In contrast, two-way ANOVA demonstrated significant effects of transcription factor genes, 

trophic factor stimulation, and their interactive effects (Table 4). The violin plots and post 

hoc Tukey tests revealed that TGF-β significantly increased HES1 (Figure 5D) and HEY1 

(Figure 5E) relative to vehicle, EGF, and TGF-α. In addition, EGF and TGF-α stimulations 

resulted in lower HES1 mRNA relative to vehicle (Figure 5D). HIF1A was significantly lower 

in EGF- and TGF-α-stimulated relative to vehicle-treated cultures, and in EGF relative to 

TGF-β (Figure 5F). In contrast, HIF1A was not significantly modulated by TGF-β relative to 

vehicle.  
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Table 4: PNET2 Cells- EGFR Pathway Crosstalk with Notch Network 

Notch Network Gene Factor (F-

Ratio) 

p-value Trophic Factor (F-

Ratio) 

p-value Gene x Trophic Factor 

(F-Ratio) 

p-Value 

Receptors/Ligands 1182 <0.0001 1.691 N.S. 1.168 N.S. 

Transcription 

Factors 

644.9 <0.0001 29.87 <0.0001 16.39 <0.0001 

Control Genes 3197 <0.0001 0.456 N.S. 1.618 N.S. 

PNET2 cells were stimulated with vehicle (0.5% FBS) or 10 nM EGF, TGF-α, or TGF-β. Gene 

expression was measured using a custom Quantigene 2.0 multiplex hybridization panel. 

Receptor/Ligand-related genes included NOTCH1, JAGGED1, and ASPH. Transcription factor-related 

genes included HES1, HEY1, and HIF-1α. Control Genes included ABCG2, CASR, HPRT1, AND RPL13a. 

Intergroup comparisons were made by two-way ANOVA with post hoc Tukey tests (See Figures 5 and 

7). 

 
Figure 5: EGF Pathway Crosstalk with Notch Networks: These studies examined the 

effects of EGF, TGFα, and TGF-β relative to vehicle on the expression of (A) NOTCH1, 

(B) JAGGED1, (C) ASPH, (D) HES1, (E) HEY1, and (F) HIF-1α mRNA transcripts. Gene 

expression was measured using a multiplex RNA hybridization panel with results 

normalized to housekeeping genes. Violin plots display the distribution of results from 

4 replicate cultures per group. Inter-group comparisons were made by one-way ANOVA 

(Table 4) and post hoc Tukey tests. Significant differences (p≤0.05) and statistical 

trendwise effects (0.05 < p < 0.10) are shown within the panels. 
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 Additional studies examined the effects of the ZLDI-8 and GI254023X Notch inhibitors 

on MTT activity (Figures 6A, 6D), H33342 fluorescence (Figures 6B, 6E), and the relative 

levels of MTT/H33342 (Figures 6C, 6F) to assess the role of Notch pathway activation on CNS 

neuronal metabolic activity and viability. With increasing concentration of either Notch 

inhibitor, MTT activity declined progressively. In contrast, H33342 fluorescence remained 

stably high (like Vehicle-treatment) except for sharp declines that occurred close to or 

beyond the IC50s of ZLDI-8 (31.6 µM) and GI254023X (5.3 nM). The curves for MTT/H33342 

were complex but largely mirrored MTT, except for increases at the highest doses of either 

inhibitor, likely reflecting stress responses. 

 

 
Figure 6: Notch Inhibitor Effects on MTT Activity and H33342 Fluorescence. PNET2 96-

well cultures were treated with increasing concentrations of the (A-C) ZLDI-8 or (D-F) 

G1254023X Notch inhibitor for 24h.  Each condition included 8 replicate cultures. 

Graphs show the mean ± S.D. of (A, D) MTT activity, (B, E) H33342 fluorescence, and 

(C, F) MTT/H33342. The curves were subjected to log-linear regression analysis to 

assess whether the slopes differed significantly from zero and to calculate the R-

squared (goodness of fit). The results are shown in the tables above each graph. 
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Control Gene Studies 

The Quantigene 2.0 assays included simultaneous analysis of control genes (ABCG2, CASR, 

HPRT1, and RPL13a).  Two-way ANOVA detected significant variances in the expression of 

different control genes, but no significant trophic factor stimulation or trophic factor x 

control mRNA interactive effects (Table 4). The corresponding graphs showed similar levels 

of ABCG2 (Figure 7A), CASR (Figure 7B), HPRT1 (Figure 7C), and RPL13a (Figure 7D) mRNA 

across the different trophic factor stimulations. 

