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List of abbreviations

o ATP — adenosine triphosphate: the primary energy currency of the cell.

e BCL11B — B-cell CLL/lymphoma 11B (CTIP2): a transcription factor
marking deep-layer cortical neurons.

e BDNF - brain-derived neurotrophic factor: recombinant neurotrophin that
promotes neuronal survival, differentiation, and maturation in vitro.

e BSD - blasticidin S-deaminase: confers resistance to the antibiotic
blasticidin for selection of edited clones.

o ChlP-seq — chromatin immunoprecipitation followed by sequencing: maps
genome-wide binding sites of DNA-associated proteins.

e CLYBL - Citramalyl-CoA lyase locus: a genomic “safe-harbor” site on
chromosome 13 used for stable transgene integration.

e DMEM/F-12 — Dulbecco’s Modified Eagle Medium : Ham’s F-12 nutrient
mixture: basal medium for culturing 293FT cells and various stem cell
derivatives.

o  DMSO - dimethyl sulfoxide: organic solvent used as vehicle control or to
dissolve small-molecule inhibitors.

e DOX - doxycycline: tetracycline-analog used to induce TRE3G-driven
transgene expression.

e DPBS — Dulbecco’s Phosphate-Buffered Saline: balanced salt solution
without Ca*/Mg**.

o EB - embryoid body: Three-dimensional aggregates of pluripotent stem
cells cultured under non-adherent conditions to promote spontaneous
differentiation into the three germ layers: ectoderm, mesoderm, and
endoderm.

o EDTA — ethylenediaminetetraacetic acid: chelating agent used to dissociate
and passage adherent stem cells.

o EGF - epidermal growth factor: recombinant protein used to support
proliferation and survival of neural progenitors and NES cells.

o FGF-2 (bFGF) — fibroblast growth factor 2 (basic FGF): recombinant
growth factor used to maintain stem cell pluripotency and promote neural

progenitor proliferation.



FGFRI1 - fibroblast growth factor receptor I: tyrosine kinase receptor that
acts as a cell surface receptor for fibroblast growth factors or functions as a
nuclear protein, playing a key role in embryonic development, neural
progenitor proliferation, and differentiation.

GlutaMAX - L-alanyl-L-glutamine supplement: stabilized dipeptide
substitute for L-glutamine to reduce ammonia buildup in culture.

GO — Gene Ontology: a structured vocabulary for annotating gene and
protein functions across three domains—Biological Process, Molecular
Function, and Cellular Component.

hCO - human cortical organoid: three-dimensional, stem-cell-derived
neural tissue that self-organizes into cortical-like germinal and neuronal
layers in vitro, modeling developing human cortex.

hiPSC — human induced pluripotent stem cells: somatic cells reprogrammed
by ectopic expression of OCT4, SOX2, KLF4, and ¢c-MYC (Yamanaka
factors), expressing pluripotency markers such as OCT4, SOX2, NANOG,
TRA-1-60, and SSEA-4, capable of self-renewal and differentiation into all
three germ layers.

Hi-C — high-throughput chromosome conformation capture: analysis of
intra- and inter-chromosomal DNA interactions.

Hi-ChiP — ChiPseq combined with High-throughput Chromosome
Conformation Capture.

INFS — Integrative nuclear FGFRI signaling: the genome-wide

transcriptional program coordinated by nFGFRI1.

IPC — intermediate progenitor cell: TBR2" transit-amplifying progenitors
in the subventricular zone (SVZ) that undergo symmetric divisions to
increase neuronal output.

Ki-67 — Marker of proliferation; a nuclear protein expressed in actively
cycling cells.

LC3B - Microtubule-associated protein 1 light chain 3 beta: an
autophagosome membrane protein used as a mitophagy marker.
LC-MS/MS - liquid chromatography—tandem mass spectrometry:
analytical platform for identifying and quantifying proteins.

mApple — mApple fluorescent protein: a red-fluorescent reporter used to

track transgene expression.



MIM - mitochondrial inner membrane: membrane forming cristae in
mitochondria, enriched in ETC complexes and ATP synthase.

mitoKeima — mitochondria-targeted Keima: a ratiometric fluorescent
reporter for quantifying mitophagy via pH-sensitive excitation shifts.
MMP — mitochondrial membrane potential: an indicator of mitochondrial
health measured by potential-sensitive dyes (e.g. MitoTracker).

MOM — mitochondrial outer membrane: the permeable outer bilayer of
mitochondria, enclosing the intermembrane space.

mtDNA — mitochondrial DNA: ~16.5 kb circular genome encoding 13
OXPHOS proteins, 22 tRNAs, and 2 rRNAs.

NES — neuroepithelial stem cell.

nFGFR1 — nuclear FGFRI: (i) Endogenous hypoglycosylated receptor is
transported from the cytosol to the nucleus by a Nuclear Localization
Signal, providing FGF ligand, or (ii) a recombinant FGFR1(SP-/NLS)
variant that lacks the signal peptide and contains a nuclear localization
signal, acting as a constitutively active nFGFR1.

NLS — nuclear localization signal: a short peptide motif added to FGFR1
to drive its constitutive nuclear import.

NSPC — neural stem/progenitor cells: a population of neuroepithelial cells
that includes both neural stem cells and neural progenitors, expressing
nestin, SOX2, and PAX6 in the developing nervous system, proliferating
and differentiating into neurons.

NT-3 — neurotrophin-3: recombinant growth factor used to support
maturation and survival of developing neurons in organoid cultures.
OSVZ — outer subventricular zone: expanded SVZ region in gyrencephalic
brains containing oRG and IPCs, driving cortical expansion.

OXPHOS - oxidative phosphorylation: mitochondrial process coupling
electron transport to ATP synthesis via the electron transport chain.

PAXG6 - Paired box 6: a transcription factor marking neuroepithelial
progenitors.

PBS — Phosphate-Buffered Saline.
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PCA — principal component analysis: a dimensionality-reduction technique
that transforms data into a coordinate system where principal components
(PCs) are axes capturing the most variance.

oRG — outer radial glia: basal progenitors in the outer SVZ lacking apical
contacts, capable of mitotic somal translocation and direct neuron
generation.

PEI — polyethylenimine: cationic polymer used as a transfection reagent for
DNA delivery into mammalian cells.

PGC-1a — peroxisome proliferator-activated receptor vy coactivator
I-alpha: a master regulator of mitochondrial biogenesis.

PGC10-EGFP — peroxisome proliferator-activated receptor gamma
coactivator lo reporter fused to EGFP: live reporter for mitochondrial
biogenesis, where EGFP is driven by PGCla promoter.

PINKI1 - PTEN-induced putative kinase I: a serine/threonine kinase that
recruits Parkin to damaged mitochondria.

rtTA — reverse tetracycline-controlled transactivator: the protein that binds
TRE3G and activates transcription in the presence of doxycycline.

ROS —reactive oxygen species: chemically reactive molecules derived from
oxygen

RT-qPCR - reverse transcription quantitative polymerase chain reaction:
measures RNA expression levels via cDNA quantification.

SOX2 — SRY-box transcription factor 2: a key pluripotency and neural
progenitor marker.

SYP — synaptophysin: an integral membrane protein of synaptic vesicles;
marker of presynaptic terminals.

SVZ — subventricular zone: secondary proliferative region basal to the VZ,
where [PCs amplify and migrate.

TALEN - transcription activator-like effector nuclease: a custom
endonuclease platform for targeted genome editing.

TBR1 — T-box brain protein I: a transcription factor expressed by deep-
layer cortical neurons.

TBR2 — T-box brain protein 2: a transcription factor marking intermediate

neural progenitors.
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Tet3G / TRE3G - third-generation tetracycline transactivator;
tetracycline response element. components of a doxycycline-inducible
expression system.

(SP-) — signal peptide—lacking: indicates removal of the N-terminal
secretory signal from FGFR1 to prevent membrane targeting.

TMT — tandem mass tag: isobaric labels used for multiplexed quantitative
proteomics by mass spectrometry.

tRG — fruncated radial glia: ventricular-zone-restricted progenitors with
apical junctions but no basal process, contributing to a discontinuous
scaffold.

VZ — ventricular zone: a transient proliferative layer of the developing
cortex lining the lateral ventricles, enriched in neural stem cells.

VRG — ventricular radial glia: apically located neural stem cells in the
ventricular zone, undergoing interkinetic nuclear migration and asymmetric
division.

WGCNA - weighted gene co-expression network analysis: identifies

modules of co-regulated proteins/genes across samples.
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Streszczenie

Zapotrzebowanie energetyczne neuralnych komorek progenitorowych oraz
réznicujacych si¢ neuronéw podczas rozwoju zarodkowego mozgu cztowieka jest
bardzo wysokie w zwigzku z nasilonymi procesami komodrkowymi, takimi jak
proliferacja, migracja i tworzenie synaps. Mitochondria odgrywaja kluczowa role
w tym procesie, poprzez produkcje ATP, kontrole szlakéw metabolicznych
zwigzanych z rdznicowaniem neuronalnym, réwnowaga redoks i gospodarka
wapniowg. Zaburzenia tych mechanizméw wigzg si¢ z chorobami
neurorozwojowymi, takimi jak schizofrenia i zaburzenia ze spektrum autyzmu.

Receptor czynnika wzrostu fibroblastow 1 (FGFRI), dzialajac poprzez
szlaki sygnalowe, bltonowe i1 jadrowe, funkcjonuje jako uniwersalny regulator
rozwoju zarodkowego uktadu nerwowego, kontrolujac indukcje neuronalng
i proliferacj¢ neuralnych komorek pregenitorowych, a tym samym wptywajac na
specyfikacje budowy kory mozgu. W jadrze komoérkowym jadrowa forma FGFR1
(nFGFR1) integruje sygnaly rozwojowe bezposrednio regulujac geny
odpowiedzialne za neurogeneze¢ i specyfikacje budowy kory moézgu wiazac sie
z koaktywatorami transkrypcji takimi jak CBP, RSKI1, Nurrl i RXR. Ponadto
badania wskazuja na obecno$¢ FGFR1 w mitochondriach; jego rola w dynamice
mitochondrialnej, biogenezie i adaptacji bioenergetycznej pozostaje jednak w duze;j
mierze niepoznana.

W komorkach eukariotycznych geny kodujace biatka mitochondrialne sa
zlokalizowane zaréwno w genomie jadrowym (nDNA), jak i mitochondrialnym
(mtDNA). Ich wspoéldziatanie jest kluczowe dla homeostazy komorkowej i r6zni
sie¢ w zaleznosci od typu komorek, obszaru mézgu oraz etapu rozwoju. W niniejszej
pracy wykazano, ze w modelu organoidéw kory moézgu, podczas wczesnej
neurogenezy, nFGFR1 wplywa na regulacje¢ aktywnos$ci obu genomoéw,
koordynujac ich wzajemne oddziatywanie.

Gléwnym celem niniejszej rozprawy bylo okreslenie roli jadrowej formy
FGFR1 (nFGFR1) w regulacji neurogenezy i metabolizmu podczas wczesnego
rozwoju kory mézgowej w ludzkich organoidach korowych (hCO), ze szczegolnym
uwzglednieniem jej wptywu na morfologig, funkcje mitochondriéw, mitofagi¢ oraz
réznicowanie neuronalne. Postawitem hipotezg, ze warunkowa nadekspresja

nFGFR1 wplywa na dynamik¢ mitochondrialng, réznicowanie neuronalne
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i adaptacj¢ metaboliczng poprzez koordynacj¢ dzialania genoméw jadrowego
i mitochondrialnego. W celu zweryfikowania tej hipotezy, otrzymatem lini¢
ludzkich indukowanych pluripotencjalnych komoérek macierzystych (hiPSC),
hiPSCTe3G-FGFRISP-NLS) - 7 kasetg nFGFR1 zintegrowang w bezpiecznym locus
CLYBL pod promotorem indukowanym doksycykling. Zastosowanie tej linii
umozliwilo kontrolowang nadekspresj¢ nFGFR1, bez zaburzenia stabilno$ci
genomu. Komorki linii hiPSCTeBG-FGFRIGSPNLS) 7r67micowowano w hodowli in vitro
do struktur 3D: kul zarodkowych (ang. embryoid bodies; EB), neuroepitelialnych
komorek macierzystych (ang. neuroepithelial stem cells; NES) oraz organoidow
kory moézgu (ang. human cortical organoids; hCO).

W celu ustalenia, jak nFGFR1 wplywa na rozwoj kory moézgowej
i dynamik¢ mitochondriow w otrzymanych modelach in vitro, zastosowatem
strategie badawcza, ktéra obejmowata wieloskalowe testy funkcjonalne: analize
ekspresji gendéw, obrazowanie reporteréw biogenezy mitochondridow i mitofagii
w zywych komorkach, jak réwniez analizy immunofluorescencyjne, analizy
morfometryczne mitochondriéw i rozet neuronalnych oraz proteomike organoidow
kory mozgu (hCO). Analizowatem proliferacj¢ neuronalnych komorek
progenitorowych (NSPC), neurogenezg¢, morfologi¢ mitochondriow, biogeneze
1 mitofagi¢ mitochondridw oraz zywotno$¢ komorek i apoptoze.

Proteomika z uzyciem tandemowych znacznikéw masowych (ang. tandem
mass tag, TMT), przeprowadzona na 60-dniowych organoidach korowych,
wykazala istotne remodelowanie proteomu po indukcji nFGFR1. Analiza WGCNA
(ang. weighted gene co-expression network analysis) wykazata wzbogacenie
modutéow  bialkowych zwigzanych z rozwojem neuronalnym, funkcja
mitochondridw, translacja mitochondrialng, splicingiem RNA, replikacja DNA
oraz autofagig. Indukcja nFGFR1 wplynela na zwigkszenie ekspresji markerow
glebokich warstw kory (TBR1, SLIT2, CUX1), bialek mitochondrialnych (OXR1,
TXN2, MRPL24, MRPS26), komponentéw lizosomalno-autofagowych (GBA,
GALC, CTSB) oraz enzyméw glikolitycznych (PKM2, SLC16A3). Z drugiej
strony stymulacja nFGFR1 spowodowata zahamowanie poziomu biatek
synaptycznych (BCL11B, SOX5, NCAM2, FOXGI1, SYN2), podjednostek
tancucha transportu elektronow (NDUFA7, COX6C) oraz transportem lipidow
(VPS13A, FABPS), co wskazuje na przesunigcie metabolizmu z fosforylacji
oksydacyjnej na glikoliz¢ i metabolizm glikolipidow.
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Analiza in vitro wykazata, ze indukcja nFGFR1 w organoidach korowych
wplywa na zmniejszenie proliferacji progenitorow neuralnych (spadek liczby
komorek Ki67" w obszarze apikalnym strefy komorowej, ang. ventricular zone)
oraz zwigkszenie rozmiaru rozet neuronalnych, bez zmiany ilosci komodrek
progenitorowych SOX2" i PAX6". Indukcja nFGFR1 wptyngta réwniez na
zwigkszenie liczby neuronéw warstwy glebokiej kory (CTIP2*, TBR1") i obnizenie
liczby  progenitorow  posrednich TBR2+ w  strefie podkomorowe;j
(ang. subventricular ~ zone). Ponadto, indukcja nFGFR1 spowodowala
zahamowanie dojrzewania neuronalnego, poprzez istotnie obnizenie liczby
komorek z ekspresja biatka synapsyny 2 w warstwie korowej hCO oraz
zahamowanie ekspresji synaptofizyny (SYP).

Ponadto, nadekspresja nFGFR1 wptynela na zwigkszenie fragmentacji
mitochondridow i zmniejszenia ztozonos$ci sieci mitochondrialnej w warstwie
korowej hCO. W strefie komorowej, indukcja nFGFR1 wptynela na elongacje
mitochondriow; zmiany te sugeruja, ze wptyw nFGFRI1 jest zalezny od regionu
hCO. Ponadto, nFGFR1 istotnie zwigkszyt poziom mitofagii, okreslony poprzez
poziom aktywnos$¢ reportera mitofagii mitoKeima, aktywacj¢ szlaku PINKI-
Parkin i zwigkszenie ilo$ci autofagosoméow LC3B+ w mitochondriach w warstwie
korowej hCOs. Tym zmianom nie towarzyszyly zmiany na poziomie ekspresji
gendw 1 biatek zwigzanych z mitofagia, co sugeruje dzialanie nFGFR1 na poziomie
posttranskrypcyjnym. Ponadto, indukcja nFGFR1 nie wplyneta na stymulacje
szlakow biogenezy mitochondriow, okreslonych poprzez aktywno$¢ reportera
PGCl1a-EGFP i liczbe kopii mtDNA. Zaobserwowano, ze nadekspresja nFGFR1
wptywa na zwickszenie ekspresji genu MT-ATP6, czemu towarzyszy zwigkszony
poziom ATP, indukcja potencjalu btony mitochondrialnej oraz wzrost poziomu
reaktywne formy tlenu, bez aktywacji apoptozy czy reakcji stresu oksydacyjnego.

Analiza ChIP-seq (ang. chromatin immunoprecipitation sequencing)
wykazata, ze nFGFR1 wigze si¢ do promotorow genow takich jak PINKI i BNIP3
kodowanych przez genom jadrowy; oraz wigze si¢ z DNA mitochondrialnym
(mtDNA), m.in. w regionach sekwencji gendéw MT-ATP6 1 MT-CO3. Wyniki te
wskazuja, ze nFGFR1 moze kontrolowaé ekspresje gendw mitochondrialnych
poprzez oddziatywanie zarowno z genomem jadrowym, jak i mitochondrialnym.

Podsumowujac, praca ta wykazuje, ze nFGFR1 petni kluczowa, podwdjna

role w kontroli genomu, poprzez integracj¢ sygnatow rozwojowych
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1 metabolicznych. Otrzymane wyniki wskazuja, ze nFGFR1 koordynuje dynamike
NPSC, neurogenez¢ oraz kontrole jakosci mitochondriéw, co wptywa na regulacje
wczesnej kortykogenezy cztowieka. Praca ta pozwolita na poznanie podstawowych
proceséw, w jaki sposob czynniki pan-ontogenetyczne reguluja dynamike
mitochondriow podczas rozwoju moézgu, co w przysztosci moze pozwoli¢ na
zrozumienie mechanizméw zaburzen neurorozwojowych 1 nowotworow

zwigzanych z zaburzeniem aktywnosci FGFR1.
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Abstract

During human brain neurodevelopment, neural progenitors and
differentiating neurons require a dynamic energy supply to support proliferation,
migration, and synapse formation. Mitochondria play a central role in these
processes by supplying ATP, regulating metabolic pathways that influence cell fate
decisions, and controlling redox balance and calcium signaling. Disruptions in these
processes have been linked to neurodevelopmental diseases, including
schizophrenia and autism spectrum disorders.

