
Cell Biology International  

SHORT COMMUNICATION

Impaired Neurosphere Formation as a Functional 
Readout of Aberrant EGFR Signaling Kinetics in 
Olfactory Neural Progenitors From Patients With 
Schizophrenia 
Tommaso Toffanin1 | Mario Angelo Pagano1 | Carlo Idotta2 | Mauro Salvi3 | Valentina Bosello‐Travain4 | 
Maria Lina Massimino5 | Roberto Saetti6 | Marina Silvestrini6 | Leonardo Meneghetti7 | Stefano Piazza7 | 
Maria Giulia Nanni1 | Rosangela Caruso1 | Maria Ferrara1 | Chiara Montemitro1 | Luigi Zerbinati1 | 
Martino Belvederi Murri1 | Luigi Grassi1 | Anna Maria Brunati4 

1Department of Neuroscience and Rehabilitation, Institute of Psychiatry, University of Ferrara, Ferrara, Italy | 2Metis ETS, San Martino di Lupari, 
Italy | 3Department of Biomedical Sciences, University of Padova, Padova, Italy | 4Department of Molecular Medicine, University of Padova, Padova, 
Italy | 5Neuroscience Institute, Section of Padova, National Research Council (CNR), Padova, Italy | 6Department of Otolaryngology, San Bortolo Hospital, 
Vicenza, Italy | 7Department of Mental Health, Vicenza, Italy 

Correspondence: Mario Angelo Pagano (pgnmng@unife.it) 

Received: 3 December 2025 | Revised: 1 June 2026 | Accepted: 16 June 2026 

Funding: #NEXTGENERATIONEU (NGEU) and funded by the Ministry of University and Research (MUR), National Recovery and Resilience Plan (NRRP), 
project MNESYS (PE0000006) – A Multiscale integrated approach to the study of the nervous system in health and disease, Grant/Award Number: 1553 
11.10.2022 

Keywords: epidermal growth factor receptor | neurospheres | olfactory neuroepithelium | schizophrenia   

ABSTRACT 
The Epidermal Growth Factor Receptor (EGFR) is a key regulator of neurodevelopment, controlling the proliferation, differ-
entiation, and self‐renewal of neural stem and progenitor cells. Dysregulated EGFR signaling has been implicated in schizo-
phrenia, a neurodevelopmental disorder associated with abnormal cortical maturation. We investigated EGFR‐dependent 
signaling in neural stem/progenitor cells derived from olfactory neuroepithelium (hereafter referred to as Olfactory Neural 
Stem/Progenitor Cells, ONSPCs) collected from individuals with no prior history of psychiatric disorders (hereafter referred to 
as healthy controls, HC) and patients diagnosed with schizophrenia (schizophrenic, SZ), an ex vivo human model that retains 
disease‐related molecular signatures. Both HC‐ and SZ‐derived ONSPCs formed neurospheres under proliferative conditions in 
the presence of the growth factors Epidermal Growth Factor (EGF) and Fibroblast Growth Factor (FGF), confirming their 
neural progenitor identity. However, under EGF‐exclusive conditions, HC‐derived ONSPCs generated compact, well‐organized 
neurospheres, whereas SZ‐derived ONSPCs produced sparse, irregular aggregates, indicating impaired responsiveness to EGF. 
Despite comparable EGFR protein levels between groups, EGF stimulation revealed distinct dynamics of downstream EGFR 
effectors. In HC‐derived ONSPCs, EGFR activation was initially modest but sustained over time, whereas in SZ‐derived cells it 
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was more rapid and transiently stronger, followed by early signal decay. In particular, Akt and Src, which are implicated in 
signaling pathways driving proliferation and self‐renewal, displayed activation dynamics paralleling those of EGFR in each 
group. These findings are consistent with dysregulation of the magnitude and temporal dynamics of EGFR–dependent signaling 
in SZ‐derived ONSPCs, associated with impaired neurosphere formation under EGF‐exclusive conditions and suggestive of 
reduced self‐renewal capacity. Although limited by the modest sample size, the semiquantitative nature of Western blot 
analyses, and the potential effect of medication exposure, this study supports the relevance of patient‐derived ONSPCs as a 
physiologically meaningful platform for investigating neurodevelopmental mechanisms underlying schizophrenia.   