 
Figure 7: Trophic Factor Stimulation Does Not Modulate Expression of Control Genes. 

The effects of EGF, TGF-α, and TGF-β on the expression of (A) ABCG2, (B) CASR, (C) 

HPRT1, and (D) RPL13a relative to vehicle were examined using a multiplex RNA 

hybridization panel. Violin plots display the distributions of results from 4 replicate 

cultures per group. Inter-group comparisons were made by one-way ANOVA (Table 4) 

and post hoc Tukey tests.  

 

Ethanol Effects on EGFR and Erk-MAPK Signaling 

The second phase of this research investigated ethanol’s effects on EGF-related trophic 

factor stimulation of PNET2 neuronal cells. The goal was to assess how ethanol exposure 

impacts EGFR signaling and responses to EGF pathway trophic factor stimulation.  Control 

and ethanol-exposed PNET2 cells, stimulated for 48h with vehicle (0.5% FBS), EGF, TGF-α, 

or TGF-β, were used to measure EGFR, pY-EGFR, PCNA, ASPH-A85G6, and ASPH-FB50 by 

ELISA. Two-way ANOVA tests detected significant ethanol effects on pY-EGFR, PCNA, and 

ASPH-A85G6, significant trophic factor stimulation effects on EGFR, pY-EGFR, PCNA, and 

A85G6, and significant ethanol x trophic factor stimulation interactive effects for pY-EGFR 

and ASPH-A85G6 (Table 5).  

 



Vol. 14 No. 02 (2026): European Journal of Applied Sciences 

 

Scholar Publishing 

 

 
 

Page | 477  

 

Table 5: PNET2 Cells: Ethanol Effects on Trophic Factor Stimulation Effects on EGFR 

Pathway Molecules 

 Ethanol Effect 

(F-Ratio) 

p-value Trophic Factor Effect 

(F-Ratio) 

p-value Ethanol x Trophic Factor 

(F-Ratio) 

p-

Value 

EGFR 3.77 0.061 4.423 0.010 0.430 N.S. 

pY-EGFR 18.02 0.0002 24.33 <0.0001 4.056 0.015 

PCNA 7.29 0.011 6.66 0.0013 0.916 N.S. 

ASPH-A85G6 58.42 <0.0001 46.90 <0.0001 3.009 0.045 

ASPH-FB50 1.43 N.S. 0.29 N.S. 1.37 N.S. 

Control and ethanol-exposed PNET2 cells were stimulated with trophic factors (Vehicle, EGF, TGF-

α, or TGF-β) for 24 hours. Protein homogenates were used to measure immunoreactivity by ELISA, 

with results normalized to protein content.  Two-way ANOVA test results examining the effects of 

ethanol exposure, trophic factor stimulation, and ethanol x trophic factor interactions. Each group 

and condition included 5 replicate cultures. See Figure 8 for post hoc Tukey test results. 

 
Figure 8: Ethanol Effects on EGF Pathway Activation and Function: Control and 

ethanol-exposed PNET2 cultures (n=5/treatment/group) were stimulated with vehicle 
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(0.5% FBS) or 10nM EGF, TGF-α, or TGF-β for 24h.  Immunoreactivity to (A, F) EGFR, 

(B, G) tyrosine phosphorylated EGFR (pY-EGFR), (C, H) proliferating cell nuclear 

antigen (PCNA), (D, I) ASPH-A85G6, and (E, J) ASPH-FB50 was measured by ELISA, and 

results were normalized to protein concentration.  Inter-group comparisons were 

made by two-way ANOVA (Table 5) and post hoc Tukey tests. The results are graphed 

to depict the significant (A-E) within-group (control or ethanol) and (F-J) between-

group (control versus ethanol) differences. Significant differences (p≤0.05) and 

statistical trendwise effects (0.05 < p < 0.10) are shown within the panels. FLU= 

fluorescence light units. 