Fibroblast Growth Factor Receptor 1 (FGFRI) is recognized as a pan-
ontogenic regulator involved in embryonic neural development, managing neural
induction, progenitor proliferation, and cortical patterning through both cell surface
and nuclear pathways. Inside the nucleus, the nuclear form of FGFR1 (nFGFR1)
integrates various developmental signals by binding with transcriptional co-
activators such as CBP, RSK1, Nurrl, and RXR, thereby directly controlling gene
programs essential for neurogenesis and cortical specification. Additionally,
growing evidence shows that FGFR1 presence is also in mitochondria; however, its
role in mitochondrial dynamics, biogenesis, and bioenergetic adaptation remains
largely unknown.

In eukaryotic cells, genes that encode mitochondrial proteins reside in both
the nuclear (nDNA) and mitochondrial (mtDNA) genomes. Their coordination is
crucial for cellular homeostasis and varies across cell types, brain regions, and
developmental stages. This thesis shows that nFGFR1 orchestrates the cross-talk
and coordination between these two genomic systems, actively balancing their
activity during neurodevelopment.

The primary objective of this dissertation was to define the role of nFGFR1
in modulating developmental and metabolic processes during early cortical
development, particularly whether nFGFR1 may influence the mitochondrial
structure, function, turnover, and neural lineage specification. I hypothesized that
the conditional induction of nuclear FGFR1 (nFGFR1), which models the nFGFR1
upregulation during early corticogenesis, influences mitochondrial dynamics,
neural lineage commitment, and metabolic adaptation through dual targeting of
both nuclear and mitochondrial genomes. To test this hypothesis, I engineered a

human-induced pluripotent stem cell (hiPSC) line that contains a doxycycline-
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inducible nFGFRI1 cassette integrated into the CLYBL safe-harbor locus.
hiPSCTe3G-FGFRISP-NLS)  engures controlled overexpression without causing
genomic instability. The modified hiPSCs were then differentiated into embryoid
bodies (EBs), neuroepithelial stem (NES) cells, and three-dimensional human
cortical organoids (hCOs).

My research strategy included multi-scale functional assessments, such as
gene expression, live-cell reporter imaging, immunofluorescence, morphometric
analysis of mitochondria and neuronal rosettes, and proteomic analysis of hCO, to
evaluate how nFGFR1 modulates cortical development and mitochondrial
regulation across three developmental platforms. I examined changes in NSPC
proliferation, lineage commitment, mitochondrial morphology, mitophagy,
mitochondrial biogenesis, cell viability, apoptosis, and global proteomics.

TMT-based proteomics (tandem mass tag) of 60-day human cortical
organoids revealed extensive proteome remodeling following nFGFR1 induction.
Co-expression network analysis identified protein modules linked to neuronal
development, mitochondrial function, mitochondrial translation, RNA splicing,
metabolism, RNA processing, DNA replication, and autophagy. nFGFR1 increased
expression of deep-layer cortical markers (TBR1, SLIT2, CUX1), mitochondrial
proteins (OXR1, TXN2, MRPL24, MRPS26), lysosomal-autophagy components
(GBA, GALC, CTSB), and glycolytic enzymes (PKM2, SLC16A3). Conversely, it
downregulated proteins involved in synaptic function, cortical identity (BCL11B,
SOX5, NCAM2, FOXG1, SYN2), electron transport chain components (NDUFA7,
COX6C), and lipid transport (VPS13A, FABPS), indicating a metabolic shift from
oxidative phosphorylation toward glycolysis and glycolipid metabolism.

In vitro analysis showed that nFGFRI1 activation in cortical organoids
reduced neural progenitor proliferation, as indicated by fewer Ki67* cells in the
periluminal region of the ventricular zone, while increasing the size of neuronal
rosettes without altering SOX2* or PAX6" progenitor density. This induction
promoted expression of deep-layer neurons in cortical layer (CTIP2*, TBR1") at the
expense of intermediate progenitors in subventricular zone (TBR2"). Despite
enhanced neurogenesis, nNFGFR1 impaired synaptic maturation, evidenced by fewer
Synapsin-2 puncta and lower synaptophysin (SYP) expression.

Moreover, nFGFR1 caused mitochondrial fragmentation and reduced

network complexity in the cortical layer. In the ventricular zone, which is populated
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by glycolytic progenitor cells, it induced modest mitochondrial elongation,
indicating region-specific effects on mitochondrial structure. Additionally, the
mitoKeima assay revealed that nFGFR1 significantly increased mitophagy flux,
coinciding with enhanced PINK1-Parkin activity and autophagosome recruitment
to mitochondria in the cortical layer of hCOs. The observed effects were mainly
restricted to the cortical layer. They occurred without significant changes in
mitophagy-related gene or protein expression, indicating a region-specific impact
of nFGFR1 or regulation via post-transcriptional mechanisms. Notably, nFGFR1
did not trigger pathways for mitochondrial biogenesis, as evidenced by no changes
in PGC1a-EGFP fluorescence and mtDNA copy number; instead, it specifically
enhanced the expression of the mitochondrial gene MT-ATP6, alongside a positive
trend in the mtDNA genes MT-ND2 and MT-ND5. This was accompanied by
elevated ATP production, enhanced mitochondrial membrane potential, and
increased ROS levels, all without inducing apoptotic or stress responses. ChIP-seq
analysis revealed nFGFR1 binding at the promoters of nuclear-encoded
mitochondrial genes, such as PINK/ and BNIP3, and it directly binds to
mitochondrial DNA (mtDNA), specifically at loci like MT-ATP6 and MT-CO3.
This indicates that nFGFR1 could influence mitochondrial gene expression by
targeting both nuclear and mitochondrial DNA directly.

In summary, this thesis establishes that nFGFRI1 plays a pivotal dual-
regulatory role as a genome regulator, integrating developmental and metabolic
signals to orchestrate NPSC dynamics, neuronal lineage commitment, and
mitochondrial quality control, thereby shaping early human corticogenesis. This
work provides foundational insights into how emerging pan-ontogenic mechanisms
coordinate mitochondrial regulation during brain development, with potential
implications for understanding neurodevelopmental disorders and cancers

characterized by FGFR1 dysregulation.

19



Innovation of the dissertation

In this study, I employed TALEN-mediated editing of the CLYBL safe-
harbor locus to introduce a DOX-inducible FGFR1(SP—/NLS) construct. This
approach enables the conditional overexpression of nuclear FGFR1. The resulting
hiPSCTe3G-FGFRISP-NLS) Jine enabled activation of nFGFR1 expression on demand
and evaluation of its downstream effects across platforms, which represent three
stages of development: embryoid bodies, neuroepithelial stem (NES) cells, and 3D
human cortical organoids, in a highly reproducible manner. Additionally,
I implemented lentiviral mitophagy (mitoKeima) and mitochondrial biogenesis
(PGC1a-EGFP) reporters in neuronal models derived from the hiPSCTet3G-FGFRISP-
/NLS) line to monitor mitochondrial turnover in real-time. This live-cell imaging
method demonstrates that nFGFR1 induction significantly increases mitophagy
flux in cortical-layer oh hCOs, while mitochondrial biogenesis remains unchanged.
In this thesis, I demonstrate the region-specific effects of nFGFRI on cell
proliferation, neuronal differentiation, mitochondrial network connectivity, and
mitochondrial turnover in the cortical layer of human cortical organoids (hCOs). In
this research, I conducted tandem mass tag (TMT)-based quantitative proteomics
on 60-day hCO, both with and without nFGFR1 upregulation. Differential
expression and network analysis showed that nFGFR1 overexpression significantly
alters crucial pathways involved in neuronal function, mitochondrial dynamics,
protein translation, and cellular metabolism. Overall, these innovations reveal
nFGFR1 as a master nuclear regulator that integrates developmental signals with
mitochondrial homeostasis. By integrating precise genome engineering, live-cell
mitochondrial reporters, and global proteomic profiling, this dissertation provides
the first comprehensive framework connecting nuclear FGFRI1 signaling to
mitochondrial dynamics, metabolism, and neural lineage specification in human

cortical models.
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1. Introduction

1.1. Neural stem cells, progenitors and neurogenesis

Radial glial cells, the predominant neural stem cells of the developing brain,
arise from neuroepithelial progenitors, giving rise to both neurons and glial cells
(G6tz and Huttner, 2005). The human neocortex contains about 16 billion neurons
of diverse types, which originate from an initially uniform neuroepithelium that
transforms into a functionally complex, layered, gyrencephalic (folded) structure
(Bershteyn et al., 2017). The greatly expanded human cerebral cortex arises from
both increased progenitor cell numbers and higher proliferative output compared to
other mammals (Hansen et al., 2010). At the onset of neurogenesis, neuroepithelial
cells undergo rapid and symmetrical division, forming a pseudo-stratified
epithelium (Lewitus et al., 2013). Mammalian brain development begins with
expansion of the neuroepithelial cells (Gotz and Huttner, 2005). Lehtinen et al
(2011) demonstrated that cerebrospinal fluid (CSF) directly interacts with cerebral
cortical progenitor cells at the apical domain and transduces diffusible mitogenic
cues, known as apical complex proteins, that promote proliferation and neurogenic
capacity of ventricular radial glia (VRG) (Lehtinen et al., 2011).

As neurogenesis proceeds, RG extend long basal processes toward the basal
(pial) surface while retaining apical endfeet at the apical surface (ventricle) (Noctor
et al., 2001). Ventricular radial glia (VRG), which express glial marker GFAP, are
characterized by interkinetic nuclear migration and asymmetric division at the
apical surface of the VZ (Lui et al., 2011; Taverna and Huttner, 2010). They
undergo series of divisions at the apical surface of the ventricular zone (VZ),
generating intermediate progenitors (IPs) and subsequently neurons (Noctor et al.,
2004). After mitosis, IP daughter cells undergo asymmetric cell death, regulating
total neurogenic output, genome quality, and projection-neuron subtype ratios
(Hevner, 2019). However, the major pool of human radial glia populates the outer
subventricular zone (OSVZ) (Lewitus et al., 2013), consisting of outer radial glia
(oRG) and truncated radial glia. Outer radial glia (0RG) are characterized by a long
basal process and the absence of apical junctions. Moreover, they can undergo
mitotic somal translocation, enabling these cells to populate subsequent cortical
layers. oRG produces intermediate progenitors and can directly generate neurons

(Hansen et al., 2010). On the other hand, truncated radial glia (tRG) emerge around
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mid-neurogenesis. They possess apical junctions at the ventricular surface but lose
basal contact, causing them to remain restricted to the ventricular zone (VZ),
forming a discontinuous scaffold. Moreover, tRG are characterized by a unique
molecular signature, including downregulation of FAM107A, LIFR, and HOPX,
and upregulation of CRYAB and NR4Al. Fibers of tRGs terminate on blood
capillaries, with their end-feet co-localizing with CD31-positive endothelial cells
within the ISVZ and OSVZ. This suggests that tRG may integrate vascular-derived
signals (Nowakowski et al., 2016). In line with this, Bilgic et al. (2023)
demonstrated that tRG differentiate into both ependymal and astroglial cells during
cortical development in the gyrencephalic ferret (Bilgic et al., 2023).

Another type of cell, intermediate progenitor cells (IPCs), acts as a transit-
amplifying progenitor that enhances neuronal output and drives the evolutionary
expansion and molecular diversity of the mammalian neocortex (Martinez-Cerdefio
et al., 2006). IPCs undergo symmetric division, producing two daughter cells with
identical fates (Haubensak et al., 2004). It was demonstrated that [PCs derived from
the VZ typically undergo one or two rounds of division. On the other hand, IPCs
from more abundant oRG can undergo multiple rounds of division (Hansen et al.,
2010; Noctor et al., 2007; Zhou, 2012). Additionally, after mitosis, IP daughter cells
undergo asymmetric cell death, regulating total neurogenic output, genome quality,
and projection-neuron subtype ratios (Hevner, 2019). Both ventricular radial glia
(VRG) in the ventricular zone (VZ) and outer radial glia (o0RG) in the outer
subventricular zone (OSVZ) contribute to the generation of IPCs (Pollen et al.
2015). Intermediate progenitor cells (IPCs), both from the ventricular zone (VZ)
and outer subventricular zone (OSVZ), proliferate within the SVZ and migrate
towards cortical layers in an inside-out pattern to increase neuronal number (Fig.1).
An evolutionary expansion and molecular diversity of these cortical progenitor
populations contribute to the dramatic enlargement of the human neocortex and
overall brain volume (Hansen et al., 2010; Pebworth et al., 2021; Pollen et al.,
2015). It was demonstrated that IPCs derived from both VZ and OSVZ exclusively
generate excitatory projection neurons that populate all cortical layers. Moreover,
they speculated that GABAergic neurons may arise from IPCs in the cortex at late
stages of neurogenesis, given the presence of GABA+ cells within the SVZ
(Pebworth et al., 2021; Yu and Zecevic, 2011). Several studies have shown that

intermediate progenitor cells produce chemokines, such as CXCL12, which attract
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thalamocortical axons and interneurons, promoting interneuron migration and
thalamocortical innervation (Abe et al., 2015; Wang et al., 2011; Wu et al., 2017).
During neurogenesis, most of neural progenitors that give rise to cortical
interneurons reside in the ganglionic eminences (GE) of the ventral telencephalon,
as well as the preoptic area (Gelman et al., 2009; Hansen et al., 2013; Lavdas et al.,
1999; Nery et al., 2002; Wichterle et al., 1999). The ganglionic eminences are
subdivided into three anatomical regions, medial (MGE), lateral (LGE), and caudal
(CGE), each with a distinct molecular signature and each producing different
interneuron subtypes (Nery et al., 2002). NKX2-1-expressing progenitors in the
MGE give rise to cortical and striatal interneurons, as well as pallidal projection
neurons (Flandin et al., 2010; Marin et al., 2000; Nobrega-Pereira et al., 2010;
Sussel et al., 1999). ASCLI1-expressing LGE gives rise to striatal projection
neurons, olfactory bulb interneurons (Deacon et al., 1994; Ma et al., 2012; Olsson
etal., 1995; Wichterle et al., 2001), whereas the caudal ganglionic eminence (CGE),
which expresses COUP-TFII, gives rise to interneurons for the limbic system (e.g.,
hippocampus and amygdala), as well as to caudal striatal and pallidal neurons
(Kanatani et al., 2008; Miyoshi et al., 2010; Nery et al., 2002). Recent single-cell
RNA sequencing studies have revealed the molecular diversity of interneuron
progenitors in the human ganglionic eminence (Velmeshev et al., 2021; Yu et al.,
2021). Velmeshev et al. (2021) applied single-cell RNA sequencing to second-
trimester human ganglionic eminence and identified two main subtypes of radial
glia. These progenitors share pan-radial glial markers, such as vimentin and nestin,
but are distinguished by region-specific transcription factors such as NKX2-1 in
MGE and NR2F2 in CGE, as well as by novel interneuronal markers TOX3 and
LMOI1. They also characterize the transitional state between progenitors and
lineage-committed interneurons, co-expressing DLX1 and DLX2, indicating
distinct molecular signatures across different stages of interneuron development
(Velmeshev et al., 2021).

Proliferative zones in the human ganglionic eminences resemble those in
the cortex. The ventricular zone contains mostly radial glia expressing NSC
markers, and the inner SVZ (iSVZ) is abundant in intermediate progenitor cells
transitioning to neurons. Similarly to the cortex, the MGE also contains an outer
SVZ (0SVZ) enriched in radial glia, [PCs, and newborn neurons. Both in the cortex

and ganglionic eminences, outer SVZ progenitors share radial-glial markers such
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as phosphorylated vimentin. However, unlike cortical oRG, the oRG cells appear
as simple, rounded cell bodies without extended fibers or consistent radial
orientation (Hansen et al., 2013).

Several studies of single-cell sequencing and lineage tracing have revealed
heterogeneity among radial glia and the diverse cell types they generate. Pollen et
al. (2015) identified distinct transcriptional programs in ventricular radial glia
(VRG) and outer radial glia (0RG). They demonstrated that oRG cells express genes
related to extracellular matrix formation, migration, and stemness, such as HOPX,
FAM107A, and LIFR, suggesting that oRG directly supports the subventricular
niche through local production of growth factors (Pollen et al., 2015). In another
study, Delgado et al. (2022) combined genetic lineage tracing with single-cell RNA
sequencing to demonstrate that individual cortical progenitors can give rise to both
excitatory and inhibitory neurons, suggesting local generation of newborn
GABAergic neurons. Moreover, they showed that cortical GABAergic neurons
share a transcriptional signature with interneurons from the caudal ganglionic
eminence (Delgado et al., 2022). Pebworth et al. (2021) applied single-cell RNA
sequencing and immunohistochemical analyses to study the molecular diversity of
human neural intermediate progenitor cells (nIPCs) across the subventricular zones
during human mid-gestation. They identified five distinct transcriptomic subtypes
that undergo a rapid change in both the number and distribution of progenitors
around gestational weeks 19-20, corresponding with the onset of gliogenesis
(Pebworth et al., 2021). Finally, Allen et al. (2022) revealed that VZ and OSVZ
progenitors give rise to distinct astrocyte subpopulations. By performing fate
mapping, they showed that cortical-plate astrocytes emerge from VZ progenitors
and proliferate locally, while white-matter astrocytes derive from both VZ and
OSVZ progenitors (Allen et al., 2022).

In summary, the diversity and expansion of radial glia and neural
progenitors facilitate remarkable size, complexity, and cellular heterogeneity of the
human neocortex. Understanding the molecular and developmental programs that
govern radial glia self-renewal and neural commitment is key to understanding both
cortical development and neuropsychiatric disorders, such as autism and

schizophrenia.
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Fig.1. Schematic illustration of neurogenesis in the mammalian neocortex.
Neuroepithelial cells expand the pool of cortical progenitors before transforming into
ventricular radial glia (vRGs). These cells undergo successive asymmetric divisions,
producing deep- and upper-layer projection neurons, intermediate progenitors, and outer
radial glia. Newly formed neurons migrate radially into the cortical plate, initially creating
the preplate, which divides into the marginal zone and the subplate. Meanwhile, radial glia
later switch to gliogenesis, while interneurons invade tangentially through the marginal,
intermediate, and subventricular zones (Adapted from Molnar et al., 2019).

1.2. Role of the mitochondrial dynamics and energy metabolism during

neuronal development

Mitochondria are involved in a plethora of processes, including ATP
production through oxidative phosphorylation (OXPHOS) and the regulation of
redox metabolites such as NADH/NAD*, ATP/ADP, ATP/AMP, and succinate/o-
ketoglutarate, and synthesis of iron-sulfur (Fe-S) clusters (ISCs) (Jones et al., 2012).
In addition, mitochondria play a central role in metabolic pathways, such as the
citric acid cycle, fatty acid B-oxidation, amino acid metabolism, and calcium
signaling (Osman et al., 2011; Stehling and Lill, 2013; Tatsuta et al., 2014), as well
as in the activation of neuronal apoptosis (Benes, 2004; Gorman et al., 2000; C.
Wang and Youle, 2009). Mitochondria consist of a permeable outer membrane
(MOM) and an inner membrane (MIM), which form cristae that extend into the
mitochondrial matrix. Cristae membranes are enriched with electron transport chain
complexes and ATP synthase, facilitating efficient ATP synthesis via OXPHOS
(Kiihlbrandt, 2015). Human mitochondria contain their own ~16.5 kb circular DNA
genome (mtDNA), which encodes 22 tRNAs, 2 rRNAs, and 13 proteins that are
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subunits of the OXPHOS complexes (Anderson et al., 1981; Richter-Dennerlein et
al., 2015). According to MitoCarta3.0, the human mitochondrial proteome consists
of 1,136 proteins—13 encoded by the mitochondrial genome and the remaining
approximately 1,123 encoded by the nuclear genome, which are translated in the
cytoplasm and subsequently imported into the mitochondria (Rath et al., 2021;
Schmidt et al., 2010).