1 | Introduction 

The Epidermal Growth Factor Receptor (EGFR/ErbB1/HER1) 
is a master regulator of tissue homeostasis, governing devel-
opment, repair, and stem cell maintenance across epithelial, 
mesenchymal, and stromal lineages (Chen et al. 2016; Hu 
et al. 2010; Yu et al. 2017). Structurally, it is a transmembrane 
tyrosine kinase of the ErbB family, which also includes ErbB2/ 
HER2, ErbB3/HER3, and ErbB4/HER4 (Lemmon et al. 2014). 
EGFR activation by its primary ligands, Epidermal Growth 
Factor (EGF) and Transforming Growth Factor‐α (TGF‐α), 
initiates key downstream signaling cascades, including RAS/ 
RAF/MEK/ERK (proliferation, transcription), PI3K/AKT/ 
mTOR (growth, survival), JAK/STAT, and PLCγ/PKC 
(differentiation, cytoskeletal dynamics, calcium signaling), col-
lectively orchestrating a wide spectrum of cellular processes 
(Lemmon and Schlessinger 2010; Purba et al. 2017). 

The pathogenic role of EGFR signaling dysregulation, long recog-
nized as a hallmark of diverse cancers (Levantini et al. 2022) and 
more recently implicated in chronic inflammation and organ 
fibrosis (Pastore et al. 2008; Ezaddoustdar et al. 2025), has spurred 
the development of multiple EGFR‐targeted treatments, including 
tyrosine kinase inhibitors (e.g., gefitinib, erlotinib, afatinib, osi-
mertinib) and monoclonal antibodies (e.g., cetuximab, panitumu-
mab) (Gao et al. 2025). EGFR also plays a central role during 
neurodevelopment, as evidenced by its expression in neural stem 
cells and neural progenitor cells (Burrows et al. 1997), regulating 
the balance between symmetric and asymmetric divisions of radial 
glial cells—primary progenitors of the developing cortex—thereby 
controlling the expansion of the progenitor pool and influencing 
brain size and architecture (Lillien and Raphael 2000; Sun 
et al. 2005). Within postnatal and adult neurogenic niches—the 
subventricular zone (SVZ) of the lateral ventricles and the sub-
granular zone (SGZ) of the hippocampal dentate gyrus—EGFR 
signaling maintains neural stem/progenitor cells in a self‐renewing, 
undifferentiated state by promoting proliferation and suppressing 
differentiation (Doetsch et al. 2002; Aguirre et al. 2010). Conversely, 
studies in knockout mouse models demonstrate that EGFR dys-
function leads to postnatal neurodegeneration, glial deficits, and 
altered migration, whereas gliosis and abnormal neural patterning 
characterize mice overexpressing EGFR (Sibilia and Wagner 1995; 
Wagner et al. 2006). 

A growing body of evidence supports a neurodevelopmental 
model of psychiatric disorders, in which genetic and environ-
mental insults perturb signaling pathways critical for brain 
maturation, producing lasting structural and functional deficits 
(Rapoport et al. 2005). In schizophrenia specifically, neurode-
velopmental alterations have been ascribed to aberrant EGF/ 

ErbB signaling, with reduced cortical EGF levels and increased 
EGFR expression documented in post‐mortem tissue (Futamura 
et al. 2002), as well as downregulation of the EGFR‐PI3K‐AKT 
pathway in the prefrontal cortex (Pantazopoulos et al. 2021). In 
rodent models, perinatal EGF exposure induces behavioral and 
neurochemical alterations resembling schizophrenia, reversible 
via EGFR inhibition (Namba and Nawa 2020). 

To investigate these mechanisms in a physiologically relevant 
human model, we employed olfactory neural stem/progenitor 
cells (ONSPCs), an ex vivo system derived from the nasal 
neurogenic niche that recapitulates key features of the SVZ and 
SGZ and retains disease‐related molecular and cellular signa-
tures (Benítez‐King et al. 2011; Mackay‐Sim 2012). The capacity 
of this model to detect pathophysiologically meaningful al-
terations in schizophrenia is supported by seminal studies re-
porting dysregulated proliferation and cell cycle dynamics in 
olfactory neuroepithelium‐derived cultures from individuals 
with schizophrenia (Féron et al. 1999; McCurdy et al. 2006; Fan 
et al. 2012), and more recently corroborated by evidence from 
our group documenting molecular and cellular correlates of the 
disorder in ONSPCs (Idotta et al. 2024). 

Building on this evidence, we sought to characterize EGFR‐ 
dependent signaling in ONSPCs derived from individuals with 
no prior history of psychiatric disorders (healthy controls, HC) 
and patients diagnosed with schizophrenia (schizophrenic, SZ), 
using neurosphere formation and phosphorylation of key 
downstream effectors as functional readouts. Our results show 
that HC‐ and SZ‐derived ONSPCs respond markedly differently 
to EGF stimulation, exhibiting distinct signaling dynamics 
consistent with a role for EGFR dysregulation in the patho-
physiology of schizophrenia. 