 

 The graphed results are plotted to illustrate both the within-group effects of trophic 

factor stimulation (Figures 8A-8E) and between-group, i.e., control versus ethanol effects 

on EGFR, pY-EGFR, PCNA, ASPH-A85G6, and ASPH-FB50 (Figure 8F-8J). In control cultures, 

EGF, TGF-α, and TGF-β significantly increased pY-EGFR (Figure 8B), PCNA (Figure 8C), and 

ASPH-A85G6 (Figure 8D), whereas only EGF and TGF-α increased EGFR relative to vehicle 

(Figure 8A).  In ethanol-treated cultures, only TGF-α stimulated EGFR; both EGF and TGF-α 

stimulated pY-EGFR; and EGF, TGF-α, and TGF-β each stimulated ASPH-A85G6 (Figure 8D).  

 ASPH-FB50 was not significantly modulated by trophic factor stimulation in either 

the control or ethanol-treated PNET2 cultures (Figure 8E). Post hoc Tukey tests to assess 

the relative effects of ethanol on trophic factor-stimulated protein expression revealed 

significant reductions in EGF-, TGF-α-, and TGF-β-stimulated pY-EGFR (Figure 8G) and ASPH-

A85G6 (Figure 8I). In addition, ethanol significantly reduced EGF- and TGF-α-stimulated 

PCNA (Figure 8H). In contrast, there were no significant effects of ethanol on trophic factor-

stimulated levels of EGFR (Figure 8F) or ASPH-FB50 (Figure 8J). 

 Growth factor and ethanol effects on p44/42 MAPK (Erk1/2) and phosphotyrosine 

(pY)-p44/42 MAPK (Erk1/2) were assessed by ELISA. In addition, the calculated ratios of pY-

p44/42 MAPK (Erk1/2) /Total p44/42 MAPK (Erk1/2), reflecting relative levels of 

phosphorylation, were compared. Two-way ANOVA tests demonstrated significant ethanol 

effects on p44/42 MAPK (Erk1/2) and pY/T-p44/42 MAPK (Erk1/2), and significant growth 

factor effects on p44/42 MAPK (Erk1/2), pY-p44/42 MAPK (Erk1/2), and pY/T-p44/42 MAPK 

(Erk1/2) (Table 6). In addition, significant ethanol x trophic factor interactive effects were 

observed with respect to pY-p44/42 MAPK (Erk1/2) and pY/T-p44/42 MAPK (Erk1/2). In the 

control group, the post hoc Tukey tests demonstrated that EGF and TGF-α but not TGF-β 

signaling through pY-EGFR significantly increased p44/42 MAPK (Erk1/2)(Figure 9A), and only 

TGF-α stimulated pY-p44/42 MAPK (Erk1/2). The relative reduction in pY/T-p44/42 MAPK 

(Erk1/2) observed in the EGF-stimulated cultures resulted from elevated expression of 

p44/42 MAPK (Erk1/2) without a corresponding increase in tyrosine phosphorylation (Figure 

9C). In the ethanol-exposed cultures, TGF-α increased p44/42 MAPK (Erk1/2), mirroring the 

control group’s response (Figure 9A). However, the ethanol-exposed, vehicle-treated 

cultures had the highest levels of pY-p44/42 MAPK (Erk1/2) (Figure 9C) and pY/T-p44/42 

MAPK (Erk1/2)(Figure 9E), indicating that EGF, TGF-α, and TGF-β trophic factor stimulation 

had suppressive effects relative to vehicle. Post hoc tests to detect ethanol-mediated 

effects revealed significantly higher levels of pY-P44/42 MAPK (Figure 9D) and pY/T-p44/42 

MAPK (Erk1/2) (Figure 9F) in the vehicle+ethanol-treated relative to corresponding control 

cultures. In addition, the levels of pY/T-p44/42 MAPK (Erk1/2) (Figure 9F) were significantly 
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higher in ethanol-treated versus control EGF- and TGF-β-stimulated cultures. The main 

inhibitory effects of ethanol were due to reduced EGF- and TGF-β-stimulated p44/42 MAPK 

(Erk1/2)immunoreactivity (Figure 9B). 