Mitochondrial dynamics, involving continuous cycles of fission, fusion, and
mitochondrial transport, are essential for proper brain development and neuronal
survival (Scandella et al., 2023). During the transition of neural stem cells (NSCs)
into neurons, mitochondria undergo morphological changes, which are
accompanied by a metabolic shift from glycolysis to oxidative phosphorylation
(Garone et al., 2024). These changes are tightly regulated by fission and fusion
proteins, such as DRP1, MFN1/2, and OPA1 (Coelho et al., 2022; Garone et al.,
2024; Son and Han, 2018). Several studies demonstrate that mitochondrial
dynamics influence energy-demanding processes, such as neuronal differentiation
and synaptic transmission. Alterations or loss of mitochondrial dynamics contribute
to impaired neurogenesis in neurodevelopmental and neurodegenerative diseases
(Devine et al., 2016; Kvajo et al., 2008; Millar et al., 2005; Norkett et al., 2016).
Mitochondrial biogenesis plays a critical role in neural stem cell (NSC)
differentiation by supporting the metabolic shift from predominantly glycolytic
metabolism to a state highly dependent on oxidative phosphorylation (OXPHOS).
This is accompanied by increased mitochondrial mass and DNA content, along with
the activation of master transcriptional regulators of mitochondrial biogenesis,
including peroxisome proliferator-activated receptor-a (PPARa) and PPARYy
coactivator 1-a (PGCla) (Lin et al., 2018; Zheng et al., 2016). Mitochondrial
biogenesis is tightly regulated by the coordinated activation of multiple
transcription factors (TFs) and coactivators. The master regulator PGC-1a, by
interacting with nuclear respiratory factors 1 and 2 (NRF1/2), induces the
expression of mitochondrial transcription factor A (TFAM), which promotes
mitochondrial protein synthesis, mtDNA replication, and transcription (Fontecha-
barriuso et al., 2020; Gureev et al., 2019). Additional transcriptional regulators,
such as PPARYy (proliferator-activated receptor gamma), PPARa, ERRa (estrogen
related receptor alpha), TRa (thyroid hormone receptor), and RXRs (retinoid X

receptors), interact with PGC-1a to modulate the transcriptional program required
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for mitochondrial growth and function (Delerive et al., 2002; Duncan and Finck,
2008; Huang et al., 2024; Schreiber et al., 2004; Zhang et al., 2004). Conditional
knockout of PGC-1a in mice leads to significant loss of dopaminergic neurons and
reduced dopamine levels in the substantia nigra, suggesting that PGC-1a is essential
for dopaminergic neuron survival (Jiang et al., 2016).

Upon mitochondrial dysfunction, including impaired protein import,
accumulation of misfolded and unfolded proteins, the mitochondrial unfolded
protein response (UPRmt) activates the transcription of nuclear genes, which
function to protect mitochondria. UPRmt activates a series of chaperones and
proteases that alleviate the damaging effects of mtROS. UPRmt plays a crucial role
in maintaining neuronal homeostasis by regulating the survival of neurons under
ischemic stress (Inigo and Chandra, 2022). Excessive production of ROS by
aberrant or aged mitochondria leads to oxidative stress and damage to lipids,
proteins, and nucleic acids, including mitochondrial DNA (Lenaz, 2001; Nissanka
and Moraes, 2018), leading to mitochondrial fragmentation (Cid-Castro and Moréan,
2021). Efficient removal of damaged mitochondria, misfolded proteins, and
aggregates through multiple degradative pathways is vital for proper neuronal
function and survival (Tseng et al., 2023). Multiple mechanisms of degradation of
misfolded proteins have been identified, includiung ubiquitin-proteasome pathway,
endolysosomal trafficking pathway, chaperone-mediated autophagy or MAGIC
(mitochondria as guardian in cytosol) pathway (Kodron et al., 2021; Lie and Nixon,
2019; Ruan et al., 2017; Tekirdag and Cuervo, 2018). Lysosome-mediated (non-
selective) autophagy plays a central role in maintaining neuronal homeostasis to
prevent the excess of damaged organelles over time (Stavoe and Holzbaur, 2019).
By engulfing dysfunctional mitochondria into autophagosomes and fusing them
with lysosomes, cells target damaged mitochondria for degradation and recycling
(Feng et al., 2014; Stavoe and Holzbaur, 2019). In neurons, mitochondrial turnover
via non-selective basal autophagy occurs mainly at presynaptic sites and axon
terminals, ensuring proper cellular homeostasis (Goldsmith et al., 2022). Mutation
or neuron-specific loss or mutation of key autophagy components triggers
neurodegeneration phenotype in vivo (Hara et al., 2006; Komatsu et al., 2000).

Mitophagy, a selective form of autophagy, eliminates unhealthy or damaged
mitochondria, thereby regulating intracellular homeostasis (Ashrafi et al., 2014;

Lam et al., 2024). This process is controlled in a Parkin-dependent and -independent
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manner. The PINKI1/Parkin-mediated mitophagy involves PINKI1-mediated
phosphorylation of Parkin, which is followed by ubiquitination of outer
mitochondrial membrane proteins, and recruitment of autophagy receptors such as
p62 and OPTN (Geisler et al., 2010; Li et al., 2023). On the other hand, Parkin-
independent mitophagy uses mitophagy receptors (BNIP3, BNIP3L/NIX, and
FUNDCI), which directly bind to autophagy proteins (LC3/GABARAP)
and promote mitochondrial turnover (Hanna et al., 2012; Lv et al., 2017; Poole et
al., 2021; Wu et al., 2014; Xie et al., 2020a; T. Zhang et al., 2016).

Disturbed  mitophagy leads to  several neurodevelopmental
and neurodegenerative diseases, like brain encephalopathy or neurodegenerative
and neuropsychiatric diseases and age-related diseases (Barel et al., 2017,
Statharakos, 2025; Wang et al., 2021). Several studies suggest a role for mitophagy
in stem cell differentiation (Esteban-Martinez et al., 2017; Sin et al., 2016). In
contrast to previous findings, it has been demonstrated that BNIP3L/NIX- and
FUNDCI-mediated mitophagy is not critical for cardiomyocyte differentiation but
is essential for mitochondrial network remodeling (Lampert et al., 2019). Efficient
mitophagy is essential for neuronal development, synaptic maturation, and neuronal
survival (Liu et al., 2024). Its dysfunction leads to impaired neuronal development,
mitochondrial defects, and loss of dopaminergic neurons (Abed et al., 2024; Sliter
et al., 2018). Excessive mitophagy has been implicated in mitophagy-mediated cell
death, which was rescued by administering inhibitor URB597 (Somredngan and
Thong-Asa, 2017; Subramaniam, 2020). Several studies have demonstrated that
pharmacological upregulation of mitophagy, using molecules like urolithin A (UA),
actinonin, and NAD+ precursors, promotes neuroprotection, preserves
mitochondrial function, reduces dopaminergic neurons loss, and suppresses
neurodegenerative phenotypes in both Alzheimer's and Parkinson's disease models
(Dong et al., 2023; Fang et al., 2019; Georgakopoulos et al., 2017; Lautrup et al.,
2019; Schondorf et al., 2018). Lysosomes, beyond their role in autophagy, play
a crucial role in the mitochondrial-lysosomal interplay. It was demonstrated that
TFEB, the master regulator of lysosomal biogenesis, promotes activation of
mitochondrial biogenesis by upregulating PGC-1a and NRF1/2 expression (Kim et
al., 2018; Mansueto et al., 2017).
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1.3. FGFR1 signaling and its role in neuronal development.

Fibroblast Growth Factor Receptor 1 (FGFR1) is a receptor tyrosine kinase
essential in regulation embryonic development (Clark and Soriano, 2024; Kang et
al., 2017; Kumar et al., 2021; Kurowski et al., 2019; Molotkov et al., 2017;
Yamaguchi et al., 1994). Mutation or loss of FGFR1 in embryos results in severe
growth retardation and defects in gastrulation (Deng et al., 1994; Li et al., 2005; Su
et al., 2014; Thisse and Thisse, 2005; Yamaguchi et al., 1994). Several evidences
showed its role in the early neural development and neurulation, by modulating
neural induction, and neural tube closure (Deng et al., 1997; Maniou et al., 2023;
Walshe and Mason, 2000). FGFRI is highly expressed in neurogenic niches and is
essential for the development of distinct brain regions by governing neural
progenitor proliferation, differentiation, and regional patterning (Flandin et al.,
2010; Inglis-Broadgate et al., 2005; Jukkola et al., 2006; D. K. Ma et al., 2009;
Ohkubo et al., 2004; Saariméki-Vire et al., 2007; Trokovic et al., 2003; Yoon et al.,
2004).

FGFR1 is a member of the Fibroblast Growth Factor Receptor (FGFR)
family, consisting of four members: FGFR -1, -2, -3 and -4 (Foldynova-Trantirkova
et al., 2012; Gabler et al., 2022; Szybowska et al., 2021; Xie, et al., 2020a;
Yamagishi and Okamaoto, 2009). One the FGFR1 cellular local is the plasma
membrane. FGFR1 signaling in activated by ligands from the Fibroblast Growth
Factor (FGF) family, such as FGF2, FGF8, FGF17, FGF21 and FGF22, and
regulates neural progenitor proliferation, neuronal differentiation, synapse
formation or regional brain patterning (Bosone et al., 2024; Claflin et al., 2022;
Huang et al., 2024; Jacobi et al., 2015; Jensen-Cody et al., 2020; Lahti et al., 2011,
Lim et al., 2015; Oberholzer et al., 2024; Ohkubo et al., 2004; Shi et al., 2018,;
Terauchi et al., 2016, 2017; Tomé¢ et al., 2023; Wang et al., 2025; Woodbury and
Ikezu, 2014; Yellapragada et al., 2022). Recent studies demonstrate that FGFR1 is
crucial in maintaining telencephalic identity and proper cortical patterning (Gantner
etal., 2021; Yellapragada et al., 2022). FGFR1 is composed of three main structural
domains: an extracellular ligand-binding domain (Fig.2A), a single transmembrane
domain, and an intracellular tyrosine kinase domain (Dai et al., 2019; Farrell and
Breeze, 2018; Hinsch et al., 2023; Plotnikov et al., 1999). The extracellular domain

comprises three immunoglobulin-like loops, Ig- I, -1I, and -III, which are essential
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for ligand specificity, binding and receptor autoinhibition and its activation (Groth
and Lardelli, 2002; Sakaguchi et al., 1999; Sarabipour and Hristova, 2016;
Szybowska et al., 2021; Wang et al., 1995). The transmembrane domain of FGFR1
anchors the receptor to the plasma membrane via single transmembrane helix and
is crucial for receptor dimerization and downstream signal transduction (Comps-
Agrar et al., 2015; Groth and Lardelli, 2002; Li et al., 2020; Liu et al., 2020; Peng
et al., 2009). The intracellular tyrosine kinase domain of FGFRI contains an
activation loop, a catalytic loop, and a juxtamembrane segment, and is key to the
initiation of a downstream cascade (Farrell and Breeze, 2018; Gedaj et al., 2024;
Goetz and Mohammadi, 2013; Lin et al., 2023). Additionally, an N-terminal signal
peptide regulates receptor trafficking via the secretory pathway and ensures its
proper distribution at the plasma membrane (Hinsch et al., 2023; Por¢bska et al.,
2019; Tomé et al., 2023). While FGFR1 signalling activity occurs mostly at the cell
surface, several studies identified FGFR1 in the nucleus (Chioni and Grose, 2012;
Coleman et al., 2014; Servetto et al., 2021) and mitochondria (Hitosugi et al., 2011;
Srisakuldee et al., 2021; Xie et al., 2023; Yan et al., 2023). It was demonstrated that
N-glycosylation acts as a switch for FGFR1 membrane-to-nuclear envelope
translocation, where hypoglycosylated FGFR1 accumulates at the nuclear envelope
and interacts with nuclear proteins in a ligand-independent manner (Gregorczyk et
al., 2023).

In addition, newly synthesized FGFR1 can also be released into the cytosol
from the early Golgi membrane, enabled by an atypical transmembrane domain
containing polar amino acids and B-sheet structure (Dunham-Ems et al., 2006;
Myers et al., 2003). The process is facilitated by proteasome p60 and FGFR1
interaction with RSK1 and generates a high mobility cytosolic protein (Dunham-
Ems et al., 2006). The soluble, non-membrane FGFR1 accumulates in the nuclear
chromatin (Star et al., 2009), interacts with a common transcription coregulator
CBP, and together with its partners, such as RAR, Nurrl (Baron et al., 2012; Lee
et al., 2012), estrogen receptors, interacts with the promoters of the thousands of
active genes (Servetto et al., 2021). The nuclear accumulation of FGFR1, unlike its
membrane accumulation, is a highly regulated process (Fig.2B). While FGFR1
is translocated to the nucleus via an importin-B-dependent manner, its

mitochondrial translocation mechanism remains unclear (Reilly and Maher, 2001).
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It is well documented that integrative nuclear FGFR1 signaling (INFS),
a pan-ontogenic mechanism, governs widespread gene reprogramming during cell
development (Decker et al., 2021; Dhiman et al., 2024; X. Fang et al., 2005; Narla
et al., 2017; Peng et al., 2001; Stachowiak et al., 1997, 2017; Stachowiak et al.,
1996; Stachowiak and Stachowiak, 2016; Terranova et al., 2015). In the nucleus,
nFGFRI1 integrates signals from diverse developmental factors by interacting with
CBP/CREB complex, RSK1, Nurrl, RAR, RNA polymerase II, FOXA1, miRNA,
or estrogen receptors (Baron et al., 2012; X. Fang et al., 2005; Formisano et al.,
2017; Narla et al., 2017; Servetto et al., 2021). Fang et al. (2005) showed that
FGFR1 translocates into the nucleus, where it directly interacts with the
transcriptional co-activator CREB-binding protein (CBP) and modulates its
association with RSK1 by binding and releasing RSK1 from the CBP complex. This
promotes RNA polymerase II recruitment and histone acetylation at the tyrosine
hydroxylase (TH) gene promoter, enabling gene transcription activation (Fang et
al., 2005). Unlike the constitutive processing of FGFR1 in the Golgi followed by
its insertion into the cell membrane, the nuclear accumulation of FGFR1 is a highly
regulated process, and its influence on the signaling pathway is referred to as

Integrative Nuclear FGFR1 Signaling (INFS).

Nucleus ER Golgi FGFR1-Integrated
signals

Fig.2. Protein structure and trafficking routes of FGFRI1. A. FGFRI-FGF2 complex
protein structure. Igl, Immunoglobulin-like domain I (blue, PDB 2CR3); Igll and Iglll,
Immunoglobulin-like domains Il and Il (orange, PDB 1FQ9); TM, Transmembrane
domain (purple, AF-P11362-F1 predicted structure); TKI1 and TK2, Tyrosine kinase
subdomains and KI, kinase insert (red, PDB 4UWY),; co-factor heparin facilitates FGF2—
FGFRI interaction. (adapted from Tomé et al., 2023); B. Pathways for trafficking newly
synthesized FGFRI proteins. Newly synthesized FGFRI takes one of two routes: it either
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follows the constitutive membrane pathway, where it is glycosylated in the Golgi and
trafficked to the plasma membrane, or it follows a nuclear signaling pathway. In the latter,
an atypical transmembrane domain and proteasome-dependent release generate a mobile,
hypoglycosylated form that enters the nucleus through importin-ff. This type of nuclear
accumulation is triggered by several developmental signals, including growth factors and
vitamin hormones. It is facilitated by FGF-2 and RSK1, while cell-cell adhesion prevents
its internalization and nuclear transport. Cytoplasmic FGFRI exists in three pools: ER-
immobile, cytosolic mobile, and membrane-bound. Its nuclear import is accelerated both
by enhanced cytoplasmic-to-nuclear transport and reduced export (adapted from
Stachowiak and Stachowiak, 2016).

These studies led to the formulation of a new theory for the integrated
genome regulation of ontogeny in which Integrative Nuclear FGFR1 Signaling
plays a broad pan-ontogenetic function (Stachowiak and Stachowiak, 2016). It was
demonstrated that activation of cell-surface FGFR1 by FGF2 promotes the
proliferation of neural progenitor cells. In contrast, nuclear FGFR1, through
interaction with orphan nuclear receptor Nurrl, is essential for the differentiation
and maturation of mesencephalic dopaminergic neurons (Baron et al., 2012). The
nFGFR1 integrates diverse developmental signals and, by binding a wide range of
mRNAs, microRNAs, and long non-coding RNAs, governs the progenitor-to-
neuron transition and CNS development (Narla et al., 2017; Stachowiak et al., 2017,
Terranova et al., 2015). Recently, the "Genome Archipelago Model" proposed that
nFGFR1 acts as a master regulator of chromatin architecture and genome
organization during neuronal development, by orchestrating the formation of
nFGFR1-associated topologically associating domains (TADs), which serve to
recruit distinct ontogenic programs (Decker et al., 2021). In addition to that, it was
demonstrated that nuclear FGFR1 (nFGFR1) orchestrates genome homeostasis in
a flexible, coordinated manner, ensuring stability and adaptability during neuronal
development (Dhiman et al., 2024). Altered nFGFR1 signaling has been directly
linked to neuropsychiatric phenotypes. Klejbor et al. (2006) demonstrated that
neuronal-specific expression of a dominant negative mutant of nFGFRI1 in
Th(tk—)/Th(tk—) transgenic mice exhibit a schizophrenia-like syndrome,
characterized by a reduction in midbrain dopaminergic neuron density and
sensorimotor gating deficits (Klejbor et al., 2006). In addition, schizophrenia
patient—derived cerebral organoids showed initial overexpression of nFGFR1
developing progenitors associated with premature differentiation of subcortical

neurons, followed by a decline in nuclear FGFRI in the cortical layer, coinciding

with disrupted neuronal layering and connectivity (Stachowiak et al., 2017).
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Role of nFGFRI in disease - Alterations in nFGFRI1 activity within the
nervous system have been associated with neuropsychiatric disorders, such as
schizophrenia (Narla et al., 2017; Stachowiak et al., 2017). Studies of the
schizophrenia patients’ iPSC and cerebral organoids revealed an overexpression of
nFGFR1 in NPC, which leads to premature neuronal differentiation, followed by
loss of nFGFR1 in cortical neurons and cortical malformation (Narla et al., 2017;
Stachowiak et al., 2017). Excessive expression of nFGFR1 caused by the
multiplication of the FGFRI gene has been associated with various cancers,
including pancreatic (Coetzee et al., 2023; Coleman et al., 2014), osteosarcoma
(Kim et al., 2022), neuroblastoma, and breast cancer (Cimmino et al., 2022;
Servetto et al., 2021). In breast cancer cells, nFGFRI1 interacts with estrogen
receptors, causing estrogen-independent activation of a large number of genes and
a neoplastic phenotype. It was demonstrated (Fig.3) that the nuclear localization of
FGFRI1 is associated with increased proliferation, poor prognosis, and tumor
treatment resistance in cancer cells (Coleman et al., 2014; Pirou et al., 2017,

Servetto et al., 2021).
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Fig.3. Pan-ontogenetic effect of INFS on developmental pathways. In the Integrative
Nuclear FGFRI signaling the FGFRI gene is at the top of the gene regulatory
panoptogenic network that governs stem cells development, gastrulation, development of
the major body axis, nervous system, muscles, and bones, by affecting downstream mRNAs
genes as well as microRNAs (miRNAs) that control the cell cycle, pluripotency and
differentiation. This regulation is executed by nFFGFR1, which operates at the interface of
genomic and epigenomic information, integrates signals from diverse developmental
pathways and provides feedback regulation of those pathways (reproduced from
Stachowiak and Stachowiak, 2016).