2 | Materials and Methods 

2.1 | Ethics Approval, Patient Recruitment, and 
Consent to Participate 

This study was conducted in compliance with the ethical prin-
ciples outlined in the Declaration of Helsinki and was approved 
by the Vicenza Ethical Review Committee (Protocol No. 
1022/23). All participants provided written informed consent 
prior to enrollment. Six outpatients diagnosed with schizophre-
nia, previously hospitalized at the Department of Mental Health, 
Vicenza Hospital, and stabilized on antipsychotic treatment after 
discharge, and six individuals with no lifetime history of psy-
chiatric disorders, as assessed through clinical interview and 
medical record review, were enrolled in the present study. 
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Patients, aged 18–65, met the criteria of the Diagnostic and 
Statistical Manual of Mental Disorders, Fifth Edition (DSM‐5), 
for schizophrenia. Exclusion criteria for all participants 
included a comorbid DSM‐5 diagnosis of substance use or 
addictive disorder in the preceding 12 months, any other mental 
disorder, neurological disease, or a head injury with docu-
mented loss of consciousness exceeding 5 min. 

2.2 | Isolation, Propagation, and Storage  
of ONSPCs 

ONSPCs were collected by brushing the epithelial surface of the 
middle turbinate of both nostrils with a dedicated brush, as 
previously described (Idotta et al. 2024). Disinfection with 0.5% 
chlorhexidine in the nasal vestibule was performed when 
required (nasal vestibulitis or marked nasal discharge). The 
specimens were harvested in a 15 mL tube filled with 6 mL 
Dulbecco's Modified Eagle/F‐12 medium (DMEM/F‐12, Merck) 
supplemented with 10% fetal bovine serum (Merck), 4 mM 
L‐glutamine (Merck), and 100 μg/mL Primocin™ (Invivogen) 
(hereafter complete DMEM/F‐12 medium), and subsequently 
transferred into T25 flasks. Upon reaching confluence, cells 
were trypsin‐dissociated and transferred into T75 flasks for 
further expansion to 80% confluence. If not used for further 
experiments, ONSPCs were cryopreserved at −80°C in 
ENStem‐A Neural Freezing Medium (Merck). 

2.3 | Formation of Neurospheres in Complete 
Proliferation Medium and EGF‐Exclusive Medium 

Cryopreserved ONSPCs from HC donors and SZ patients were 
rapidly thawed in a 37°C water bath for 30 s, resuspended in 
complete DMEM/F12 medium, seeded into T75 flasks, and 
incubated at 37°C under 5% CO2. Upon reaching 80% conflu-
ence, ONSPCs were detached by trypsinization, collected in a 
15 mL tube, and centrifuged at 200 × g for 3 min, and washed 
twice in NS‐A Proliferation Medium (StemCellTM Technologies) 
devoid of growth factors. ONSPCs were then resuspended in 
NS‐A Proliferation Medium supplemented with 20 ng/mL EGF, 
10 ng/mL bFGF, and 0.00004% heparin (StemCellTM Technol-
ogies) (hereafter referred to as complete NS‐A Proliferation 
Medium) and incubated at 37°C under 5% CO2 for 48 h to 
promote neurosphere formation. The neurospheres were 
transferred to, and allowed to sediment, in 15‐mL tubes for 
20 min, and then treated with trypsin at 37°C under 5% CO2 for 
10 min and triturated to obtain single‐cell suspensions. For 
quantitative comparison of neurosphere‐forming capacity 
between groups, ONSPCs from the neurosphere‐derived single‐ 
cell suspension were seeded into 12‐well plates (6 × 105 cells per 
well) in serum‐free DMEM/F12 medium supplemented with 
20 ng/mL EGF and incubated for 48 h. 

2.4 | Microscopy and Image Acquisition 

ONSPCs and neurospheres were visualized using an Axio 
Vert.A1 FL‐LED Inverted Microscope equipped with an Ax-
ioCam camera system and captured via the Zen 3.2 software 
(Carl Zeiss), and subsequently analyzed using ImageJ software 
(NIH, Bethesda, MD, USA). 

2.5 | Cell Counting 

Prior to all experimental procedures, viable ONSPCs were 
quantified by Trypan blue exclusion assay with a Bürker 
hemocytometer. Neurosphere number was subsequently deter-
mined by analyzing microscopy images acquired as described 
above, counting six randomly selected, non‐intersecting fields 
per well and extrapolating the total to the entire well surface 
area, while neurosphere diameter was measured using a cali-
brated scale bar. Only neurospheres measuring at least 30 μm in 
diameter were included in the analysis. 