 

Table 6: PNET2 Cells: Ethanol Effects on Trophic Factor Stimulation of p44/42 MAPK 

(Erk1/2) 

 Ethanol Effect 

(F-Ratio) 

p-value Trophic Factor 

Effect (F-Ratio) 

p-value Ethanol x Trophic 

Factor (F-Ratio) 

p-

Value 

p44/42 MAPK 

(Erk1/2) 

7.885 0.0066 8.003 0.0001 1.249 N.S. 

pY-p44/42 MAPK 

(Erk1/2) 

1.64 N.S. 5.837 0.0014 3.651 0.017 

pY/T-p44/42 MAPK 

(Erk1/2) 

28.74 <0.0001 22.87 <0.0001 6.478 0.0007 

Control and ethanol-exposed PNET2 were stimulated with trophic factors (Vehicle, EGF, TGF-α, or 

TGF-β) for 24 hours. Protein homogenates were used to measure immunoreactivity by ELISA with 

results normalized to protein content.  Two-way ANOVA test results show the effects of ethanol 

exposure, trophic factor stimulation, and ethanol x trophic factor interactions. Each group and 

condition included 10 replicate cultures. See Figure 9 for post hoc Tukey test results. 

 
Figure 9: Trophic Factor Effects on p44/42 MAPK (Erk1/2) Signaling:  Control and 

ethanol-exposed PNET2 neuronal cultures (n=10/treatment/group) were stimulated 

with vehicle (0.5% FBS) or 10nM EGF, TGF-α, or TGF-β for 24h. Box-and-whiskers plots 

depict the median and range of immunoreactivity to (A, B) p44/42 MAPK (Erk1/2) and 

(C, D) pY-p44/42 MAPK (Erk1/2) measured by duplex ELISA with results normalized to 

protein concentration. (E, F) The calculated ratios of pY-p44/42 MAPK (Erk1/2) to total 

(T) p44/42 MAPK (Erk1/2) reflect relative levels of phosphorylation. Inter-group 

comparisons were made by two-way ANOVA (Table 6) and post hoc Tukey tests. The 

results are graphed to display the significant (A, C, E) within-group (control or ethanol) 

or (B, D, F) between-group (control versus ethanol) differences. Significant differences 

(p≤0.05) are shown within the panels.  

 



Vol. 14 No. 02 (2026): European Journal of Applied Sciences 

Scholar Publishing 

 

 
 

Page | 480  

 

Ethanol’s Cytomorphologic Effects on EGF Pathway Stimulation 

The morphological changes associated with trophic factor stimulation and ethanol exposure 

were documented with Crystal Violet-stained cytospin preparations of the cultured PNET2 

cells (Figure 10).  Vehicle-treated control cells exhibited prominent nucleoli, coarse surface 

membrane blebbing, and apparent cell fusion, possibly reflecting incomplete mitosis (Figure 

10A).  

 
Figure 10: Trophic Factor and Ethanol Effects on PNET2 Neuronal Morphology: (A, C, E, 

G, I) Control and (B, D, F, H, J) ethanol-exposed PNET2 cells were stimulated with (A, 

B) Vehicle, (C, D) insulin, (E, F) IGF1, (G, H) EGF, or (I, J) TGF-β for 48 hours. Cytospin 

preparations were stained with Crystal violet, examined by light microscopy, and 

photographed at 400x. Cropped images are used to illustrate cellular morphology.  

Scale bars are included in the panels. Fine arrows =prominent nucleoli; triangles = 

surface membrane blebs; arrowheads = vacuolation of cytoplasm; circles = nuclear 

condensation and hyperchromicity. 
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 The ethanol-treated, vehicle-stimulated cultures exhibited a marked reduction in 

nuclear and nucleolar detail, no mitotic activity, and abundant fine surface-membrane 

stippling (Figure 10B). The effects of insulin and IGF-1 stimulation were included for 

comparison due to their known support of PNET2 cell growth and survival [22, 26, 63]. 

Insulin- (Figure 10C) and IGF-1- (Figure 10E) stimulated control cells exhibited prominent 

nucleoli. In addition, the insulin-stimulated cells exhibited finer circumferential membrane 

surface blebbing relative to vehicle, while the IGF-1-stimulated cells had smooth surfaces 

and conspicuous cytoplasmic/perinuclear vacuolation (Figure 10E).  Ethanol-treated insulin- 

(Figure 10D) or IGF-1-stimulated (Figure 10F) cultures had conspicuously smaller cells with 

dense nuclear staining, indistinct nucleoli, and minimal surface membrane processes. EGF 

(Figures 10G, 10H) and TGF-β (Figures 10I, 10J) stimulation increased the number of short 

surface membrane processes in control (Figures 10G, 10I) and ethanol-exposed (Figure 10H, 

10J) cells, however, nucleolar delineation was evident only in control cultures, possibly due 

to nuclear hyperchromasia and condensation in the ethanol-treated cultures. TGF-β was the 

only trophic factor that enhanced nucleolar detail, caused cellular enlargement, and 

enhanced the appearance of surface processes in ethanol-exposed cultures. Importantly, 

the cytomorphology of TGF-β-treated ethanol-exposed cells (Figure 10J) most closely 

resembled control cells treated with TGF-β, EGF, or insulin.   