1.4. Role of FGFR1 in mitochondrial dynamics, energy metabolism and

cell survival

Several studies have indicated that FGFR1 signaling plays a key role in
regulating both mitochondrial biogenesis and dynamics (Hu et al., 2018; Li et al.,
2017; Srivastava et al., 2020; Wang et al., 2016; Yan et al., 2023). In addition to its
nuclear localization, the intracellular FGFR1 was found to be located with
mitochondria and could be involved in the nuclear-mitochondrial communication.
FGFR1 is associated with the mitochondrial outer membrane and participates in
mitochondrial metabolic functions (Hitosugi et al., 2011; Srisakuldee et al., 2021;
Yan et al., 2023). Hitosugi et al. (2011) identified FGFR1 in the mitochondria,
where it interacts with PDHK1 and its substrate PDHAI. Immunogold-TEM
(transmission electron microscopy) confirmed FGFRI1's presence in the
mitochondria, while a biochemical assay of mitochondrial subfractions revealed
that FGFR1 and FOP2-FGFRI localized to the outer membrane and intermembrane
and matrix spaces (Hitosugi et al., 2011; Srisakuldee et al., 2021). Recently, it was
demonstrated that activation of FGFR1 by FGF21 reduced OPA1 degradation by
downregulating the E3 ligase FBXW11, thereby preserving mitochondrial fusion
and maintaining mitochondrial integrity under stress conditions. Conversely,
inhibition of FGFR1 resulted in mitochondrial fragmentation, indicating that
FGFR1 is crucial for maintaining mitochondrial dynamics (Yan et al., 2023). It was
reported that FGFR1 promote mitochondrial biogenesis by activating AMP-
activated protein kinase (AMPK) and microRNA let-7b-5p (Hu et al., 2018; Wang
et al., 2016).

Previous studies have demonstrated that FGFR1 plays a critical role in
maintaining glucose metabolism homeostasis. It was shown that activation of
FGFR1 by FGF1 promoted glucose uptake in adipocytes by promoting glucose
transporters GLUT4 and GLUT1 through MEK-Akt and MEK-ERK signaling
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(Nies et al., 2022). It is supported by previous studies that stimulation of FGFR1
improves lipid and glucose metabolism in models of metabolic syndrome, both in
vitro and in vivo, in a PI3K/AKT- and AMPK-dependent manner (Martinez-
Fernandez et al., 2019; Wu et al., 2022).

Growing evidence indicates that FGFR1 plays a central role in cellular
energy metabolism by modulating glycolysis and lipid metabolism (Fig.4). It was
shown that FGFR1 activation promotes aerobic glycolysis to meet biosynthetic
demand in human epithelial cells (Lo et al., 2015). It has been demonstrated that
inhibition of FGFR1 in lymphatic endothelial cells promotes a metabolic shift from
glycolysis to fatty acid oxidation by reducing hexokinase 2 (HK2) expression, while
promoting the expression of carnitine palmitoyltransferase 1A (CPT1A), a rate-
limiting enzyme involved in fatty acid oxidation (Song et al., 2021). This supports
findings, which also reported a shift from glycolysis to fatty acid oxidation upon
FGFRI inhibition (Zhen et al., 2024). Several studies demonstrated that FGFR1
signaling controls lipid homeostasis under metabolic stress. Previous studies
showed that activation of FGFR1 in complex with the transmembrane protein B-
Klotho through FGF21 overexpression in adipose tissue preserves phospholipid
homeostasis and lipid droplet dynamics, protecting against obesity-induced
metabolic stress and inflammation. In contrast, adipocyte-specific FGFR1 ablation
resulted in sustained phospholipid biosynthesis and endoplasmic reticulum (ER)
stress (Ye et al., 2016). Supporting this, adipocyte-specific deletion of FGFR1 led
to the upregulation of hepatic lipid metabolism genes. It enhanced stress-induced
hepatic steatosis and adipose lipolysis, indicating the role of FGFR1 in maintaining
lipid homeostasis under metabolic stress (Yang et al., 2012).

It was reported that FGFRs activation promotes neuronal survival, axonal
growth, and regeneration, by interacting with cell adhesion molecules (CAM), such
as neural cell adhesion molecule (NCAM, a7 integrin, and N-cadherin) in primary
neuronal and oligodendrocyte cell culture (Lom et al., 1998; Niethammer et al.,
2002; Palser et al., 2009; Saffell et al., 1997). In line with the above data,
stimulation of FGFR1c via FGF20 promoted survival of midbrain dopaminergic
neurons through the MAPK pathway in rat midbrain cultures (Ohmachi et al.,
2003). Furthermore, it was demonstrated that Hi-FGF2, but not Lo-FGF2, induces
mPTP opening and cytochrome c release in rat cardiac mitochondria in situ; this

was prevented by FGFRI inhibition. These findings indicate that mitochondrial
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FGFR1 mediates cell death in an FGF2 isoform-specific manner (Srisakuldee et al.,
2021). FGFRI signaling was also identified as a key player in regulating cellular
redox balance and resistance to oxidative stress. It was demonstrated that deletion
of FGFR1 reduces intracellular ROS levels and decreases the labile iron pool (LIP)
in prostate cancer cells, indicating that FGFR1 plays a critical role in maintaining
cellular redox balance and iron homeostasis (Lin et al., 2024). Consistently,
stimulation of FGFR1/B-Klotho signaling reduces ferroptosis and neuronal cell
death in a spinal cord injury model; this effect was reversed by pharmacological
FGFRI1 inhibition (Xu et al., 2023). Recently, Ito et al. (2025) demonstrated that
FGFRI1 protects motor neuron-like cells from poly-PR—induced oxidative stress by
reducing ROS level and enhancing Nrf2 and heme oxygenase-1 expression (Ito et
al., 2025). This is supported by previous studies showing that FGFR1 activation
reduces oxidative stress by upregulating NRF2 expression (Suh et al., 2022; Yu et
al., 2019).

In summary, FGFR1 is essential for mitochondrial biogenesis and dynamics
and reprograms glucose and lipid metabolism to meet cellular energy demands
(Fig.4). It also promotes antioxidant defenses and supresses apoptosis by
modulating ROS signaling and NRF2-mediated pathways. Whether FGFR1 acts at

the level of mitochondrial DNA, similar to nuclear DNA, is unknown.
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Fig.4. nF GFRI governs neuronal development, cellular energy metabolism, and cell-
survival homeostasis. Upon nuclear translocation, FGFRI interacts with RXR, Nurrl,
CBP, and RSK 1 to activate core transcriptional programs related to neuronal development
(radial glia proliferation, cortical patterning, and neuronal lineage commitment), cell
metabolism (glycolysis, mitochondrial dynamics, oxidative phosphorylation, and lipid
metabolism), and neuronal cell survival (oxidative stress response, ROS signaling, and
apoptosis). It is unknown whether FGFRI1 may target the mitochondrial genome. Lacking
a specific mitochondrial targeting sequence, FGFR could also translocate to mitochondrial
DNA through its interaction with heat shock protein 90 (HSP90) (adapted from Di Lullo
and Kriegstein, 2017).

1.5. hiPSC-based organoid models and stem cell engineering to study

human brain development

Induced pluripotent stem cells (iPSCs) revolutionized the field of disease
modelling and therapeutic translational applications. This was pioneered by Shinya
Yamanaka and Kazutoshi Takanashi, who first reprogrammed mouse fibroblasts
into pluripotent stem cells through the ectopic expression of four transcription
factors, known as “Yamanaka factors," including OCT4, SOX2, KLF4, and c-MYC.
(Takahashi and Yamanaka, 2006). A similar approach was applied to successfully
reprogram human somatic cells by introducing defined factors (OCT4, SOX2,
NANOG, and LIN28) to establish human induced pluripotent stem cells (hiPSCs)
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using the same four factors (Takahashi et al., 2007). hiPSCs express key
pluripotency factors (OCT4, SOX2, NANOG) and surface markers (SSEA3, SSEA4,
TRA-1-60), possess self-renewal capabilities, capacity to differentiate into all three
embryonic germ layers, and closely resemble human embryonic stem cells (hESCs)
(Brenes et al., 2024; Narsinh et al., 2011). iPSC can be reprogrammed from both
healthy donors and patient-derived somatic cells and then differentiate into various
cell types, including muscle cells (Collado et al., 2017; Metzler et al., 2022),
cardiomyocytes (Balafkan et al., 2020; Li et al., 2020; Prondzynski et al., 2024),
adipocytes (Guénantin et al., 2017; Hafner, 2014), and neuronal cells (Autar et al.,
2022; Hiranuma et al., 2024; Liang et al., 2020, 2021).

Brain organoids are three-dimensional neural tissues derived from stem
cells or progenitor cells that self-organize into distinct germinal and neuronal
layers, recapitulating key aspects of the developing human cortex in vitro
(Giandomenico et al., 2019; Koo et al., 2019; Lancaster et al., 2013; Stachowiak
et al., 2017). Comparative analyses with human fetal brain tissue demonstrated that
cerebral organoids recapitulate both the cytoarchitecture and gene-expression
programs of the first and second trimesters of the developing cortex (Camp et al.,
2015; Fleck et al., 2021).

Characteristic feature of brain organoids is the self-organization of
neuroepithelial cells into SOX2/PAX6+ ventricular (VZ)-like zones, sub-
ventricular (SVZ)-like zones (expressing TBR2), and cortical layers, displaying
typical progenitor-zone architecture of mid-gestation human cortex (Li et al., 2024;
Lui et al., 2011; Zecevic et al., 2005). Initially, neuroepithelial cells form rosette-
like ventricular zones (VZ), surrounding a fluid-filled cavity (lumen), with apical
distribution of N-cadherin and junction-associated protein ZO-1 (Lancaster et al.,
2013). Basal to the VZ, TBR2-positive intermediate progenitor cells (IPC)
accumulate in the subventricular zone (SVZ), where they undergo symmetric
divisions to expand the neuronal pool (Cakir et al., 2019; Hevner, 2019; Pebworth
et al., 2021). Newborn neurons migrate radially in an inside-out pattern from the
VZ into the cortical plate (CP), first forming both CTIP2*TBR1* deep-layer and
SATB2*CUX1" upper-layer neurons (Qian et al., 2020; Tsai and Gleeson, 2005).

Brain organoids can be established using either unguided (self-organizing)
or directed (region-specific) differentiation protocols. In the unguided approach

(often referred to as cerebral or whole-brain organoids), stem cells undergo
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neuronal differentiation by removing serum and additional factors to differentiate
into neuronal cells and tissues characteristic of those in the developing cortex. This
type of differentiation suffers from high batch-to-batch variability and poor
reproducibility (Bagley et al., 2017; Birey et al., 2017; Lancaster and Knoblich,
2014; Zhao and Haddad, 2024). Alternatively, directed protocols drive stem cells
toward defined regional neuronal phenotypes by adding exogenous patterning
factors, such as FGF, dual-SMAD inhibitors, or WNT modulators, during early
neural induction. This method allows the production of highly reproducible, region-
specific organoids (Agboola et al., 2021; Tanaka and Park, 2021).

Over the years, a wide array of protocols has enabled the generation of
diverse region-specific brain organoids, such as dorsal cortical organoids (Pasca et
al., 2019; Pasca et al., 2015; Yoon et al., 2019), forebrain organoids (Gomes et al.,
2020; Sebastian et al., 2023), medial ganglionic eminence (MGE) organoids
(Bagley et al., 2017; Sawada et al., 2024; Xiang et al., 2017), hippocampal
organoids (Qian et al., 2020; Sakaguchi et al., 2015; Y. Wu et al., 2024), midbrain
organoids (Becerra-Calixto et al., 2023; Chen et al., 2022; Jacob et al., 2020; Miura
et al., 2020; Smits et al., 2019), cerebellar organoids (Atamian et al., 2024; Ballabio
et al., 2020; Silva et al., 2020), thalamic organoids (Kiral et al., 2023; Xiang et al.,
2019), hypothalamic organoids (Huang et al., 2021; Sarratha et al., 2023), choroid
plexus organoids (Pellegrini et al., 2020; Zhao et al., 2025). Assembloids are
defined as self-organizing systems formed by combining region-specific organoids
with other organoids or specialized cell types (e.g., endothelial cells or microglia),
enabling functional studies of processes such as neuronal projections, cell
migration, and circuit assembly (Pasca et al., 2022).

Understanding the functional interaction of distinct brain regions is crucial
for unraveling the role of human neural circuits in brain development. Over the past
few years, a different assembloid systems has been established to recapitulate inter-
regional interactions and circuit-level functions: dorsal and ventral forebrain
organoids were assembled to model directed interneuron migration (Bagley et al.,
2017; Xiang et al., 2017), spatially arranged ventral midbrain—striatum—cortical
organoids (MISCOs) system was used to study dopaminergic circuits (Reumann et
al., 2023); thalamic and cortical organoids were fused, to model thalamic reciprocal
axonal projections and synaptic plasticity within human circuits (Patton et al., 2024;

Shin et al., 2024; Xiang et al., 2019). Recently, human ascending somatosensory
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assembloids (hASA) were established by fusing somatosensory organoids, dorsal
organoids, spinal cord organoids, thalamic organoids, and cortical organoids to
reconstitute functional ascending sensory pathways and integrated somatosensory
circuits (Kim et al., 2025). Collectively, these advanced platforms provide new
insights into the roles of defined neural circuits in human brain development and
neuropsychiatric disorders.

Brain organoids inherently lack immune cells such as microglia. To further
enhance the organoid platform by implementing in vivo-like biomimetic
conditions, brain organoids are engineered to incorporate both the vascular and
immune systems. A recent study demonstrated that the xenotransplantation of
human microglia into cerebral organoids suppresses interferon signaling and
accelerates the emergence of synchronized oscillatory network activity,
highlighting the contributions of microglia to synaptic maturation and
neuroimmune homeostasis (Popova et al., 2021). On the other hand, Cakir et al.
(2022) generated microglia-containing hCOs (mhCOs) by the targeted
overexpression of the myeloid transcription factor PU.1 in human cortical
organoids, allowing the in situ generation of functional microglia-like cells. They
further demonstrated that microglia-like cells within mhCOs protect against
amyloid-B-induced cellular and molecular damage, suppress apoptosis and
ferroptosis gene programs associated with Alzheimer’s disease, and assess the role
of AD-risk genes on microglia through a pooled CRISPRIi library (Cakir et al.,
2022). Finally, it was shown that ectopic expression of E7V2 (ETS Variant
Transcription Factor 2) in cortical organoids drives the formation of complex
vascular-like networks. These vascularized hCOs exhibit enhanced functional
maturation and acquire key blood-brain barrier properties, including tight
junctions, nutrient transporters, and trans-endothelial electrical resistance (Cakir et
al., 2019).

The “village-in-a-dish” approach refers to the co-culture of hiPSC cell lines
derived from multiple donors in a single dish to study inter-individual variability in
vitro (Mitchell et al., 2020). Several studies have demonstrated the use of iPSC-
derived 2D neuronal cultures from multiple donors as population-scale models
to study inter-individual variability, elucidate mechanisms underlying complex
disease risk loci and common genetic variation, and characterize donor-specific

drug response variability (Cuomo et al., 2020; Jerber et al., 2021; Neavin et al.,
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2023; Perez et al., 2022; Srivatsan et al., 2020; Wells et al., 2023; Yazar et al.,
2022). However, efforts to extend the “village-in-a-dish” platform to 3D organoids
have been limited due to differences in growth rates and differentiation biases
among lines from different donors. Surprisingly, Antoén-Bolafios et al. (2023)
overcame donor-specific growth differences by dissociating cells at the neural stem
cell stage and reaggregating them in equal ratios into spheroids. For the first time,
they applied brain organoids from multiple cell lines, described as “Chimeroids”,
to study inter-individual variation in susceptibility to neurotoxic triggers,
characterized by high clinical phenotypic variability (ethanol and valproic acid),
uncovering donor-specific differences in cellular responses and molecular
phenotypes (Bolafios et al., 2023). A similar approach was used by Parrotta et al.
(2024), who developed mosaic midbrain organoids (mMOs) from four patients with
progressive supranuclear palsy—Richardson syndrome (PSP-RS) to model patient-
specific disease phenotypes. These mMOs were characterized by tauopathy
features, such as atrophy, neuronal degeneration, neurofibrillary tangles, and tufted
astrocytes (Parrotta et al., 2024). In summary, by mixing cells from multiple
patients to establish 3D organoid cultures, we can develop novel, population-scale
models to gain insights into patient-to-patient variability in mechanisms underlying
neurodevelopmental and neurodegenerative diseases.