2.6 | Western Blot Analysis 

ONSPCs were seeded in 12‐well plates (6 × 105 cells per well) 
and, after the indicated treatments and incubation times, lysed 
directly in the wells. One quarter of the total lysate from each 
well was resolved by 10% SDS‐PAGE and transferred onto 
nitrocellulose membranes for Western blot (WB) analysis. After 
1 h incubation with 3% bovine serum albumin at room tem-
perature, membranes were incubated with the appropriate an-
tibodies overnight. The primary antibodies included anti‐ 
phosphotyrosine (Merck), anti‐p44/42 MAPK (ERK1/2), anti‐ 
phospho‐p44/42 MAPK (ERK1/2) (Thr202/Tyr204), anti‐Akt, 
anti‐phospho‐Akt (Ser473), anti‐Src antibody, anti‐phospho‐Src 
family (Tyr416), anti‐EGF Receptor, anti‐phospho‐EGF Recep-
tor (Tyr1068) (Cell Signaling Technology), and anti‐Neuron‐ 
specific β‐III Tubulin (Selleckchem). Immunodetection was 
carried out with the ECL Western Blotting Substrate (Thermo 
Fisher Scientific) on the Kodak Image Station 4000 mm Pro 
Digital System (Eastman Kodak). Band intensity was quantified 
by ImageJ software (National Institutes of Health, USA). 

2.7 | Statistics 

All experiments were performed on biological replicates from 
independent donors (n = 6 per group). For neurosphere assays 
and Western blot analyses, technical triplicates were averaged 
to a single donor‐level value per condition and time point; data 
are presented as mean ± SD. Intra‐individual reproducibility 
was assessed by the coefficient of variation (CV%) across tech-
nical replicates. Given the limited sample size, between‐group 
comparisons were performed using the two‐sided Mann– 
Whitney U test, whereas paired comparisons before and after 
erlotinib treatment within the same donor group were analyzed 
using the Wilcoxon signed‐rank test. Statistical analyses were 
conducted in GraphPad Prism (v. 9.5.1); p < 0.05 was con-
sidered statistically significant. 

3 | Results 

3.1 | Neurosphere Formation and Expansion of 
Neurosphere‐Derived Neural Stem/Progenitor Cells 

To confirm the neural stem/progenitor nature of ONSPCs and 
their capacity for self‐renewal and proliferation, ONSPCs were 
cultured under standard neurosphere‐forming conditions. 
Cryopreserved ONSPCs from 6 HC and 6 SZ donors, whose 
characteristics are reported in Table 1, were thawed and ex-
panded to 80% confluence in complete DMEM/F12 medium at 
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37°C under 5% CO2 (Figure 1A). Following trypsin‐mediated 
detachment, ONSPCs were transferred to NS‐A Proliferation 
Medium supplemented with 20 ng/mL EGF, 10 ng/mL bFGF, 
and 0.00004% heparin, and incubated at 37°C under 5% CO2 to 
promote neurosphere formation, as elsewhere described (Vitale 
et al. 2017). This latter procedure mirrors established protocols 
for culturing neural stem cells derived from neurogenic regions 
such as the SVZ and the SGZ (da Silva Siqueira et al. 2021). 
Within approximately 48 h, numerous free‐floating neuro-
spheres were observed in both HC and SZ cultures (Figure 1B), 

consistent with the proliferative response of neural stem/pro-
genitor cells to mitogenic growth factors (Reynolds and 
Weiss 1992). These served as a cellular source enriched in stem/ 
progenitor cells for subsequent experiments. The neurospheres 
were then recovered by sedimentation, trypsinized, and tritu-
rated to obtain a single‐cell suspension. The neurosphere‐ 
derived cells were then incubated in complete DMEM/F12 
medium and expanded to 80% confluence for downstream 
analyses. These results show that ONSPCs from both HC and 
SZ donors respond to conditions promoting neurosphere 

FIGURE 1 | Neurosphere formation from ONSPCs. (A) ONSPCs from HC donors (left‐hand panel) and SZ patients (right‐hand panel) were 
expanded to 80% confluence in complete DMEM/F12 medium (images at 10× magnification). (B) Neurospheres were generated from ONSPCs from 
HC donors (left‐hand panel) and SZ patients (right‐hand panel), seeded at low density in NS‐A proliferation medium devoid of EGF, FGF, and 
heparin following trypsin dissociation of 80% confluent monolayers. The proliferation medium was subsequently supplemented with EGF, FGF, and 
heparin at a final concentration of 20 ng/mL, 10 ng/mL, and 0.00004%, respectively, and incubated for 48 h to generate neurospheres (images at 10× 
magnification, upper panel; 4× magnification, lower panel). Scale bars: 100 μm.  