 

Ethanol Effects on Cerebellar EGF Pathway Activation 

The third phase of this study was to validate the in vitro results using cerebellar tissue from 

an in vivo/ex vivo FASD model generated in Long Evans rat pups.  The cerebellum is one of 

the important CNS targets of alcohol-related brain damage across the lifespan. The goal was 

to assess how developmental exposures to ethanol impact EGFR signaling and responses to 

EGFR pathway trophic factor stimulation in the brain.   

 
Figure 11: Validation Studies Using an In Vivo FASD Model: A rat FASD model generated 

by developmental binge ethanol administration was used to examine the in vivo 

effects on (A) EGFR, (B) pY-EGFR, (C) PCNA, and (D) ASPH expression in cerebellar 
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tissue. Immunoreactivity was measured by ELISA, and results were normalized to 

protein content. Violin plots display the distribution of results from 12 replicate 

samples per group. Inter-group comparisons were made with Welsh t-tests. Significant 

differences (p≤0.05) are shown within the panels. FLU= fluorescence light units. 

 

 The model was generated by intraperitoneal binge administration of ethanol to rat 

pups. Cerebellar immunoreactivity to EGFR, pY-EGFR, PCNA, and ASPH-A85G6 was measured 

by duplex ELISA, and the intergroup statistical comparisons were made using the Welch T-

test. Control and ethanol-exposed cerebellar tissue had similar levels of EGFR 

immunoreactivity (Figure 11A), whereas ethanol significantly reduced the mean levels of 

pY-EGFR (Figure 11B), PCNA (Figure 11C), and ASPH-A85G6 (Figure 11D). 

 

Ethanol Effects on Trophic Factor Stimulation of EGF Pathways in Cerebellar Tissue 

Cerebellar slice cultures generated from binge ethanol-exposed and vehicle-treated rat 

pups were stimulated with vehicle, or 20 nM EGF, TGF-α, or TGF-β for 24h. The slices were 

harvested to extract proteins for duplex ELISA measurements of EGFR, pY-EGFR, PCNA, 

ASPH-A85G6, and ASPH-FB50. Two-way ANOVA demonstrated significant ethanol effects on 

pY-EGFR, PCNA, and ASPH-A85G6, and a statistical trend effect on EGFR (Table 7). 

Significant trophic factor stimulation effects were observed for all molecules except ASPH-

FB50. Significant or trendwise ethanol x trophic factor interactive effects were observed for 

pY-EGFR, PCNA (trendwise), and ASPH-A85G6.  

 

Table 7: Cerebellar Slice Cultures: Ethanol Effects on Trophic Factor Stimulation 

Effects on EGFR Pathway Molecules 

 Ethanol Effect p-value Trophic Factor Effect p-value Ethanol x Trophic Factor p-Value 

EGFR 3.77 0.061 4.423 0.010 0.430 N.S. 

pY-EGFR 52.30 <0.0001 26.03 <0.0001 10.54 <0.0001 

PCNA 39.05 <0.0001 8.368 <0.0001 2.498 0.077 

ASPH-A85G6 184.1 <0.0001 43.06 <0.0001 5.026 0.0057 

ASPH-FB50 1.429 N.S. 0.287 N.S. 1.372 N.S. 

Control and ethanol-exposed cerebellar slice cultures were stimulated with trophic factors 

(Vehicle, EGF, TGF-α, or TGF-β) for 24 hours. Protein homogenates were used to measure 

immunoreactivity by ELISA, with results normalized to protein content.  Two-way ANOVA test 

results show the effects of ethanol exposure, trophic factor stimulation, and ethanol x trophic 

factor interactions. Each group and condition included 5 replicate cultures. See Figure 12 for post 

hoc Tukey test results. 