Lentiviral and gamma-retroviral vectors are the most commonly used
delivery systems, allowing stable transgene integration and robust expression (Aiuti
et al.,, 2013; Hacein-Bey-Abina et al., 2014; Sepehrimanesh and Ding, 2020).
However, their semi-random integration into the genome can lead to unpredictable
outcomes, such as transgene silencing or genomic instability (Johansson et al.,
2022; Shearer and Saunders, 2015). This can be overcome by targeting genomic
sites known as safe harbors. Genomic safe harbor loci are defined as specific sites
in the genome that allow efficient, stable transgene integration and predictable
transgene expression without affecting endogenous genes, genomic stability, or
cellular phenotype (Papapetrou and Schambach, 2016). So far, several safe harbor
sites have been identified in the human genome, such as AAVS1 (PPP1R12C)
(Kotin et al., 1992; Ramachandra et al., 2011), CLYBL (Cerbini et al., 2015;
Strittmatter et al., 2014), ROSA26 (Irion et al., 2007), CCRS5 (Mummidi et al., 1998;
S. Shin et al., 2020), SHS231 (Pellenz et al., 2019) or newly discovered Rogil/2

loci (Aznauryan et al., 2022), enabling the integration of multiple transgenes into
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different loci and expanding flexibility in experimental design. To take advantage
of these safe harbor sites, engineered nuclease—based knock-in strategies, such as
TALENs (transcription activator-like effector nucleases) and CRISPR/Cas9,
introduce site-specific double-strand breaks (DSBs) and utilize a homology-
directed repair mechanism (HDR) to introduce transgenes, such as fluorescence
reporters or overexpression cassettes, precisely at safe harbor loci (Auer and Del
Bene, 2014; Frank et al., 2013; Petazzi et al., 2022). However, hiPSC lines edited
by TALENs and CRISPR/Cas9 often suffer from off-target effects, low homology-
directed repair (HDR) efficiency, and transgene silencing at safe harbor loci. To
minimize these unwanted outcomes, each genome-editing experiment must be
carefully designed and validated (Bhardwaj and Nain, 2021; Karbassi et al., 2024;
Puetal., 2015).

By integrating state-of-the-art hiPSC genetic engineering methods with
brain organoid and assembloid platforms, researchers employ single-cell RNA
sequencing, neuronal lineage tracing, and CRISPR-based screening to elucidate the
molecular mechanisms of human brain development (He et al., 2022; Meng et al.,
2023; Sidhaye et al., 2023). He et al. (2022) developed iTracer, which combines
barcoded fluorescent reporters and inducible CRISPR/Cas9, to introduce genetic
“scars” for tracing clonal dynamics during cerebral organoid development. They
also established the iTracer-perturb system, utilizing inducible CRISPR-mediated
knockout of the TSC2 gene, and revealed that TSC2 loss alters mitochondrial
metabolism and delays neuronal maturation in developing cerebral organoids (He
et al., 2022). Moreover, Sidhaye et al. (2023) generated a dual-reporter
SOX2::EGFP-hSYN1::dTomato hESC line by integrating EGFP (via a P2A linker)
into the endogenous SOX2 gene to label neural progenitors and by inserting
dTomato driven human Synapsin 1 promoter at the AAVS1 safe-harbor locus to
label postmitotic neurons. They also isolated EGFP* neural progenitors and
dTomato™ neurons from telencephalic organoids and showed stage-specific
differences in mTOR signaling and translational repression of 5'TOP ribosomal
transcripts in neural progenitors (Sidhaye et al., 2023). Finally, Meng et al. (2023)
generated human forebrain assembloids (hFA) by fusing ventral forebrain—human
subpallial organoids (hSO) with human cortical organoids (hCO) to model
interneuron migration and circuit assembly with glutamatergic neurons. By

combining hFA with CRISPR loss-of-function screening, live imaging, and single-
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cell RNA sequencing, they uncovered key regulators of interneuron formation and
migration (Meng et al., 2023).

Collectively, the development of brain organoids and assembloid platforms,
combined with state-of-the-art genetic engineering techniques, enables improved in
vitro modeling of brain development and the identification of neurodevelopmental

mechanisms and therapeutic targets for neuropsychiatric diseases (Fig.5).
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Fig.5. Schematic overview of hiPSC-derived organoid and assembloid platforms for modeling human brain development.



2. Research hypothesis

In this dissertation, I hypothesize that:

e Nuclear FGFR1 (nFGFR1), which promotes early neurogenesis in cortical
organoids, influences mitochondrial dynamics, neural lineage commitment,
and metabolic adaptation through dual targeting of nuclear and

mitochondrial genomes.

This hypothesis is tested in a multi-platform experimental design using
inducible nFGFR1 hiPSC-derived cortical organoids, embryoid bodies (EBs), and

neuroepithelial stem (NES) cells, applying an integrated panel of molecular,

cellular, imaging, and proteomic assays.
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3. Objectives of the study

Recent discoveries highlight the importance of mitochondrial dynamics in
early human brain development. However, the role of the nuclear form of FGFR1
in these processes remains underexplored. Understanding these mechanisms may
provide insights relevant to both developmental biology and the identification of
novel therapeutic targets for neurodevelopmental diseases, such as schizophrenia

or autism.
The main objective of this dissertation is:

e To define the role of nuclear FGFR1 (nFGFR1) upregulation in modulating
developmental and metabolic processes during early cortical development,
through its influence on mitochondrial structure, function, turnover, and

neural lineage specification.
The thesis includes the following tasks:

e Task I - To develop and characterize a doxycycline-inducible nFGFR1
hiPSC-derived in vitro platform.

e Task II - To investigate whether nFGFR1 modulates progenitor dynamics,
neuronal differentiation, and maturation in cortical organoids.

e Task III - To investigate whether nFGFRI regulates mitochondrial
dynamics, quality control, and function in cortical organoids.

e Task IV - To investigate whether nFGFR1 regulates redox balance and cell
survival in cortical organoids.

e Task V - To investigate whether nFGFR1 targets both the nuclear and
mitochondrial genomes.

e Task VI - To investigate whether nFGFR1 orchestrates neurodevelopmental
signaling programs.

e Task VII - To investigate whether nFGFR1 regulates cell metabolism and
translational reprogramming.

e Task VIII - To investigate whether nFGFR1 modulates autophagy,

oxidative stress response, and quality control pathways.

46



To address this objective, a combination of experimental in vitro models

and methodologies was employed:

Embryoid Bodies (EBs):

e Analysis of germ layer differentiation using RT-qPCR and
immunofluorescence (for ectoderm, mesoderm, endoderm markers).
e Evaluation of mitochondrial membrane potential (MMP), mitophagy flux

(mitoKeima), and autophagosome formation (mitochondrial LC3B+).

Neuroepithelial Stem (NES) Cells:

e Analysis of gene expression via RT-qPCR (FGFRI, NES, PAXG6),
mitochondrial DNA copy number (M7T-ND1/HBB, MT-ND2/SERPINA) via
qPCR.

e Assessment of total ATP level, mitochondrial membrane potential (MMP),
ROS levels, and viability assays using fluorescence and luminescence plate

assays.

Cortical Organoids (hCOs):

e Assessment of proliferation, neural development, apoptosis, and
mitochondrial dynamics using gene expression (via RT-qPCR) and
immunofluorescence analysis.

e Live imaging for mitophagy flux (mitoKeima reporter assay) and
mitochondrial biogenesis activity (PGC1a-EGFP reporter assay).

e Morphometric evaluation of neural rosette organization, mitochondrial
morphology, and network connectivity.

e Whole-proteome profiling using TMT-based mass spectrometry.

These objectives aim to provide a comprehensive analysis of the role of
nFGFR1 in mitochondrial regulation and neural development within a human-

relevant 3D in vitro system.
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4. Materials and methods

4.1. Reagents used in molecular biology and biochemical applications

Nucleases, ligases. polymerases:

Xbal (New England Biolabs)

BamHI-HF® (New England Biolabs)

Clal (New England Biolabs)

Sall-HF® (New England Biolabs)

Pmel (New England Biolabs)

EcoRI-HF® (New England Biolabs)

EcoRV-HF® (New England Biolabs)

T4 DNA Ligase (New England Biolabs),

Q5® High-Fidelity DNA Polymerase (New England Biolabs)
Taq 2X Master Mix (New England Biolabs)

DNA Polymerase I, Large (Klenow) Fragment (New England Biolabs)

DNA molecular weight and size standards, loading buffers:

1 kb Plus DNA Ladder (New England Biolabs)
100 bp DNA Ladder (New England Biolabs)

Small Molecules:

Human FGF-basic (FGF-2/bFGF) Recombinant Protein (PeproTech)
Human EGF Recombinant Protein (PeproTech)

SB-431542 (TGF-p receptor kinase inhibitor) (MedChemExpress, MCE)
Dorsomorphin (MedChemExpress, MCE)

Human/Mouse/Rat BDNF Recombinant Protein (PeproTech)

Human NT-3 Recombinant Protein (PeproTech)

CHIR-99021 (MedChemExpress, MCE)

Rock inhibitor (Y-27632)

Commercially available kits:

Plasmid Mini kit (A&A Biotechnology)

Plasmid Midi AX Endotoxin-Free (A&A Biotechnology)

Clean-Up kit (A&A Biotechnology)

Gel-Out kit (A&A Biotechnology)

Total RNA Mini Plus kit (A&A Biotechnology)

Xpure™ Cell&Tissue micro (A&A Biotechnology)

High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems™)
Power SYBR™ Green PCR Master Mix (Applied Biosystems™)

Reagents used in microscopy-based assays:

Hoechst (Thermo Fisher Scientific)
MitoTracker™ Red CMXRos (Invitrogen)
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4.2. Materials and reagents for culturing mammalian cell lines

Cell lines:

Gibco™ episomal hiPSC line (Gibco™)
Neuroepithelial-like stem (NES) cells
293FT Cell Line (Invitrogen™)

Reagents & drugs:

Polyethylenimine, PEI 25K (1 pg/ul) (Sigma-Aldrich)
Lipofectamine™ 3000 Transfection Reagent (Invitrogen™)
Dimethyl sulfoxide, DMSO (Sigma-Aldrich)

Dulbecco’s Phosphate Buffered Saline, without calcium chloride and
magnesium chloride, DPBS (Sigma-Aldrich)

PBS (Phosphate-Buffered Saline) Tablets (Invitrogen™)
Phosphate-buffered saline (PBS, 10X), pH 7.4 (Thermo Scientific Chemicals)
StemPro™ Accutase™ Cell Dissociation Reagent

EDTA (0.5 M), pH 8.0, RNase-free (Invitrogen™)
Trypsin-EDTA (0.5%), no phenol red (Gibco™)
2-mercaptoethanol (Gibco™)

GlutaMAX™ Supplement (Gibco™)

MEM Non-Essential Amino Acids Solution (100X) (Gibco™)
KnockOut™ Serum Replacement (KOSR) (Gibco™)
Antibiotic-Antimycotic (100X) (Gibco™)

Penicilin-Streptomycin (5,000 U/mL) (Gibco™)

Essential 8™ Medium (Gibco™)

Essential 6™ Medium (Gibco™)

Dulbecco's Modified Eagle Medium F12 (DMEM F12) (Gibco™)
Neurobasal™-A Medium (Gibco™)

Neurobasal™ Medium (Gibco™)

B-27™ Plus Supplement without vitamin A (50X) (Gibco™)
B-27™ Plus Supplement (50X) (Gibco™)

N-2 Supplement (100X) (Gibco™)

Fetal Bovine Serum (FBS), Premium (Gibco™)

Geltrex™ Reduced-Growth Factor Basement-Membrane Matrix
(Gibco™)

Poly-L-Lysine solution (Sigma-Aldrich)

Vitronectin (VITN-N) Recombinant Human Protein, Truncated (Gibco™)
Poly(2-hydroxyethyl methacrylate), Poly-HEMA (Sigma-Aldrich)
Anti-Adherence Rinsing Solution (Stemcell Technologies™)
AggreWell™800 Plate (Stemcell Technologies™)

Polybrene Infection / Transfection Reagent (Sigma-Aldrich)

TAE Buffer, 10X Solution (Thermo Scientific Chemicals)
Agarose I (Molecular Biology Grade) (Thermo Scientific™)
1-Propanol, HPLC Grade, 99% (Thermo Scientific Chemicals)
Ethyl cinnamate, 98% (Thermo Scientific Chemicals)

Triton™ X-100 (Thermo Scientific™)

Syringe filter 0.22 pm and 0.45 pm (Genos)

38.5 mL Open-Top Thinwall Ultra-Clear Tube (Beckman Coulter)
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4.3. Materials used in bacterial culture

Bacteria

NEB® 10-beta Competent E. coli (New England Biolabs)
NEB® Stable Competent E. coli (New England Biolabs)

Antibiotics

Ampicillin Sodium (A&A Biotechnology)

Puromycin Dihydrochloride (Gibco™)

Geneticin™ Selective Antibiotic (G418 Sulfate) (Gibco™)
Kanamycin Sulfate (Gibco™)

Bacterial media

4.4.

4.5.

LB (A&A Biotechnology)

LB agar (A&A Biotechnology)

S.O.C. (Super Optimal broth with Catabolite repression) Medium
(Invitrogen)

Cryosectioning
Cryostat (Microm HM550 Thermo Scientific)
Microtome blades (Sakura)
O.C.T. (Optimal cutting temperature) compound (Tissue-Tek)
Cryomold (Tissue-Tek)
SuperFrost® Plus microscope slides(bionovo)

Plasmids

Plasmids used in this study were from the plasmid bank of the Department of
Stem Cell Bioengineering, Mossakowski Medical Research Institute PAS (MMRI

PAS).

pLenti CMV GFP Puro (658-5) (Addgene #17448)
CLYBL-TO-hNGN2-BSD-mApple (Addgene #124229)
CLYBL-TO-FGFR1(SP-/NLS)-BSD-mApple (IMDIK PAN)
pHAGE-mt-mKeima (Addgene #131626)

pcDNA 3.1(-) CMV FGFR1(SP-/NLS) (gift from prof. Michal
Stachowiak)

pPGCla_ Proximal Promoter-FLuc2P (Addgene #154259)
pLenti CMV mt-Keima Puro (658-5) (IMDIK PAN)

pLenti PGC1A-EGFP Puro (658-5) (IMDIK PAN)

Table 1. Primers used for cloning and sequencing.

Name Primer sequence (5’-3°) Product
Xbal-mKeima-F | ATTCTAGAATGTCCGTCCTGACGCCG To ampify
Sall-mKeima-R | AATGTCGACTTAGCCCAGCAGGGAGTG g;fn?ma
pHAGE-
CAG-
Mkeima to
pLenti-
EGFP-puro
BamHI-E-F ACGGGATCCATGAGCCCCAAGAAAAAGAGAAAGG
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Pmel-dIXNLS-R | CCGGTTTAAACGGGGAGGGATCAAACTCAATGATG gg;;fig:

/NLS from
pcDNA 3.1
to CLYBL-
TO-NGN2

PGClaProxClaF | CGATCGATCCCCGTTTGCGCTTTCAAACA To amplify
PGClaProxXbaR | CGTCTAGAGTACCGGATTGCCAAGCTTT PGCla

promoter to
plenti EGFP
vector

LNCX AGCTCGTTTAGTGAACCGTCAGATC Sequencing

primer:
Tet3G
promoter

nFGFRITK-RS5 TCCAATATGGAGCTACGGGCATAC Sequencing

reverse
primer for
FGFRI1(SP-
/NLS)

SV40pA-R GAAATTTGTGATGCTATTGC Sequencing
PpA Reverse

GFP seq—R AGCTTGCCGTAGGTGGCATC lsggllzllfncing

reverse
primer

WPRE—SeqR CATAGCGTAAAAGGAGCAACA ﬁg;?cing

reverse
primer

4.6. Cell culture media

Table 2. Media composition and reagent concentrations.

| Volume for 50 mL | Concentration
HEK Medium (293FT cells)
DMEM/F-12 50 ml -
GlutaMAX (100X) 500 pL 1:100
FBS 5Sml 1:10
P/S 500 pL 1:100
N2B27 Medium (NES cells)
DMEM/F-12 44 ml -
KnockOut Serum 5ml 1:10
Replacement (KOSR)
GlutaMAX (100X) 500 pL 1:100
Non-essential Amino Acids | 50 ulL 1:100
2-mercaptoethanol 91 uL 1:550
P/S 500 pL 1:100
N2B27 Medium (NES cells)
DMEM/F-12 24 mL -
Neurobasal 24 mL -
GlutaMAX (100X) 500 pL 1:100
2-mercaptoethanol 91 uL 1:500
N2 250 pL 1:200
B27 500 pL 1:100
P/S 500 pL 1:100
NES Growth Medium (NES cells)
DMEM/F-12 + GlutaMAX | 47.5 mL -
N2 500 plL 1:100
GlutaMAX (100X) 500 pL 1:100
B27 50 puL 1:1000
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P/S 500 pL 1:100

bFGF S5ul 10 ng/mL (1:10000)
EGF S5ul 10 ng/mL (1:10000)
hiPSC Media (hiPSC cells)

Essential 8§ medium 48.5 ml -

Essential 8 supplement 1 ml 1:50

(50x%)

P/S 500 pL 1:100

Embryoid Bodies media (Embryoid bodies)

Essential 6 medium

P/S

Induction Medium (human cortical organoids)

Essential 6 495

P/S 500 pL

SB431542 (10 mM) 50 puL 10 uM (1:1000)
Dorsomorphin (5 mM) 50 uL 5 uM (1:1000)
Differentiation medium (human cortical organoids)

Neurobasal A 50 ml -

B-27™ Supplement 1 ml 1:50

without vitamin A (50X)

GlutaMAX (100X) 500 pL 1:100

P/S 500 pL 1:100

bFGF (10 pg/mL) 50 puL 10 ng/mL (1:1000)
EGF (10 pg/mL) 50 puL 10 ng/mL (1:1000)
BDNF (20 pg/mL) 50 puL 20 ng/mL (1:1000)
NT-3 (20 pg/mL) 50 puL 20 ng/mL (1:1000)

4.7. Mammalian cell culture

4.7.1. hiPSC cells

The Gibco™ episomal hiPSC line (catalog no. A18945; Gibco™) was derived from
cord blood CD34+ progenitors via episomal expression of seven reprogramming
factors: OCT4, SOX2, KLF4, MYC, NANOG, LIN28, and SV40 T antigen. hiPSCs
were grown in a feeder-free environment on 6-well plates coated with recombinant
human vitronectin. The hiPSC cells were maintained in Essential 8 medium,
supplemented with penicillin/streptomycin solution. The culture medium was
refreshed daily. When cells reached 70-80% confluency, they were routinely
passaged using a 50 mM EDTA chelating agent at a 1:6 to 1:20 ratio. The hiPSC
cultures were routinely tested to confirm the absence of mycoplasma contamination
and were maintained under mycoplasma-free conditions. Media formulation is

detailed in Table 2.
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4.7.2. Neuroepithelial stem (NES) cells,

Neuroepithelial stem cells (NES cells) were generated using a modified
version of the protocol previously described (Calvo-Garrido et al., 2021). Human
induced pluripotent stem cells (hiPSCs) were cultured in complete E§ medium
supplemented with Essential 8 supplement and penicillin/streptomycin, and were
passaged every 3-4 days using 50 mM EDTA at ~80% confluency. Neural
induction was initiated in hiPSCs on Day 0 by replacing Essential 8 medium with
KOSR medium supplemented with Dorsomorphin (5 uM), SB431542 (10 uM),
and CHIR99021 (3.3 uM), with daily media changes. On Day 5, cells were
passaged at a 1:2 ratio onto mouse laminin-coated 6-well plates. From Day 6, the
medium was changed to a 75%:25% mixture of KOSR:N2B27 media containing
the same small molecules, with continued daily media changes. This ratio was
adjusted to 50:50 on Day 8, followed by cell passaging using TrypLE at a 1:2 ratio
into KOSR:N2B27 (25%:75%) on Geltrex-coated plates. On Day 12, cells were
cultured in complete N2B27 medium supplemented with Dorsomorphin,
SB431542, and CHIR99021. Finally, on Day 16, cells were gently passaged with
50 mM EDTA at a 1:2 ratio into NES growth medium enriched with EGF
(10 ng/mL) and bFGF (10 ng/mL) and were maintained with media changes every
other day (Fig.6B). The media formulations are detailed in Table 2.