5 of 12 Cell Biology International, 2026 
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formation, established for neural stem/progenitor cells residing 
in established neurogenic niches (Ilaria Decimo et al. 2012), 
retaining comparable proliferative potential irrespective of dis-
ease status. 

3.2 | Differential Neurosphere‐Forming 
Responses to EGF in HC‐ and SZ‐Derived ONSPCs 

EGF is crucial for the self‐renewal and proliferation of neural 
stem cells, promoting the formation of neurospheres in vitro 
even in the absence of other growth factors (Doetsch et al. 2002; 
Reynolds and Weiss 1992). Because cultivation of ONSPCs in 
complete NS‐A Proliferation Medium yielded numerous neu-
rospheres irrespective of the participant group, and EGF sig-
naling is not recapitulated by other growth factors, we sought to 
determine whether EGF alone, under stringent conditions, 
could unmask differences in ONSPC proliferative and 
neurosphere‐forming capacity. To this end, ONSPCs (8 × 104 

cells per well) from the single‐cell suspensions, obtained as 
described above, from both groups were seeded in 12‐well plates 
and cultured in serum‐free DMEM/F12 medium in the absence 
or presence of 20 ng/mL EGF for 48 h. As shown in Figure 2A, 
HC‐derived cultures formed multiple spherical cellular ag-
gregates within 48 h. Only well‐defined neurospheres with a 
diameter greater than or equal to 30 μm were considered in the 
quantitative analysis, excluding smaller cellular aggregates 
(Table 2). In contrast, SZ‐derived cultures exhibited only sparse 

and poorly organized clusters with occasional immature 
neurosphere‐like structures (Figure 2B). 

These observations differed markedly from those obtained 
under complete NS‐A proliferation conditions, suggesting 
impaired EGFR‐dependent signaling in SZ‐derived ONSPCs. To 
directly assess the contribution of EGFR signaling to neuro-
sphere formation, ONSPCs were pretreated with the selective 
EGFR inhibitor erlotinib (10 μM) for 30 min prior to stimulation 
with 20 ng/mL EGF for 48 h. Erlotinib substantially reduced 
neurosphere formation in HC‐derived cultures (Figure 2C), 
while virtually abolishing the already limited aggregative 
capacity of SZ‐derived ONSPCs (Figure 2D). Collectively, these 
findings support a critical role for EGFR signaling in sustaining 
neural stem/progenitor cell proliferation and neurosphere‐ 
forming capacity. 

3.3 | SZ‐Derived ONSPCs Show Perturbed 
Signaling Downstream of EGF Engagement 

To investigate the molecular mechanisms underlying the dif-
ferential response to EGF between the two participant groups, 
we examined the EGFR signaling cascade, focusing on receptor 
activation and key downstream effectors, including Akt, Src, 
and ERK1/2 (Singh et al. 2012a; Wee and Wang 2017). ONSPCs 
(8 × 104) were seeded in 12‐well plates and cultured for 24 h in 
complete DMEM/F12 at 37°C under 5% CO2 to reach ~80% 

FIGURE 2 | EGF‐induced formation of neurospheres from HC‐ and SZ‐derived ONSPCs under EGF‐exclusive conditions. Neurosphere‐derived 
ONSPCs from either HC donors (A) or SZ patients (B) were incubated in DMEM/F12 in the presence of 20 ng/mL EGF for 48 h. Alternatively, 
neurosphere‐derived ONSPCs from either HC donors (C) or SZ patients (D) were incubated in DMEM/F12 in the presence of the selective EGFR 
inhibitor erlotinib (10 μM) for 30 min prior to stimulation with 20 ng/mL EGF for 48 h. The images show ONSPCs from 2 controls and 2 patients and 
are representative of all the cell cultures analyzed (10× magnification). Scale bars: 100 μm.  
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confluence. WB analysis using anti‐EGFR antibodies revealed 
comparable total EGFR expression levels in both groups 
(Figure 3B). To assess EGF‐induced signaling dynamics, 
ONSPCs were serum‐starved for 24 h and stimulated with 
20 ng/mL EGF for 0, 10, 20, and 45 min. WB analysis with anti‐ 
phosphotyrosine antibodies revealed a global phosphotyrosine 
profile that differed markedly between groups, with HC‐derived 
ONSPCs displaying a progressive and sustained increase in 
tyrosine phosphorylation, whereas SZ‐derived ONSPCs ex-
hibited an earlier but transient phosphotyrosine signal 
(Figure 3A). At the receptor level, HC‐derived ONSPCs showed 
modest EGFR phosphorylation that increased progressively, 
reaching a peak at 20 min and plateauing thereafter. In contrast, 
SZ‐derived ONSPCs exhibited rapid and pronounced EGFR 
phosphorylation detectable as early as 10 min, peaking at 
20 min but declining markedly by 45 min (Figure 3B). Phos-
phorylation of Akt followed a pattern closely mirroring that of 
EGFR in both groups. HC‐derived ONSPCs showed gradual and 
sustained Akt activation, whereas SZ‐derived ONSPCs dis-
played earlier but transient phosphorylation followed by a 
pronounced decline at 45 min (Figure 3C). A comparable pat-
tern was observed for Src, with HC‐derived ONSPCs exhibiting 
progressive phosphorylation and SZ‐derived ONSPCs showing 
earlier yet rapidly attenuated activation (Figure 3D). By con-
trast, ERK1/2 phosphorylation kinetics were comparable 
between groups, indicating no differential engagement of the 
MAPK branch (Figure 3E). To verify pathway specificity, 
ONSPCs were preincubated with increasing concentrations of 
erlotinib (0, 1, and 15 μM) for 30 min prior to stimulation with 