 

 The graphed results are plotted to illustrate within-group effects of trophic factor 

stimulation (Figures 12A-12E) and between-group, i.e. control versus ethanol effects on 

EGFR, pY-EGFR, PCNA, ASPH-A85G6, and ASPH-FB50 (Figure 12F-12J). In control cultures, 

EGF and TGF-α significantly increased EGFR (Figure 12A), and EGF, TGF-α, and TGF-β 

significantly increased pY-EGFR (Figure 12B), PCNA (Figure 12C), and ASPH-A85G6 (Figure 

12D) relative to vehicle.  In ethanol-treated cultures, TGF-α stimulated EGFR (Figure 12A), 

EGF trendwise and TGF-α significantly increased pY-EGFR (Figure 12B), and EGF, TGF-α, and 

TGF-β stimulated ASPH-A85G6 (Figure 12D).  
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Figure 12: Ethanol Effects on EGF Pathway Activation and Function in Cerebellar 

Tissue: Control and ethanol-exposed cerebellar slice cultures (n=8/treatment/group) 

were stimulated with vehicle (0.5% FBS) or 20nM EGF, TGF-α, or TGF-β for 24h.  

Immunoreactivity to (A, F) EGFR, (B, G) tyrosine phosphorylated EGFR (pY-EGFR), (C, 

H) proliferating cell nuclear antigen (PCNA), (D, I) ASPH-A85G6, and (E, J) ASPH-FB50 

was measured by ELISA, and results were normalized to protein concentration.  Inter-

group comparisons were made by two-way ANOVA (Table 7) and post hoc Tukey tests. 

The results are graphed to depict the significant (A-E) within-group (control or 
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ethanol) or (F-J) between-group (control versus ethanol) differences. Significant 

differences (p≤0.05) and statistical trendwise effects (0.05 < p < 0.10) are shown 

within the panels. FLU= fluorescence light units.  

 

 In addition, TGF-α stimulation produced the highest levels of ASPH-A85G6 in ethanol-

exposed cerebella. ASPH-FB50 was not significantly modulated by trophic factor stimulation 

in either the control or ethanol-exposed cerebellar cultures (Figure 12E). Direct comparisons 

between the control and ethanol-exposed samples revealed broad, significant inhibitory 

effects of ethanol on EGF- TGF-α, and TGF-β stimulated pY-EGFR (Figure 12G), PCNA (Figure 

12H), and ASPH-A85G6 (Figure 12I). In addition, unstimulated (vehicle-treated ethanol-

exposed cerebellar samples had significantly lower levels of ASPH-A85G6 relative to control 

(Figure 12I). In contrast, there were no significant ethanol effects on trophic factor-

stimulated EGFR (Figure 12F) or ASPH-FB50 (Figure 12J).  

 

DISCUSSION 

Previous reports have documented the importance of insulin and IGF signaling networks for 

supporting growth, survival, migration, plasticity, and metabolism in immature CNS 

neurons, including cerebellar neurons [22, 23]. In addition, developmental ethanol 

exposures were shown to have profound inhibitory effects on neuronal growth, survival, 

migration, and plasticity, linking cerebellar hypoplasia and impaired neuronal migration in 

fetal alcohol spectrum disorder (FASD) to deficits in insulin and IGF signaling networks and 

contributing to motor impairments [8-11]. ASPH was identified as a downstream target of 

insulin/IGF stimulation, regulated at both mRNA and protein levels [26-30]. ASPH has an 

important role in neurodevelopment because it activates Notch signaling networks [31, 35, 

36, 38, 39] which mediate neuronal migration [64-67]. Notch pathway activation has diverse 

roles, including cell motility, plasticity, and growth [64-67]. Correspondingly, ethanol 

inhibition of insulin/IGF signaling and ASPH expression during development correlates with 

FASD-associated impairments in cerebellar neuronal migration [28, 35, 68] and long-term 

deficits in motor function [2, 7, 69, 70].  However, the finding that these adverse effects of 

ethanol on ASPH expression and cerebellar structure and function were only partially 

prevented by treatment with anti-oxidant and insulin-sensitizing agents such as PPAR 

agonists or dietary soy [68, 71], led to the hypothesis that additional signaling pathways 

contributed to CNS pathology in FASD.  

 Interest in EGFR networks stemmed from the realization that EGFR is expressed in 

the immature brain, including in the cerebellum, yet little is known about the pathway in 

relation to trophic factor stimulatory effects and sensitivity to prenatal ethanol exposure.  