4.7.3. 293FT cells

293FT cells were maintained on 100 mm and 150 mm tissue culture dishes
pre-coated with 0.1 mg/mL poly-L-lysine. Cells were grown in DMEM/F-12
supplemented with 10% fetal bovine serum (FBS), 1% GlutaMAX, and 1%
penicillin/streptomycin at 37°C in a 5% CO: atmosphere. Culture medium was
refreshed every 2-3 days, and cells were passaged at 80-90% confluency by
splitting at a 1:10—1:20 ratio. The media formulation is detailed in Table 2.

4.7.4. Generation of embryoid bodies (EBs)

Embryoid bodies (EBs) were generated as described in Latoszek et al.
(2022), with slight modifications (Latoszek et al., 2022). A total of 1 X 10® human
induced pluripotent stem cells (hiPSCs) were seeded in low-attachment

PolyHEMA-coated plates and cultured in Essential 6 medium. The medium was
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refreshed daily to support the formation of EBs. On Day 10, the EBs were
transferred to wells containing slides coated with Geltrex to facilitate attachment
and cell migration. By Day 21, the EBs were harvested for downstream applications

(Fig.6A). The media formulation is detailed in Table 2.

4.7.5. Generation of human cortical organoids (hCOs)

The generation of human cortical organoids (hCOs) from hiPSCs was
conducted according to the protocols established by Sergiu Pasca’s lab (Pasca et
al., 2015; Sloan et al., 2018). Embryoid Body (EB) Formation - When cells reached
70-80% confluency, intact hiPSC colonies were incubated with Accutase at 37°C
for 4 minutes to dissociate them into single cells. Uniformly sized EBs were
generated using AggreWell™ 800. Approximately 3 x 10° single cells were added
to each AggreWell™800 well in Essential 8 medium, supplemented with the ROCK
inhibitor (Y-27632). The plates were centrifuged at 100 x g for 3 minutes to settle
the cells into the microwells and then incubated at 37°C with 5% CO2. The
following day, half of the medium was replaced with fresh Essential 8 medium
containing Y-27632. After 48 hours, the EBs were harvested from each microwell
by gently pipetting with a sterile 3 mL Pasteur pipette and transferred into
polyHEMA-coated, low-attachment plastic dishes containing induction medium
supplemented with SMAD pathway inhibitors: dorsomorphin (2.5 pM, Peprotech)
and SB-431542 (10 uM). From day 2 to day 6, the medium was replaced daily.
Neural Induction and Differentiation - On day 6, neurospheres were transferred to
differentiation medium, supplemented with 20 ng/mL EGF and 20 ng/mL bFGF for
the next 19 days (until day 24), with medium changes every other day. To promote
the differentiation of neural progenitors into neurons, the medium was
supplemented with 20 ng/mL BDNF and 20 ng/mL NT3 (Peprotech), with medium
changes every other day. From day 43 onwards, only differentiation medium
without growth factors was used, and the medium was replaced every 3-4 days

(Fig.6C). Media formulations are displayed in Table 2.
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4.8. Cryopreservation and cryosectioning

hCOs were fixed in 4% paraformaldehyde (PFA) for 30 minutes on a shaker
(100 RPM, room temperature), followed by extensive washing with 1x PBS.
Organoids were sequentially incubated in 7.5% sucrose overnight, 15% sucrose for
8 hours, and 30% sucrose overnight to ensure proper infiltration and dehydration.
After sucrose incubation, organoids were immersed in a gelatin/sucrose solution
(7.5%/10%) for 30 minutes, embedded in the same gelatin/sucrose solution, snap-
frozen in liquid nitrogen, and stored at -80°C. For immunohistochemistry, 20 um-

thick sections were prepared using a cryostat at -20°C.

4.9. Immunocytochemistry

Immunocytochemistry was performed with slight modifications as
described previously (Petersilie et al., 2024; Stachowiak et al., 2017). To remove
excess OCT and gelatin, cryosections were incubated in 1x PBS at 37°C water bath
for 30 minutes. For permeabilization, sections were incubated in 0.5% Triton X-
100 for 20 minutes at room temperature. Blocking was carried out in 10% normal
goat serum (NGS) with 0.1% Triton X-100 diluted in PBS for 1 hour at room

temperature. Following blocking, cryosections were incubated overnight at 4°C
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with primary antibodies diluted in PBS containing 1% normal goat serum (NGS)

and 0.1% Triton X-100. After overnight incubation, organoid sections were washed

three times with 1x PBS for 15 minutes each on an orbital shaker (80 RPM). The

sections were then incubated with secondary antibodies diluted in x1 PBS for 1 hour

at room temperature in dark conditions. After secondary antibody incubation,

sections were rewashed three times with 1x PBS for 15 minutes each on an orbital

shaker (80 RPM). Nuclei were stained with Hoechst 33258 (2ug/mL) for 15

minutes, followed by three additional PBS washes (15 minutes each). Cryosections

were mounted on glass coverslips using fluorescence mounting medium (Dako),

dried overnight at room temperature, and stored at 4°C. The primary and secondary

antibodies used in this study are listed in Tables 3 and 4.

Table 3. Primary antibodies used in this study.

Antigen Vendor Catalog number Host Isotype | Dillution
Ki-67 Invitrogen MAS5-41135 Rabbit | IgG 1:500
SOX2 CST 3579 Rabbit | IgG 1:400
PAX6 Invitrogen MAI1-109 Mouse IgG1 1:200
Neun Abcam ab104224 Mouse IgG2B | 1:100
TBR1 CST 49661 Rabbit | IgG 1:400
Eomes Invitrogen 14-4877-82 Mouse IgG2B | 1:300
BCL11B CST 12120 Rabbit | IgG 1:200
(CTIP2)
Synapsin-2 Abcam ab13258 Rabbit IgG 1:200
(SYN2)
LC3B (D11) CST 3668 Rabbit | IgG 1:200
XP®
Cleaved CST 9661 Rabbit IgG 1:400
Caspase-3
(Aspl75)
Pink1 Abclonal AT7131 Rabbit IgG 1:200
Parkin Abclonal A0968 Rabbit IgG 1:200
EGFP Invitrogen CABA4211 Rabbit IgG 1:200
MAP2 Sigma- M4403 Mouse IgG1 1:500
Aldrich
Nestin Invitrogen MAI-110 Mouse IgG1 1:500
FGFR1 Abcam Ab10646 Rabbit | IgGl1 1:500
Anti- Sigma- MABI1273 Mouse IgG1 1:1000
Mitochondria | Aldrich
OCT 3/4 Santa Cruz sc-5279 Mouse igG2b 1:100
SSEA4 CST 4755 Mouse | IgG3 1:400
NANOG CST 4903 Rabbit | IgG 1:200
Alpha-Smooth | Sigma- A2547 Mouse IgG1 1:400
Muscle Actin | Aldrich
FOXA2 Invitrogen 720061 Rabbit | IgG 1:500
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Table 4. Secondary antibodies used in this study.

Name Vendor Catalog number | Antigen Concentration
Alexa Fluor™ | Invitrogen A-21121 Mouse IgG1 1:500

iﬁgxa Fluor™ | Invitrogen A-21141 Mouse IgG2b | 1:500

iﬁjxa Fluor™ | Invitrogen A-11008 Rabbit IgG 1:500

iﬁgxa Fluor™ | Invitrogen A-21123 Mouse IgG1 1:500

iﬁgxa Fluor™ | Invitrogen A-21143 Mouse IgG2b | 1:500

iﬁgxa Fluor™ | Invitrogen A-11035 Rabbit IgG 1:500

iﬁgxa Fluor™ | Invitrogen A-21245 Rabbit IgG 1:500

647

4.10. Image acquisition

Image acquisition was performed using a Zeiss Cell Observer SD
microscope (Zeiss) equipped with a Yokogawa Spinning Disk system and four
diode lasers (405 nm, 488 nm, 561 nm, and 635 nm). Tiled images, composed of
multiple smaller image tiles stitched together, were acquired to capture the entire
region of hCO cryosections. For image acquisition, a 20x (NA 1.4) or 40x (NA 1.2)
objective was used based on the desired resolution and field of view. For each tile,
Z-stack images were obtained by capturing 30—50 optical sections at different focal
planes, with a Z-stack interval of 0.7-2 um. The tiled Z-stacks were processed into

extended focus depth (EFD) images using ZEN software for further analysis.

4.11. Isolation of nucleic acids

Total RNA was extracted from hiPSC, NES cells, EBs, and hCO cells using
Total RNA Mini Plus (A&A Biotechnology). Total DNA was extracted from NES
cells using Xpure™ Cell&Tissue micro kit (A&A Biotechnology). RNA was
purified using Clean-Up RNA Concentrator kit (A&A Biotechnology). After
purification, RNA integrity was assessed by electrophoresis on 2% agarose gels.
The concentration of RNA and DNA was determined by using NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific). The DNA was used in the mtDNA
copy number analysis (qPCR). The RNA was converted into cDNA in the RT
reaction using the High-Capacity RNA-to-cDNA™ Kit (Thermo Fisher Scientific)
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on a thermal cycler (Biotech INC). Next, cDNA was used to analyze gene
expression (RT-qPCR).

4.12. Primer design

All primers used in these studies are based on the human reference genome
GRCh38 and were designed using PrimerQuest software
(https://www.idtdna.com/pages/tools/primerquest), analyzed both in silico and in
vitro. Primer sequences were validated for specificity and efficiency in silico with
Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and UCSC In-
Silico PCR (https://genome.ucsc.edu/cgi-bin/hgPcr). The sequences of primers for
the selected genes are listed below. Experimentally determined PCR efficiency
(E%) was in the range of 1.92-2.15. Candidate reference genes were assessed for
expression stability by analyzing their Ct values with NormFinder
(https://www.moma.dk/software/normfinder) and BestKeeper (https://www.gene-
quantification.de/bestkeeper.html). The most stable gene identified by these
programs was then selected as normalization controls for RT-qPCR gene
expression analyses. The primer sequences used in this study are provided in Table
1 (cloning and sequencing), Table 5 (mtDNA copy number), and Table 6 (gene

expression).

4.13. Quantitative real-time PCR (qQPCR; mtDNA copy number)

For qPCR, 10 ng of DNA was loaded with 0.25 pM of forward and reverse
primers, and PowerUp™ SYBR™ Green Master Mix (Applied Biosystems) on a
LightCycler® 480 II system (Roche). The amplification reaction consisted of a hot
start at 95 °C for 3 minutes, followed by 45 cycles of denaturation at 95 °C for 10
seconds, annealing at 60 °C for 30 seconds, and extension at 72 °C for 30 s. The
mtDNA copy number was calculated as (1) M7-NDI/HBB and (2) MT-
ND5/SERPINAI ratio; the following equation was used: relative mitochondrial
DNA content = 2 x 24T where ACT was calculated using the formula (ACT =

nDNAct — mtDNAcrt). Primer sequences used in this study are listed in Table 5.
4.14. Reverse transcription quantitative real-time PCR (RT-qPCR)

Quantitative real-time PCR (RT-qPCR) was performed using 10 ng of
cDNA, 0.2 uM of each primer, and PowerUp™ SYBR™ Green Master Mix
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(Applied Biosystems) on a LightCycler® 480 II system (Roche). The amplification
protocol consisted of an initial incubation at 50°C for 2 minutes and 95°C for 2
minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute, with
a final extension at 95°C for 5 minutes and 65°C for 1 minute. Gene expression was
quantified using the ACt method with GAPDH as the reference gene. Stability of
the reference gene was confirmed using BestKeeper and NormFinder software.

2—AACt

Results are presented as values relative to GAPDH. Primer sequences used

in this study are listed in Table 6.

Table 5. Sequences of primers used for relative mt-DNA copy number.

Gene Forward Primer (5°-3’) Reverse Primer (5°-3°)

MT-NDI AACATACCCATGGCCAACCT AGCGAAGGGTTGTAGTAGCCC
HBB GAAGAGCCAAGGACAGGTAC CAACTTCATCCACGTTCACC
MT-ND5 CATTACTAACAACATTTCCCCCGC | GGCTGTGAGTTTTAGGTAGAGGG

CAGTGAATAAATGAGGCGTACATC | GACTGTTTCTCATGCCTCTGGAAA

SERPINAI |C G
Table 6. Sequences of primers used for gene expression analysis.

Gene Forward Primer (5°-3’) Reverse Primer (5°-3°)

ATF4 CAACAACAGCAAGGAGGAT CATCCAACGTGGTCAGAAG
EOMES TCACCCAGAGTCTCCTAATAC ACTATCATCTGGGTGTTGTTG
BCLII1B CAGTGTCAGTTGTCAGGTAAA TCCAGGTAGATGCGGAAG
PINK]I GGTCGACTACCCTGATGT CAGGGTACAGGGATAGTTCT
SOSTM1 CCCTGAGGAACAGATGGA GACTGGAGTTCACCTGTAGA
BNIP3 ACAGTCTGAGGAAGATGATATTG |TTTAAAGAGGAACTCCTTGGG
SOXI7F GTGGACCGCACGGAATTTG GGAGATTCACACCGGAGTCA
CXCR4F CCCTCCTGCTGACTATTCCC TAAGGCCAACCATGATGTGC
TBXTF TATGAGCCTCGAATCCACATAGT CCTCGTTCTGATAAGCAGTCAC
MEF2C CCAACAAGCTGTTCCAGTAT CCTTCTTTCTCAACGTCTCC
MAP2 GACCTAAGCCATGTGACATCCA AATTTTCACACGTCCGCCAC
SOX2 SGTGGAAACTTTTGTCGGAGA TTATAATCCGGGTGCTCCTT
PAX6 CAGGCCAGCAACACACCTAG GCAGAGCGCTGTAGGTGTTT
NES AAGGGCAAATCTGGGGGTTG GGGAGTCCTGGATTTCCTTCC
GAPDH GGGCTCTCCAGAACATCATCC GGTCCACCACTGACACGTTG
MT-ATP6 AAGGACGAACCTGATCTCT TGGGTGGTTGGTGTAAATG
MT-ND2 GCTAAGCTCGCACTGATTT CTGTGGAACGAGGGTTTATT
MT-ND5 CGCCTGAGCCCTATCTATTA GACCTGTTAGGGTGAGAAGA
PPARGCIA | CCCAGAGTCACCAAATGAC TCCAGAGAGTTCCACACTTA
SYP GATGTAGTCTGGTCAGTGAAG GGTGGAGACCTAGGGTATAG
BAX GGGCTGGACATTGGACTTCCT CCGCCACAAAGATGGTCACG
BCL2 ATCGCCCTGTGGATGACTGAG AGGGCCAAACTGAGCAGAGTC
TBRI CTCAGTTCATCGCCGTCACC AGCCGGTGTAGATCGTGTCATA
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4.15. Lentiviral particle production and concentration

Lentiviral particles were produced as described in Tiscornia et al. (2006),
with slight modifications (Tiscornia et al., 2006). Human embryonic kidney 293FT
cells were maintained in DMEM/F12 media supplemented with GlutaMax and 10%
FBS. For transfection, cells were seeded on poly-lysine-coated 15-cm plates. At 85-
90% confluency, 293FT cells were co-transfected with packaging plasmids
psPAX2 (Addgene, 12260) and pMD2.G (Addgene, 12259), along with the
lentiviral transfer vector, using 1 mg/mL polyethylenimine (PEI) transfection
reagent at a DNA: PEI ratio of 1:3. After 48 and 72 hours, the supernatant
containing lentiviral particles was collected, filtered through a 0.45 pm syringe
filter, and concentrated by ultracentrifugation in 38.5 mL Open-Top, round-bottom
ultracentrifugation tubes (Cat. 344058, Beckman and Coulter) using a swinging
bucket rotor (SW-28) at 80 000 g for 2 hours. The supernatant was then discarded,
and the viral pellet was resuspended in 1x PBS. It was snap-frozen in liquid nitrogen

and stored at -80°C.

4.16. Mito-Keima mitophagy reporter

To track mitophagy flux in vitro, the pH-dependent fluorescent mitophagy
reporter mt-Keima was used as previously described (Sun et al., 2017; Yang et al.,
2022). Mito-Keima is a dual-excitation ratiometric fluorescent protein resistant to
lysosomal proteases. At mitochondrial pH (pH 8.0), shorter-wavelength excitation
predominates, while in acidic lysosomes (pH 4.5), it shifts to longer-wavelength
excitation. The mito-Keima (546 nm / 488 nm) ratio, divided by the total
mitochondrial area, reflects mitophagy flux. To generate the mitophagy reporter,
the mt-Keima sequence containing the mitochondrial targeting sequence (MTS)
was amplified by PCR from the plasmid pHAGE-mt-mKeima (Addgene #131626)
using primers with flanking BamHI and Sall restriction sites (Fig.7A). The
amplified mt-Keima DNA was cloned into the BamHI and Sall sites of the pLenti
CMV-GFP-PGK-Puro (658-5) lentiviral transfer vector (Addgene #17448).
Successful cloning was verified using colony PCR and Sanger sequencing.
Lentiviral particles were produced as described in Section 4.15. Stable mitophagy
reporter hiPSC line. hiPSCs were transduced with lentiviral particles containing mt-
Keima. Briefly, hiPSCs were maintained in Essential 8 media supplemented with

penicillin/streptomycin. When cells reached 80-90% confluency, they were
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passaged using EDTA. Lentiviral particles were added to the cell suspension in
Essential 8 media containing polybrene (10 ug/mL) and 10 uM ROCK inhibitor
(Y-27632), and the cells were plated on vitronectin-coated plates. For positive
selection, cells were maintained in media containing 0.5—-1 mg/mL puromycin for
5-7 days. Expression of the fluorescent protein was verified using fluorescence
microscopy or flow cytometry (data not shown in the study). Stable mitophagy
reporter hiPSC lines were cryopreserved or processed for further experiments. hCO
Mitophagy Flux Imaging Assay. At day 56 of differentiation, hCOs were
transduced by incubating in fresh differentiation medium containing mito-Keima
lentiviral particles and polybrene (10 pg/mL) for 48 h. After 48 hours, the medium
was replaced with differentiation medium lacking virus, and the organoids were
maintained for an additional 10 days to allow for robust reporter expression. For
live imaging, 60-day hCOs were transferred to a glass-bottom 35 mm cell culture
imaging dish (Ibidi). Live-cell imaging of mitophagy flux was performed using a

spinning-disk confocal microscope with 488 nm and 546 nm excitations (Fig.7B).
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Fig.7. Generation and validation of a mito-Keima mitophagy reporter hiPSC line.
A. Diagram of the lentiviral construct (pLenti-CMV-Mito-Keima-WPRE-PGK-PuroR); B.
Experimental outline for generating the mito-Keima hiPSC reporter line; C. Live-cell time-
lapse imaging of Mito-Keima (pH-sensitive fluorescence) in hCOs was performed on days
in vitro (DIV) 42, 44, and 56. MitoKeima expression indicates mitochondrial pH levels,
with the green signal representing neutral mitochondria and the red signal showing acidic
mitochondria (commonly found in lysosomes). The top row displays low magnification
(%40), the bottom row features zoomed views. Scale bar: 20 um.