EGF for 30 min. Global tyrosine phosphorylation, assessed 
by WB analysis with anti‐phosphotyrosine antibodies, was 
markedly reduced by erlotinib in a dose‐dependent manner in 
both HC‐ and SZ‐derived ONSPCs, with near‐complete abro-
gation at the highest concentration, confirming on‐target en-
gagement of the inhibitor (Figure 4A). Indeed, erlotinib 
abolished EGFR phosphorylation in a dose‐dependent manner 
(Figure 4B), with parallel suppression of downstream Akt, Src, 
and ERK1/2 activation (Figure 4C,D,E, respectively). Collect-
ively, these findings suggest that the aberrant magnitude and 
temporal dynamics of EGF‐driven signaling observed in 
SZ‐derived ONSPCs reflect dysregulation at the receptor level, 
consistent with a direct contribution of aberrant EGFR activity 
to the impaired neurosphere‐forming capacity of these cells. 

4 | Discussion 

Schizophrenia affects approximately 1% of the global popula-
tion, imposing considerable personal and societal burdens. 
Despite advances in elucidating its etiopathogenesis, the un-
derlying biological mechanisms of schizophrenia remain 
incompletely understood. Although conventional experimental 
models—including post‐mortem brain tissue, animal models, 
and induced pluripotent stem cells—have provided valuable 
mechanistic insights, each is constrained by inherent limita-
tions, such as loss of patient‐specific signatures, high costs, 
and technical challenges (Lipska et al. 2006; Volpato and 
Webber 2020; Bellon 2024). 

TABLE 2 | Quantitative analysis of neurosphere formation in HC‐ and SZ‐derived ONSPCs under EGF stimulation and following EGFR 
inhibition.       

HC EGF (mean ± SD) 
EGF 

(CV%) EGF + erlotinib (mean ± SD) 

EGF + 
inhibitor 

(CV%) 
EGF + inhibitor 

(% inhibition)  

1 2521 ± 214 8.5 1187 ± 185 15.6 47.1 
2 3865 ± 316 8.2 1971 ± 221 11.2 51.1 
3 2319 ± 234 10.1 881 ± 115 13.1 38.0 
4 3513 ± 473 13.5 1932 ± 280 14.5 55.0 
5 2954 ± 181 6.1 1270 ± 145 11.4 43.0 
6 3001 ± 174 5.8 1560 ± 205 13.1 52.1 
HC group 
summary 

3029 ± 583†   1467 ± 433‡     

SZ           
1 321 ± 13 4.0 n.d. n.d. n.d. 
2 454 ± 14 3.1 n.d. n.d. n.d. 
3 246 ± 57 23.2 n.d. n.d. n.d. 
4 587 ± 16 2.7 n.d. n.d. n.d. 
5 811 ± 13 1.6 n.d. n.d. n.d. 
6 439 ± 80 18.2 n.d. n.d. n.d. 
SZ group 
summary 