EGF signaling has been characterized mainly in non-CNS cells, particularly by malignant 

neoplasms [72]. Importantly, EGFR signaling is mediated through Erk-MAPK, PI3K-Akt, JAK-

STAT, PKC-PLCγ1, and mTOR [72, 73]. However, EGFR signaling can also regulate Notch by 

inhibiting Notch gene expression and affecting cellular differentiation (74), and Notch1 can 

regulate EGFR, increasing EGFR mRNA and protein expression [74]. In addition, EGFR 

signaling can crosstalk with the Wnt pathway (76) through activation, suppression, or 

transactivation during development and carcinogenesis [75, 76]. Therefore, EGFR and 

insulin/IGF signaling networks crosstalk and converge on many of the same pathways, 

suggesting that they also interact. The present study characterized the effects of different 
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EGFR-responsive trophic factors on PNET2 cell growth, viability, and ASPH expression, and 

examined the effects of ethanol exposure. Mechanistic experiments examined the direct 

and indirect effects of EGFR to determine whether these effects were mediated by crosstalk 

with the insulin/IGF or Notch networks. In addition, experiments were conducted to 

characterize the effects of ethanol on EGFR signaling in PNET2 cells and to validate these 

findings in cerebellar tissue from an established experimental model of FASD.   

 Corresponding with the known expression of EGFR and related signaling networks in 

the developing cerebellum [47], these studies confirmed EGFR expression and trophic factor 

tyrosine phosphorylation of EGFR in PNET2 cells, which were derived from a human 

neuroblastic cerebellar tumor. Although growth and viability were supported by the three 

trophic factors that either bind and activate EGFR (EGF, TGF-α) or transactivate EGFR (TGF-

β) signaling, the most prominent effects were produced with TGF-β and EGF. Because 

previous studies have largely focused on the roles of insulin and IGF networks and have 

provided little information on the contributions of EGFR signaling to cerebellar neuronal 

growth and viability, these observations are novel and illustrate a broader range of trophic 

factor regulation in immature cerebellar neurons. The differential effects of EGF, TGF-α, 

and TGF-β suggest that the various EGFR-binding/related trophic factors have overlapping 

but distinct functions in CNS neurons. The critical role of EGFR signaling in neuronal growth 

and viability was demonstrated using EGFR inhibitors, which caused dose-dependent 

reductions in cell viability and metabolism. 

 The studies herein demonstrated for the first time that ASPH is regulated by EGFR 

signaling activated with EGF, TGF-α, or TGF-β. Previous studies characterized insulin/IGF-

stimulated ASPH expression in various cell types [34, 36, 41, 77, 78] and demonstrated 

stimulatory effects at both mRNA and protein levels [36].  Overexpression of IRS1, which 

signals downstream through PI3K-Akt as well as Erk MAPK, increases ASPH expression, 

although at the protein level, activation of the PI3K-Akt pathway was found to be critical 

due to inhibition of GSK-3β [39, 40]. However, in addition to full-length ASPH, which 

contains a C-terminal catalytic domain responsible for hydroxylating and activating Notch 

[59], insulin and IGF stimulate the truncated homolog, Humbug, which is detectable with 

the FB50 antibody [31, 77, 78]. Full-length ASPH is detected with the A85G6 antibody, which 

binds to the C-terminal region of the molecule, which is not expressed in Humbug [48]. 

Notably, EGFR signaling did not stimulate ASPH-FB50, suggesting divergence in the 

mechanisms regulating ASPH and Humbug expression, a phenomenon not previously 

described. 

 Studies were conducted to determine whether EGFR pathway activation led to 

crosstalk with the insulin/IGF/IRS or Notch pathways. The results suggest that only TGF-β 

results in crosstalk leading to IGF1/IGF1R stimulation, whereas crosstalk via EGF and TGF-α 

mainly inhibited these pathways. Furthermore, downstream effects of EGFR networks on 

insulin/IGF signaling were largely inhibitory. In essence, only very proximal steps in the 

insulin/IGF-Akt pathway, i.e. the IGF-1 and IGF-1R were significantly increased by TGF-β 

stimulation. Otherwise, EGF pathway-related trophic factors had inhibitory crosstalk effects 

on INSULINR, IGF1R, IGF2R and/or IRS1.  