4.17. PGC-1alpha(p)-EGFP mitochondrial biogenesis reporter hiPSC
line

A live-cell reporter system for monitoring mitochondrial biogenesis in vitro

was developed as previously described (Nilsson et al., 2015). This system utilizes

62



the promoter sequence of the master regulator of mitochondrial biogenesis,
peroxisome proliferator-activated receptor gamma coactivator 1 alpha
(PPARGCIA), to control the expression of green fluorescent protein (EGFP). The
level of EGFP expression serves as an indicator of mitochondrial biogenesis
activity. The sequence of the human PGC-1a proximal promoter (-500 to +52) was
amplified by PCR from the plasmid pPGC1la Proximal Promoter-FLuc2P (Addgene
#154259) using primers with flanking Clal and Xbal restriction sites. The PGC-1a
proximal promoter DNA was cloned into the Clal and Xbal sites of the pLenti
CMV-GFP-PGK-Puro (658-5) lentiviral transfer vector (Addgene #17448).
Successful cloning was verified using colony PCR and Sanger sequencing.
Lentiviral particles were produced as described in Section 4.15. Stable
mitochondrial biogenesis reporter hiPSC line. hiPSCs were maintained in Essential
8 media supplemented with penicillin/streptomycin. When cells reached 80-90%
confluency, they were passaged using EDTA. Lentiviral particles containing PGC-
la(p)-EGFP reporter were added to the cell suspension in Essential 8 media
containing Polybrene (8 pg/mL) and 10 uM ROCK inhibitor (Y-27632), and the
cells were plated on vitronectin-coated plates. For positive selection, cells were
maintained in media containing 0.5-1 mg/mL puromycin for 5-7 days. Expression
of the fluorescent protein was verified using fluorescent microscopy. Stable
mitochondrial biogenesis reporter hiPSC lines were cryopreserved at -80°C or
processed for further experiments.

hCO PGC-1a(p)-EGFP mitochondrial biogenesis (MB) Assay - At day 56
of differentiation, hCOs were transduced by incubating in fresh differentiation
medium containing mito-Keima lentiviral particles and polybrene (10ug/mL) for
48 h. After 48 hours, the medium was replaced with differentiation medium without
virus, and the organoids were maintained for an additional 2 weeks to allow robust
reporter expression. For live imaging, hCOs were transferred to a glass-bottom 35
mm cell culture imaging dish (Ibidi). Live-cell imaging of the MB assay, where
EGFP fluorescence indicates PGCla activity, was conducted using a spinning-disk

confocal microscope with 488 nm excitation (Fig.8).
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hCO

Fig.8. Lentiviral PGCla-EGFP reporter for tracking mitochondrial biogenesis.
A. Diagram of the pLenti-Proximal-PGCla-EGFP-WPRE-PGK-PuroR construct. The
proximal PGCla promoter, where EGFEP intensity reflects PGClo. transcriptional activity
and consequently mitochondrial biogenesis;, B. Workflow for generating PGClo-EGFP
reporter hCOs: At DIV 56, organoids are transduced with Proximal-PGCla-EGFP
lentivirus. Live confocal imaging is conducted approximately 10 days later to assess GFP
fluorescence as an indicator of mitochondrial biogenesis.

4.18. Generation of an inducible nuclear FGFR1 hiPSC line via
TALEN-mediated knock-in at the CLYBL safe harbor locus

A TALEN-mediated knock-in of FGFRI(SP-/NLS)-mApple into the
CLYBL locus of human induced pluripotent stem cells (hiPSCs) was performed as
previously described, with slight modifications (Cerbini et al., 2015; Fernandopulle
etal., 2018). Transfection Procedure - Human iPSCs were passaged two days before
transfection using 50 mM EDTA to achieve ~80-90% confluency within 48 hours.
For reverse transfection, Lipofectamine 3000 (Thermo Fisher Scientific) was used
according to the manufacturer’s protocol. TALEN plasmids (0.75 pg each) and
donor plasmid (1.5 pg) were diluted in Opti-MEM medium, mixed with
Lipofectamine 3000 reagent, and incubated for 15 minutes to form transfection
complexes. During the incubation period, hiPSCs were dissociated with Accutase
for 4 minutes to create a single-cell suspension. The transfection complexes were
added directly to 2 x 10° hiPSCs resuspended in Essential 8 medium supplemented
with 10 uM ROCK inhibitor (Y27632). Cells were plated onto vitronectin-coated
6-well plates and incubated for 24 hours. After incubation, the medium was
replaced with fresh Essential 8 medium. Enrichment of mApple+ Cells - To obtain

pure mApple+ colonies, cells were first manually picked based on mApple

64



fluorescence. For further enrichment, hiPSCs were sorted using fluorescence-
activated cell sorting (FACS) with mApple as the gating parameter. FACS-sorted
cells were seeded onto Geltrex-coated 24-well plates and cultured in Essential 8
medium. Recovered cells were manually picked and expanded for downstream

applications.

4.19. Live-cell imaging of mitophagy flux using mito-Keima reporter

Live ratiometric mito-Keima imaging was performed as described
previously, with minor modifications. Imaging was conducted in embryoid Bodies
(EBs) and human cortical organoids (hCOs) using analogous methods. Images were
acquired with a Cell Observer SD (Zeiss) with a CO»/O; incubation chamber,
Yokogawa Spinning Disk system, four diode lasers (405 nm, 488 nm, 561 nm, and
635 nm), and an LD Plan-Neofluar 40%/0.6 Korr objective. For live imaging, hEBs
and hCOs were cultured on 35 mm cell culture imaging dishes with a coverslip
bottom (Ibidi). Mito-Keima was imaged in two channels using sequential
excitations at 488 nm (green) and 546 nm (red), with emissions collected in the
600—695 nm range (Kinnart et al., 2024; Yang et al., 2022). Mitophagy calculations
were performed using Fiji software on a pixel-by-pixel basis. Prior to thresholding,
images from both channels were converted to 8-bit format, followed by background
subtraction and application of smoothing functions in Fiji. The total mitochondrial
area was determined by segmenting and thresholding the emission area at an
excitation wavelength of 458 nm. This area was quantified using the “Analyze
Particles” plugin (parameters: “Mean”, “Area Fraction”). Similarly, the total
lysosomal area was determined by segmenting and thresholding the emission area
at an excitation wavelength of 561 nm and quantified using the same plugin. To
accurately segment the high mito-Keima (546/488) ratio area, the "AND" function
in the Image Calculator plugin was applied. This operation combined the total
mitochondrial area (image 1) and the total lysosomal area (image 2) on a pixel-by-
pixel basis, ensuring precise overlap segmentation. The parameter "high mito-
Keima (546/488) ratio area/total mitochondrial area" was used as an index of
mitophagy. This was quantified using the “Analyze Particles” plugin (parameters:

Mean, Area Fraction).
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4.20. Live-cell imaging of mitochondrial biogenesis in human cortical
organoids

Human cortical organoids (hCOs) were generated as described in Section
4.7.5 and maintained in differentiation medium until day 56 in vitro (DIV 56). To
visualize mitochondrial biogenesis, organoids were transduced for 48 hours with
a third-generation lentivirus encoding the PGC-la proximal promoter reporter
(PGC-1a(p)-EGFP), in the presence of polybrene (10 pg/mL). 48 hours later, the
medium containing viral particles was replaced with fresh differentiation media,
and organoids were cultured for an additional 10 days to allow reporter expression.

For live imaging, single organoids were transferred to 35 mm glass-bottom
dishes containing pre-warmed differentiation medium and placed in a temperature-
controlled incubation chamber (37 °C, 5% CO,) of the Cell Observer SD spinning-
disk confocal microscope (Zeiss). The system was equipped with a Yokogawa
CSU-X1 scan head, diode lasers at 405, 488, 561, and 635 nm, and LD Plan-
Neofluar 20%/0.6 Korr and 40%/0.6 Korr objectives. EGFP was excited at 488 nm,
and emission was collected at 500-550 nm with identical detector gain and laser
power across all samples. Z-stacks (1 pum interval, total depth 120 pm) were
acquired from three non-overlapping fields per organoid; Raw 8-bit Z-stack images
were converted into a single-plane image using the Extended Depth-of-Focus
(EDF) projection tool in ZEN software. Raw 8-bit image stacks were imported into
FII (v2.15). A rolling-ball background subtraction (radius = 50 px) and a mild 2-
pixel Gaussian blur were applied uniformly. Maximum-intensity projections were
generated for quantitative analyses. Regions of interest (ROIs) were manually
drawn around the neuronal soma and primary dendritic segments of EGFP-positive
cells. Mean fluorescence intensity (MFI) for each ROI was extracted with the
“Measure” function and exported to GraphPad Prism 9. Statistics. Three
independent organoids per condition served as biological replicates. For each
condition, a minimum of 300 ROIs were analysed (Control, n = 313; doxycycline-
induced PGC-1a overexpression, n = 297). Data distribution was non-parametric
(Shapiro—Wilk); therefore, two-tailed Mann—Whitney tests were applied. Results
are presented as mean * standard deviation (SD); p < 0.05 was considered

significant; ns- non-significant.
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4.21. Measurement of mitochondrial membrane potential (MMP) in
EBs

Mitochondrial membrane potential (MMP) was assessed in embryoid bodies
(EBs), using Mitotracker CMXRos, a dye that selectively accumulates in
mitochondria with an intact membrane potential. On Day 10, EBs were plated onto
Geltrex-coated Ibidi glass-bottom 3.5 cm plates to facilitate cell attachment in
Essential 6 media supplemented with either 2 mM doxorubicin (DOX or DMSO as
a control. On Day 21, cells were incubated with media containing 50 nM
Mitotracker CMXRos for 30 minutes at 37°C and 5% CO., followed by a wash with
PBS (1x) to remove excess dye. Image acquisition was performed using a Zeiss
Axio Observer microscope equipped with a spinning disk confocal system and
a controlled CO: chamber. A 546 nm laser and 40x magnification were used to
capture z-stack images, which were processed to generate extended depth-of-field
(EDF) images. MMP was quantified as the mean gray intensity of Mitotracker

fluorescence in 8-bit images using F1JI software.

4.22. Measurement of neural rosette and lumen morphology

Morphological analyses were conducted on high-resolution phase-contrast
(or immunofluorescence) images of neural rosettes captured at 20x magnification.
Image processing and quantification utilized FIJI (ImageJ v1.52p), using calibrated
spatial units (um and pm?). The Rosette area was measured by manually outlining
the entire ring of polarized progenitors and applying the Measure — Area function
in FIJI (um?). The lumen area was determined by manually selecting the central
region within each rosette—identified by membrane markers (e.g., ZO-1, N-
cadherin)—and measuring its area with the same tool (um?). Basal area (rosette
minus lumen area) was determined by subtracting the lumen area from the rosette
area, resulting in the net area of neural rosette (Lm?). Rosette perimeter and lumen
perimeter were each obtained by tracing the boundary of the respective region and
using FIJI’s Measure — Perimeter function. Micrometers (um) were used as the
unit of measurement. APD-normalized area - To address shape irregularity and
facilitate size-independent comparisons, the ‘“area per diameter” (APD)

normalization for both rosette and lumen was calculated accordingly:
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APD-normalized rosette area = Aosette/(Prosette/27)?

APD-normalized lumen area = Ajmen/(Plumen/27)?

where A is the measured area (um?) and P is the corresponding perimeter
(um); P/2m represents the equivalent circular “radius,” and squaring this term yields
a circular area scaling factor. All measurements were performed on at least ten
rosettes per biological replicate, and mean + SD values were calculated for each

experimental condition.

4.23. Mitochondrial network analysis

Mitochondrial network connectivity was quantified in human cortical
organoid sections using a semi-automated, image-based workflow in FIJI (ImagelJ)
with the Mitochondria Analyzer plugin, as detailed previously (Chaudhry et al.,
2020). Briefly, z-stacks were acquired on a Zeiss Cell Observer SD spinning-disk
confocal microscope (Yokogawa module; Plan-Neofluar 63%/1.4 NA oil objective)
under controlled CO2/O: conditions and processed into extended-depth-of-focus
images for 2D analyses or analyzed in 3D. Preprocessing included background
subtraction (radius 1 pm), sigma filtering (radius 0.1 pum, ¢ = 2.0), local contrast
enhancement (block size = 64, slope = 2.0 for 2D), and gamma correction (y = 0.80
for 2D), followed by adaptive thresholding (block size = 2.25 pm, C = 28) in batch
mode. Mitochondrial morphology and network parameters—including total and
mean mitochondrial area and perimeter, aspect ratio, form factor, fragmentation
index, branch count and length, junction number, branch end points per cell, and
mean branch diameter—were extracted on a per-cell basis across cortical plate (n =
53 areas for Control, n = 47 areas for DOX) and ventricular zone regions (n = 35
areas for Control, n = 40 areas for DOX). Statistical comparisons between the
control and overexpression groups were performed using two-tailed Mann—
Whitney tests on data pooled from three independent experiments (Fig.9).

Mitochondrial parameters analyzed in this study are described in Table 7.

Table 7. Mitochondria parameters used in this study
Parameter (Units) | Description

Total Area (um?) | The total area of all mitochondrial objects in a cell, reflecting

overall mass.

Total Perimeter Total length of mitochondrial boundaries, reflecting membrane
(um) complexity.
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Mean Perimeter | Average boundary length for each mitochondrion, indicating

(um) typical shape complexity.
Aspect Ratio The ratio of the major to minor axis of each mitochondrion
(unitless) indicates the level of elongation.
Form Factor Measure of circularity (4n-area / perimeter®), with lower values
(unitless) indicating elongation.
Mitochondrial Total mitochondrial area divided by object count, where higher
Fragmentation values indicate fragmentation.
Index (um? per
object)

Branches (count) | Number of individual branch segments in the mitochondrial
network per cell.

Total Branch Sum of all branch segment lengths, reflecting network extension.
Length (um)
Mean Branch Average length of branch segments, indicating typical branch
Length (um) extension.
Branch Junctions | number of nodes where two or more branch segments meet,
(count) indicate network complexity.
Branch End Points | Number of terminal tips of branches, reflecting network
(count) fragmentation.
Mean Branch Average width of branch segments, indicating structural

Diameter (um) thickness.

Fig.9. Mitochondrial morphology and network connectivity using the “Mitochondria
Analyzer” plugin in human cortical organoids (hCOs). Representative images of
mitochondrial network segmentation and skeletonization in cortical plate (CP) and
ventricular zone (VZ) regions of 60-day hCOs, A. confocal image of mitochondria (green)
in a section spanning the cortical zone (CZ) and ventricular zone (VZ) in hCO. The dashed
line indicates the CP-VZ boundary. Nuclei are counterstained with Hoechst (blue). Scale
bar = 20 um; B. Binary mask after mitochondrial segmentation using the Mitochondria
Analyzer plugin using FIJI sofiware; C. Skeletonized mitochondrial network.

4.24. Fluorescence intensity analysis
Fluorescence intensity in randomly selected regions of interest (ROIs) was
analyzed using Fiji (ImagelJ). Preprocessing steps included applying a Gaussian blur
and performing background subtraction to enhance image quality. The mean gray
value was measured using the "Measure" function, and background noise was
accounted for by subtracting the mean gray value of the background from the
measured values. Analyses were performed on multiple sections of organoids

generated from three independent experiments for each condition. Fluorescence
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intensity measurements were performed using Fiji software. Images were first
converted to an 8-bit format, after which ROIs, approximately 225 square pixels in
size, were selected. This approach was used to analyze the fluorescence intensity of
cleaved caspase-3 (an apoptosis marker), FGFR1 (reflecting nuclear and
mitochondrial accumulation of FGFR1), MAP2, as well as PINK1 and PARKIN
(mitophagy markers). Analyses were performed on multiple sections of organoids
generated from three independent experiments for each condition. Statistical
comparisons between experimental groups were conducted using two-tailed Mann—

Whitney tests.

4.25. Immunocytochemistry quantification

Immunocytochemistry quantification was performed on 20 pm-thick
cryosections of human cortical organoids (hCOs), following a previously
established protocol (Pasca et al., 2019) with minor modifications. I quantified cell
densities of markers TBR1, TBR2, NEUN, PAX6, SOX2, KI67, CTIP2,
SYNAPSIN-2, MAP2, mitochondrial protein, and LC3B within defined regions of
interest (ROIs) of at least 225 um?, positioned around proliferative zones and
cortical zone regions. Boundaries between the ventricular zone (VZ), subventricular
zone (SVZ), and cortical layer (CZ) were delineated based on expression patterns
of PAX6, TBR2, TBR1, and the orientation and density of Hoechst-stained nuclei.
Immunostainings were conducted using primary antibodies against KI67 (Abcam),
NEUN (Millipore), TBR1 (Abcam), TBR2 (Invitrogen), CTIP2 (Abclonal),
SYNAPSIN-1 (Abcam), MAP2 (Invitrogen), TOM20 (Millipore), and LC3B (Cell
Signaling Technology). Specifically, I assessed KI67-positive proliferating cells
within the apical VZ (n = 37 control and n = 45 DOX areas), NEUN-positive
postmitotic neurons (n = 142 control and n = 175 DOX areas), TBR1-positive deep-
layer cortical neurons (deep-layer cortical neurons, n = 69 control and n = 76 DOX
areas), TBR2-positive intermediate progenitors within the SVZ (n = 62 per
condition), and CTIP2-positive layer V/VI projection neurons in the cortical zone
(n = 118 control and n = 116 DOX areas). Synaptic density was quantified by
analyzing SYNAPSIN-2 puncta colocalizing with MAP2-positive neuronal
processes (n = 37 control and n = 33 DOX areas). For mitophagy analysis,
mitochondrial marker and lysosomal marker LC3B puncta colocalization were

measured to indicate mitophagic events (n = 60 control and n = 61 DOX areas).
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Quantifications were performed across at least three independent experiments per
condition. Statistical significance was assessed using non-parametric Mann-

Whitney tests.