476 ± 202†         

Note: Values represent donor‐level means ± SD derived from three technical replicates for each experimental condition. CV%, coefficient of variation across technical 
replicates. Group summaries were calculated from donor means (n = 6 biological replicates per group). Between‐group comparisons (HC vs SZ under EGF conditions) 
were performed using the two‐sided Mann–Whitney U test. Comparisons before and after erlotinib treatment were performed using the Wilcoxon signed‐rank test. 
Percentage inhibition was calculated individually for each donor as the relative reduction in neurosphere number following EGFR inhibition. † p < 0.001; ‡ p = 0.031 n.d., 
not determined.  
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FIGURE 3 | Time‐course analysis of the phosphorylation status of EGFR and downstream effectors following EGFR engagement in HC‐ and SZ‐ 
derived ONSPCs. Cell lysates from HC‐ and SZ‐derived ONSPCs seeded into 12‐well plates (8 × 104 cells per well) and treated with 20 ng/mL EGF for 
0, 10, 20, 45 min were subject to WB analysis with antibodies against the phosphorylated forms of tyrosine, EGFR, Akt, Src, and ERK1/2 (A, B, C, D, 
and E, respectively). Band intensity was quantified by densitometric analysis of chemiluminescent signals using ImageJ software and normalized to 
GAPDH, used as a loading control. The normalized values are presented as bar graphs showing mean ± S.D. ns, not significant; *p < 0.05, **p < 0.01, 
***p < 0.001.  
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FIGURE 4 | Legend on next page. 
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By contrast, ONSPCs represent a practical and physiologically 
relevant human‐based alternative. Crucially, they closely reca-
pitulate mid‐fetal brain progenitor properties at a develop-
mental window during which environmental insults may 
increase vulnerability to psychiatric disorders (Tebbenkamp 
et al. 2014), rendering them particularly suitable for exploring 
schizophrenia within the neurodevelopmental paradigm 
(Khandaker et al. 2013). ONSPCs retain neural commitment 
and preserve epigenetic features that reflect donor identity and 
disease status, while established culture and cryopreservation 
protocols support efficient expansion and longitudinal analyses 
(Borgmann‐Winter et al. 2015; Idotta et al. 2024). Their ana-
tomical accessibility further enables straightforward collection  
— most commonly by nasal biopsy (Vitale et al. 2017), or 
alternatively by a non‐invasive, low‐cost brushing technique 
that minimizes discomfort and broadens applicability (Benítez‐ 
King et al. 2011; Idotta et al. 2024). 

In line with previous studies, whereby we identified functional 
alterations in SZ‐derived ONSPCs consistent with findings from 
other experimental models (Idotta et al. 2019; Idotta et al. 2024), 
we focused on signaling pathways downstream of EGF en-
gagement, a key regulator of neurodevelopment. Specifically, 
we investigated whether perturbations in EGF signaling are 
associated with morpho‐functional abnormalities that distin-
guish SZ‐derived ONSPCs from neurotypical controls. 

Our findings provide evidence that SZ‐derived ONSPCs display 
distinct functional and signaling responses to EGF compared to 
HCs. Both groups formed neurospheres, a standard readout of 
neural stem cell self‐renewal and proliferation, under prolifer-
ative conditions in the presence of EGF and FGF (Reynolds and 
Weiss 1992), critical growth factors in neurodevelopment, but 
when exposed to EGF‐exclusive conditions, HC‐derived 
ONSPCs formed typical neurospheres, whereas the SZ‐derived 
counterparts generated sparse, disorganized aggregates. This 
deficit occurred despite comparable EGFR protein levels, sug-
gesting that altered signaling dynamics rather than receptor 
abundance underlie impaired responsiveness. This finding is 
consistent with a broader pattern of proliferative abnormalities 
in patient‐derived neural cells, and extends previous evidence 
from our group documenting impaired proliferation in 
SZ‐derived ONSPCs relative to HCs, particularly with increas-
ing passage number (Idotta et al. 2019) and following cryo-
preservation and thawing (Idotta et al. 2024). These 
observations may appear to contrast with earlier seminal stud-
ies reporting enhanced proliferative activity in SZ‐derived 
olfactory neuroepithelium, as evidenced by elevated mitotic 
index (Féron et al. 1999), dysregulated expression of cell‐cycle 
regulatory genes (McCurdy et al. 2006), and increased expres-
sion of key drivers of cell‐cycle progression—cyclins D1, E, and 
A2—consistent with a proliferative bias (Fan et al. 2012). 
However, this apparent discrepancy is likely attributable to 

differences in experimental conditions: those studies were 
conducted either on tissue sections and cultures supplemented 
with FGF (Féron et al. 1999; McCurdy et al. 2006), or on thawed 
cells plated on extracellular matrix‐mimicking substrates such 
as fibronectin (Fan et al. 2012), whereas stringent EGF‐ 
exclusive conditions selectively unmask impaired neurosphere 
formation and aberrant EGFR‐dependent signaling in SZ‐ 
derived cells. Whether this reflects a genuine pathophysiologi-
cal signature remains unclear and will require further investi-
gation. In particular, experimental paradigms incorporating 
adhesion substrates and FGF‐exclusive conditions may help 
define the respective roles and potential overlap of EGFR‐ and 
FGFR‐dependent signaling in this model. 