 The finding that treatment with Notch inhibitors also reduced growth factor-

stimulated PNET2 cell metabolism and viability supports the notion that EGFR signaling 

cross-talks with Notch and is, in part, regulated by Notch. In contrast to insulin/IGF 



Vol. 14 No. 02 (2026): European Journal of Applied Sciences 

Scholar Publishing 

 

 
 

Page | 486  

 

networks, analysis of Notch signaling mediators revealed that TGF-β strongly stimulates two 

major Notch pathway transcription factors, HES1 and HEY1. Although ASPH mRNA was not 

significantly increased, its protein (immunoreactivity) was sharply higher in TGF-β-

stimulated cultures. Notch transcription factors were upregulated by TGF-β but not EGF or 

TGF-α. Therefore, the most likely mechanism by which EGFR signaling increases ASPH 

expression via EGF, TGF-α, and TGF-β is through alternate downstream pathways.  

 ASPH protein has been shown to be increased by insulin and IGF1 [62], plays a critical 

role in neuronal migration [35], and functions as a potent activator of Notch [59]. 

Mechanistically, ASPH, as detected with the A85G6 monoclonal antibody, harbors a catalytic 

domain critical for Notch hydroxylation, releasing its intracellular domain for nuclear 

translocation and activation of HES/HEY transcription factors [36, 39, 48]. Therefore, IGF 1 

stimulation via TGF-β increases ASPH protein, which then activates Notch networks.  ASPH 

protein expression increases with insulin/IGF stimulation due to reduced proteolytic 

degradation [28]. We hypothesize that EGFR activation of ASPH is mediated through mTOR 

or possibly stress pathways. Previous studies demonstrated that both mTOR and stress linked 

to HIF-1α can increase ASPH expression and cell motility [38]. Additional studies are needed 

to further dissect these mechanisms. 

 The FASD-related experiments were inspired by the finding that interventions 

designed to restore ethanol-mediated impairments in insulin/IGF signaling, including those 

linked to inhibition of cerebellar ASPH expression and neuronal migration in FASD, were only 

partially effective [71]. Little was known about the effects of prenatal alcohol exposure on 

EGFR signaling in relation to FASD. Despite evidence that EGF receptors are abundantly 

expressed in immature neurons, including in the brain/cerebellum [79, 80], literature 

documenting ethanol’s inhibitory effects on EGFR pathways in the developing immature 

brain is scant [81, 82]. Experiments using PNET2 cells demonstrated that ethanol broadly 

inhibits EGF-, TGF-α-, and TGF-β-stimulated neuronal EGFR signaling, which supports cell 

growth, survival, metabolic function, and ASPH expression. These in vitro findings were 

confirmed using an established 3rd-trimester-equivalent in vivo binge alcohol exposure 

model because this period of development is the most susceptible to ethanol’s neurotoxic 

effects [7]. The studies demonstrated that the binge ethanol exposures significantly reduced 

cerebellar EGFR tyrosine phosphorylation, PCNA, and ASPH expression. Furthermore, the ex 

vivo experiments showed that ethanol inhibits EGF-, TGF-α-, and TGF-β-induced stimulation 

of pY-EGFR, PCNA, and ASPH in the cerebellum, consistent with results obtained using PNET2 

cells.  The reduced ASPH expression resulting from the downstream inhibitory effects of 

ethanol on EGFR signaling would, in turn, decrease immature neuronal growth and Notch 

pathway activation.  

 Together, these novel findings provide strong evidence that cerebellar 

neurodevelopmental impairments in FASD are mediated by inhibition of signaling through 

two major pathways, insulin/IGF/IRS and EGFR-Erk MAPK, both of which regulate ASPH 

expression. Most likely, the combined inhibitory effects of ethanol on insulin/IGF/IRS and 

EGFR-Erk MAPK inhibit ASPH, which in turn dysregulates Notch networks needed to support 

cerebellar neuron migration [83-85]. These major dual inhibitory effects of ethanol could 

account for the incomplete normalization of cerebellar structure and function following 

insulin-sensitizing interventions with dietary soy [53, 71, 86] or peroxisome proliferator-

activated receptor (PPAR) agonists [57], due to sustained impairment of EGFR-related 

networks. Therefore, therapeutic measures designed to restore FASD-related 
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neurodevelopmental abnormalities must address impairments in EGFR signaling networks. 

Recent exploratory studies suggest that an additional/alternative therapeutic approach is 

to treat FASD with HE3286, which supports both the insulin/IGF and EGFR pathways and 

provides antioxidant protection [87-90].  
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