In this context, aberrant EGFR–Akt signaling dynamics repre-
sent a candidate upstream mechanism through which cell‐cycle 
entry and neurosphere‐forming capacity may be disrupted in 
SZ‐derived ONSPCs, given the well‐established role of PI3K/Akt 
signaling in G1/S transition (Sheng et al. 2003) and progenitor 
self‐renewal (Singh et al. 2012b). 

Indeed, SZ‐derived ONSPCs exhibited earlier and stronger, yet 
transient, EGFR activation, accompanied by rapid phosphoryl-
ation and decay of downstream effectors, particularly Akt and 
Src, whereas HC‐derived ONSPCs displayed weaker but sus-
tained activation over time. These findings suggest that pre-
mature attenuation of EGFR–PI3K/Akt signaling in SZ‐derived 
ONSPCs may contribute to reduced proliferative responsiveness 
and impaired neurosphere formation, consistent with altered 
regulation of neural stem/progenitor cell self‐renewal. The 
sensitivity of both signaling and neurosphere formation to 
pharmacological EGFR inhibition further supports a central 
role for EGFR‐dependent pathways in sustaining neural pro-
genitor function (Le Belle et al. 2011). By contrast, ERK1/2 
activation within the EGFR–MAPK branch appeared compar-
atively preserved in both groups, in line with the relative 
preservation of differentiation‐related signaling and further 
supporting the hypothesis of preferential vulnerability of the 
EGFR–PI3K/Akt axis in SZ‐derived ONSPCs. 

Our findings are consistent with broader evidence linking 
dysregulated EGF/ErbB signaling to schizophrenia. Post‐ 
mortem data show reduced EGF and increased EGFR in the 
patient prefrontal cortex (Futamura et al. 2002), while rodent 
studies reveal that perinatal EGF exposure induces 
schizophrenia‐like behaviors reversible by EGFR inhibition 
(Mizuno et al. 2013). These observations suggest that aberrant 
temporal regulation of EGFR–Akt signaling in neural progeni-
tors may contribute to the developmental disruptions under-
lying schizophrenia. 

Beyond the potentially relevant findings of the present study, 
several limitations should be acknowledged. The relatively 

FIGURE 4 | Effect of increasing concentrations of erlotinib on the phosphorylation status of EGFR and downstream effectors following EGFR 
engagement in HC‐ and SZ‐derived ONSPCs. Cell lysates from HC‐ and SZ‐derived ONSPCs seeded into 12‐well plates (8 × 104 cells per well), 
pretreated with increasing concentrations of erlotinib (0, 1, 15 μM) for 30 min and supplemented with 20 ng/mL EGF for 20 min, were subject to WB 
analysis with antibodies against the phosphorylated forms of tyrosine, EGFR, Akt, Src, and ERK1/2 (A, B, C, D, and E, respectively). Band intensity 
was quantified by densitometric analysis of chemiluminescent signals using ImageJ software and normalized to GAPDH, used as a loading control. 
The normalized values are presented as bar graphs showing mean ± S.D. ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001.  
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small cohort size limits statistical power and may reduce the 
generalizability of the results. Moreover, all patients with 
schizophrenia were receiving antipsychotic treatment at the 
time of sampling, and therefore, a potential influence of med-
ication exposure on EGFR signaling dynamics and 
neurosphere‐forming capacity cannot be excluded, although 
repeated culture passages may reduce direct pharmacological 
effects. In this regard, studies in medication‐naïve individuals 
would be informative. Regarding the expression and phospho-
rylation levels of the signaling proteins under investigation, 
approaches yielding absolute abundance measures—such as 
mass spectrometry‐based phosphoproteomics—would go 
beyond the semiquantitative nature of Western blot analysis, 
albeit mitigated by normalization to housekeeping proteins, and 
could further corroborate the present findings. In addition, 
laboratory analyses were not performed blind to participant 
group status, potentially introducing observer bias. Future 
studies involving larger cohorts, medication‐naïve patients, 
blinded analyses, and complementary quantitative approaches 
will be necessary to validate and extend the present findings. 

In summary, SZ‐derived ONSPCs display rapid but unsustained 
EGFR and Akt activation, early Src engagement, and preserved 
ERK1/2 signaling. This atypical signaling pattern is associated 
with defective neurosphere formation under EGF‐exclusive 
conditions, suggesting altered regulation of stemness‐related 
signaling and self‐renewal capacity. Future studies should test 
whether prolonging Akt activation can restore these deficits, 
providing mechanistic insight and potential therapeutic ave-
nues for neurodevelopmental vulnerability in schizophrenia.  
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