4.26. Plate-based assays in NES cells
4.26.1. Measurement of mitochondrial membrane potential (MMP) in

NES Cells

Mitochondrial membrane potential (MMP) was assessed in NES cells
labeled with Mitotracker CMXRos, a dye that selectively accumulates in
mitochondria with intact membrane potential. NES cells (200 cells/well) were
seeded on Geltrex-coated black 96-well plates in NES media with either 2 mM
DOX or DMSO as a control. On Day 4, cells were incubated with media containing
50 nM Mitotracker CMXRos for 4 hours at 37°C and 5% CO-, followed by a wash
with PBS (1x) to remove excess dye. Fluorescence was measured using a plate
reader (Fluoroskan Ascent FL, Labsystems) with an excitation wavelength of 579
nm and an emission wavelength of 599 nm. Results were normalized to cell number
using Hoechst staining as per the manufacturer's protocol and are presented as

a percentage ratio of the test sample to the control.

4.26.2. Measurement of reactive oxygen species (ROS) levels

Reactive oxygen species (ROS) levels were quantified in NES cells using
DCFH-DA (dichloro-dihydro-fluorescein diacetate), a cell-permeable fluorogenic
dye that becomes fluorescent upon oxidation by ROS. NES cells (200 cells/well)
were seeded on Geltrex-coated black 96-well plates in NES media with either 2 mM
DOX or DMSO as a control. On Day 4, cells were incubated in media containing 1
uM DCFH-DA (Sigma-Aldrich) for 3 hours at 37°C and 5% CO., followed by
a wash with PBS (1x) to remove excess dye. Fluorescence was measured using a
plate reader (Fluoroskan Ascent FL, Labsystems) with an excitation wavelength of
485 nm and an emission wavelength of 538 nm. Results were normalized to cell
number using Hoechst staining, according to the manufacturer’s protocol, and

results are presented as a percentage ratio of the test sample to the control.
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4.26.3. Measurement of ATP levels in NES cells

ATP levels were quantified in NES cells using the CellTiter-Glo® 3D Cell
Viability Assay (Promega), which measures luminescence proportional to the
amount of ATP present. NES cells (200 cells/well) were seeded on Geltrex-coated
white 96-well plates in NES media with either 2 mM DOX or DMSO as a control.
On Day 4, the CellTiter-Glo® 3D reagent was prepared according to the
manufacturer’s instructions and added directly to each well in a 1:1 ratio with the
cell culture medium. Cells were incubated at room temperature for 15 minutes on
a shaker at 120 RPM to allow cell lysis, followed by a 30-minute incubation in the
dark to stabilize the luminescent signal. Luminescence was measured using a plate
reader (Fluoroskan Ascent FL, Labsystems). Data was normalized to cell number
using Hoechst staining, according to the manufacturer’s protocol, and results are

presented as a percentage ratio of the test sample to the control.

4.26.4. Measurement of cell viability

Cell viability was assessed in NES cells using the Resazurin assay,
a fluorometric method that evaluates metabolic activity as an indicator of cell
viability. Resazurin, a non-fluorescent compound, is reduced to the fluorescent
product resorufin in metabolically active cells. The method was performed as
described previously, with slight modifications (Augustyniak et al., 2019; Pamies
et al., 2018). NES cells (200 cells/well) were seeded in NES media on Geltrex-
coated black 96-well plates and treated with either 2mM DOX or DMSO as
a control. On Day 4, cells were incubated with media containing 100 pg/mL
Resazurin for 3 hours at 37°C in a humidified incubator with 5% CO.. Following
incubation, cells were washed with 1x PBS to remove excess dye. Fluorescence
was measured using a plate reader (Fluoroskan Ascent FL, Labsystems) with an
excitation wavelength of 544 nm and an emission wavelength of 590 nm. Results
were normalized to cell number using Hoechst staining, according to the
manufacturer’s protocol, and are presented as a percentage ratio of the test sample

to the control.
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4.27. Proteomics (TMT Labeling and LC-MS/MS)
4.27.1. Sample preparation

Samples were extracted using the Sample Preparation by Easy Extraction
and digestion protocol. In brief, samples were solubilized in concentrated
trifluoroacetic acid (cell pellet/TFA 1:4—1:8 (v/v)) and incubated for 2 — 10 min at
room temperature. Next, samples were neutralized with 2 M Tris-base buffer using
a 10-fold volume of TFA and further incubated at 95°C for 5 min after adding
Tris(2-carboxyethyl) phosphine (final concentration, 10 mM) and 2-
chloroacetamide (final concentration, 40 mM). Turbidity measurement determined
protein concentration at 360 nm, adjusted to the same concentration using a sample
dilution buffer (2 M Tris-Base/TFA 10:1 (v/v)), and then diluted 1:4-1:5 with water.
Digestion was carried out overnight at 37°C using trypsin at a protein-to-enzyme
ratio of 100:1. Digestion was terminated by the addition of trifluoroacetic acid
(TFA) to a final concentration of 1%. The resulting peptides were labeled using an
on-column TMT labeling protocol. TMT-labeled samples were compiled into
a single TMT sample and concentrated using a SpeedVac concentrator. Peptides in
the compiled sample were separated into eight fractions by off-line basic reversed-
phase using the Pierce High pH Reversed-Phase Peptide Fractionation Kit (Cat:
84868; Thermo Fisher Scientific).

4.27.2. Liquid chromatography-mass spectrometry measurement

Prior to the liquid chromatography (LC-MS) measurement, the peptide
fractions were resuspended in 0.1% TFA and 2% acetonitrile in water.
Chromatographic separation was performed on an Easy-Spray Acclaim PepMap
column (50 cm length x 75 pm inner diameter; Thermo Fisher Scientific) at 55°C
by applying 120 min acetonitrile gradients in 0.1% aqueous formic acid at a flow
rate of 300 nl/min. An UltiMate 3000 nano-LC system was coupled to a Q Exactive
HF-X mass spectrometer via an easy-spray source (all Thermo Fisher Scientific).
The Q Exactive HF-X was operated in TMT mode with survey scans acquired at
a resolution of 60,000 at m/z 200. Up to 15 of the most abundant isotope patterns
with charges 2-5 from the survey scan were selected with an isolation window of
0.7 m/z and fragmented by higher-energy collision dissociation with normalized

collision energies of 32, while the dynamic exclusion was set to 35 s. The maximum
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ion injection times for the survey scan and dual MS (MS/MS) scans (acquired with
a resolution of 30,000 at m/z 200) were 50 and 130 ms, respectively. The ion target
value for MS was set to 3e6 and for MS/MS was set to 1e5, and the minimum AGC
target was set to 8e2. Sample preparation and proteomics analysis were conducted

in the Proteomics Core Facility of the IMol Polish Academy of Sciences in Warsaw.

4.28. Bioinformatics analysis

4.28.1. Data Preprocessing and differential expression analysis

The data were processed with MaxQuant v. 2.2.0.0, and the peptides were
identified from the MS/MS spectra searched against Uniprot Human Reference
Proteome (UP000005640, with gene count 20644, downloaded on February 27,
2025) using the build-in Andromeda search engine. Reporter ion MS2-based
quantification was applied with reporter mass tolerance = 0.003 Da and min.
reporter PIF = 0.75. Cysteine carbamidomethylation was set as a fixed modification
and methionine oxidation, and protein N-terminal acetylation were set as variable
modifications. For in silico digests of the reference proteome, cleavages of arginine
or lysine followed by any amino acid were allowed (trypsin/P), up to two missed
cleavages were allowed. The FDR was set to 0.01 for peptides, proteins. Match
between runs was enabled. Other parameters were used as pre-set in the software.
Reporter intensity corrected values for protein groups were loaded into Perseus
v.2.0.6.0. Standard filtering steps were applied to clean up the dataset: reverse
(matched to decoy database), only identified by site, and potential contaminant
(from a list of commonly occurring contaminants included in MaxQuant) protein
groups were removed. Protein groups were further filtered to include only those
with a minimum of one unique peptide. Reporter intensity corrected values were
log2 transformed. Protein groups with at least one valid values at least one group
were kept. From one to six missing values in each sample were imputed from
a normal distribution. The values were normalized by median subtraction within
TMT channels. To explore global variation between Control and DOX-treated
samples, Principal Component Analysis (PCA) was performed on proteomics data.
PCA was performed on the normalized dataset, and the first two principal
components (PC1 and PC2) were selected to visualize major sources of variation.

To determine proteins differentially regulated, Student’s t-test (two-sided,
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permutation-based FDR =0.05, S0=0.1, n = 3) was performed. The table was

exported from Perseus and formatted to its final form in Microsoft Excel 2016.

4.28.2. Weighted gene co-expression network analysis (WGCNA)

Weighted Gene Co-expression Network Analysis (WGCNA) was
conducted in R (v4.4.2) using the WGCNA, openxlsx, and ggplot2 packages
(Ghafouri-Fard et al., 2023; Short et al., 2023; Wang et al., 2023). Proteomics
intensity data from 60-day human cortical organoids treated with 3 mM
doxycycline (nFGFR1 induction) or DMSO control (n = 3 per group) were imported
from Excel and pre-processed by removing proteins with > 50 % missing values
and imputing remaining gaps via row means. Low-variance proteins (bottom 20 %)
were filtered out, retaining the top 80 % most variable features. The cleaned matrix
was transposed so that samples were rows and proteins columns, then checked for
good samples and genes using WGCNA'’s goodSamplesGenes function. A soft-
thresholding power 3 was selected based on scale-free topology criteria (R? > (.9)
via pickSoftThreshold, and an adjacency matrix was computed and converted into
a Topological Overlap Matrix (TOM). Hierarchical clustering of 1 — TOM
identified co-expression modules using dynamic tree cutting, with a module
eigengene dissimilarity cutoff of 0.25. Module—trait relationships were assessed by
correlating module eigengenes with the binary doxycycline versus control trait,
with significance determined by Student’s t-test. Finally, network dendrograms,
module color plots, and module—trait heatmaps were visualized with ggplot2, and
module assignments and hub protein lists were exported for downstream

interpretation.

4.28.3. Volcano Plot

Proteomics data from cortical organoids treated with 3 mM doxycycline or
DMSO control were visualized as a volcano plot in R (v4.4.2) using the tidyverse
package for data manipulation, openxlsx for Excel import, ggplot2 for plotting, and
ggrepel for non-overlapping labels. First, protein log: (fold changes) and —logio (p-
values) from paired t-tests comparing DOX versus control were read in and
annotated against certain categories, such as the “MitoCarta3.0” proteins list, to
classify each protein as “Mito” or “NonMito”. Proteins meeting thresholds of

logFC > 0.2 and —logiop > 1.3 were labeled as up- or downregulated. Proteins that
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did not meet these criteria were marked “Other”. The top ten most significantly up-
and downregulated mitochondrial proteins were selected for labeling. Vertical and
horizontal cutoff lines (+0.2 log:FC, p = 0.05) and text annotations were added in
ggplot2, points were colored by regulation class, and the top 20 proteins were
annotated with geom_text repel. The final plot clearly highlights global expression

changes and mitochondrial-specific regulation in response to nFGFR1 induction.

4.28.4. Heatmap (hierarchical clustering)

Hierarchical clustering and heatmap visualization of differentially
expressed proteins were performed in R (v4.4.2) using the openxlsx package to
import quantitative proteomics data and lists of differentially expressed and top 20
proteins, dplyr and reshape?2 for data wrangling, pheatmap for heatmap generation,
ggplot2 and ggrepel for custom X-axis labeling, and cowplot for aligning the
heatmap with its labels. After filtering for proteins present in the DEP list, removing
those with >50% missing values, and imputing remaining gaps by row means,
expression values for control (C1-C3) and nFGFRI-induced (NLSI-NLS3)
samples were log:-transformed and row-scaled. Pairwise Euclidean distances
among proteins and among conditions were computed, and hierarchical clustering
was performed with the Ward D2 linkage method. The scaled matrix was reordered
according to the resulting dendrograms, and pheatmap was used to render the
heatmap (rows and columns clustered, no overlapping X-axis labels). A separate
ggplot2 panel with ggrepel labels for the top 20 DEP proteins was generated and

aligned beneath the heatmap via cowplot.

4.28.5. Gene ontology (GO) enrichment analysis

Gene Ontology (GO) enrichment analysis was performed in R (v4.4.2) using
the tidyverse package for data manipulation, openxlsx for Excel import,
clusterProfiler for enrichment testing, and org.Hs.eg.db for human gene annotation;
ggplot2 and ggrepel were employed for visualization. Briefly, proteins significantly
upregulated (log:FC > 0.2, P < (0.05) and downregulated (log-FC <-0.2, P <0.05)
in doxycycline-treated versus DMSO control organoids were separated into two
gene lists. UniProt identifiers for each list were converted to Entrez Gene, and GO
enrichment was conducted for Biological Process (BP), Cellular Component (CC),

and Molecular Function (MF) ontologies using enrichGO with Benjamini—
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Hochberg correction (pAdjustMethod = “BH”, pvalueCutoff = 0.05, qvalueCutoff
= 0.05). Enriched terms (P < 0.05) were exported for further analysis and plotted as
faceted bar charts of the top ten terms per ontology, with term counts colored by —

logio(p-value).

4.29. Statistical analysis

Data are presented as means + standard deviations. Experiments were
conducted with 3—5 independent experiments, with a minimum of three replicates.
Normality of the data was evaluated using the Shapiro—Wilk and Kolmogorov—
Smirnov tests. Statistical analyses were performed using GraphPad Prism 9.
Statistical significance was determined through Mann—Whitney U tests, one-way
ANOVA, with appropriate post-hoc corrections. Significance is denoted as:

*P <0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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5. Results

5.1. Engineering a TET-On hiPSC line for controlled nuclear FGFR1

expression via CLYBL safe harbor targeting

To establish a platform for inducible nuclear FGFRI expression,
I engineered a human induced pluripotent stem cell (hiPSC) line via TALEN-
mediated gene editing targeting the CLYBL safe harbor locus on chromosome 13.
CLYBL locus was selected due to its strong transgene expression across both
pluripotent and differentiated cell states as well minimal epigenetic silencing (Liu
et al., 2009). Previous study showed that CLYBL-targeting TALENSs, constructed
using the pZT backbone, achieved approximately 25% NHEJ-mediated gene
editing efficiency in human HEK293T cells (Cerbini et al., 2015).

The recombinant transgene, FGFR1(SP-/NLS), was designed to localize
FGFR1 exclusively to the nucleus by removing the endogenous signal peptide
(SP-) to prevent translocation to the membrane, and by adding a C-terminal nuclear
localization signal (NLS) to ensure constitutive nuclear accumulation and function
as a transcriptional regulator rather than as a membrane-bound receptor. This
configuration mimics the function of the nuclear variant of FGFR1, which has been
previously shown to regulate chromatin architecture and gene expression in
neuronal development (Decker et al., 2021; Terranova et al., 2015).

I designed a donor construct, CLYBL-Tet3G-FGFR1(SP-/NLS)-BSD-
NLS-mApple, to include three core elements: (1) a doxycycline-inducible
FGFR1(SP-/NLS) transgene driven by a TRE3G promoter; (2) a floxed Blasticidin
resistance and nuclear mApple (BSD-NLS-mApple) selection cassette under the
EFla promoter; and (3) a reverse tetracycline-controlled transactivator (rtTA,
Tet3G) under the constitutive CAG promoter (Fig.10A). Successful generation of
this construct was verified by Sanger sequencing prior to cell transfection
(Fig.10B). The knock-in procedure was performed via Lipofectamine 3000-based
transfection of TALEN plasmids and the donor construct into hiPSCs at
approximately 80-90%. Following transfection, cells underwent selection with
G418 and FACS sorting to isolate mApple-positive clones, which were manually
picked and expanded. PCR analysis confirmed the successful integration of the
construct at the CLYBL locus (Fig.10D), and fluorescence microscopy validated
nuclear mApple expression in edited hiPSCs (Fig.10E).
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The resulting hiPSCTe3G-FGFRI(SP-/NLS)-BSD-NLS-mApple Jine maintained classic
pluripotent stem cell morphology and expressed pluripotency markers, including
OCT4, NANOG, SSEA4, and SOX2, as confirmed by immunofluorescence
(Fig.11-12). The pluripotency was validated through embryoid body (EB)
formation assays, which demonstrated successful differentiation into all three germ
layers. Significantly, FGFR1 overexpression was inducible and functional across
various differentiated states. After doxycycline treatment, I observed robust nuclear
FGFR1 protein expression in neuroepithelial stem cells (NES), embryoid bodies
(EB), and human cortical organoids (hCO). It was confirmed by
immunofluorescence, which showed increased fluorescence intensity of FGFR1
and qPCR analysis revealing FGFR1 gene expression (Fig.16). This supports the
utility of the engineered hiPSC line as a versatile tool for studying the effects of

nuclear FGFR1 in the early and advanced stages of human neural development.
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Fig.10. Establishment of a human iPSC line with doxycycline-inducible FGFR1 (SP-
/NLS) integrated into the CLYBL safe harbor locus. A. Schematic illustration of the
targeting vector CLYBL-Tet3G-FGFRI(SP-/NLS)-BSD-NLS-mApple; B.  Sanger
sequencing confirms the targeting construct, C. PCR electrophoresis verifies the successful
genomic insertion at the CLYBL locus in safe-harbor targeted iPSC clones (L- 1kb plus
ladder; 1-2: WT bands; 3-4:- mApple band),; D. Representative fluorescent images of EIFa-
driven mApple expression in CLYBL targeted iPSC clone. Scale bar = 20 um.
5.2. Pluripotency and differentiation potential of the engineered hiPSC
Line
To evaluate the pluripotency and differentiation capacity of the engineered
hiPSC line, I conducted embryoid body (EB) assays, followed by
immunofluorescence and RT-qPCR analyses on day 21 of differentiation. The

immunofluorescence confirmed the expression of lineage-specific markers from the
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three germ layers: NES and SOX2 for ectoderm, a-SMA for mesoderm, and
FOXA2 for endoderm (Fig.13). The findings were further verified through
quantitative RT-PCR analysis. Markers for ectoderm (NES, PAX6), mesoderm
(TBXT, CXCR4), and endoderm (SOX17, CXCR4) were significantly upregulated
in EBs compared to undifferentiated hiPSCs (P < 0.05, Mann—Whitney). Notably,
SOX17 and PAX6 demonstrated particularly strong induction, indicating robust
commitment to endodermal and ectodermal lineages. Moreover, the increased
expression of mesodermal markers, such as 7BX7, confirmed mesodermal
differentiation. These results demonstrate that the genetic modification, including
the integration of an expression cassette containing FGFR1(SP-/NLS) into the
CLYBL safe harbor locus of the hiPSC cell line, does not impair the tri-lineage
differentiation potential of the hiPSC line and may slightly favor endodermal and
ectodermal fates.

To further investigate the functional impact of nuclear FGFR1 (nFGFR1)
upregulation. Next, EBs were treated with doxycycline (DOX) or vehicle control
on day 11 and cultured until day 21 (Fig.14). Among all markers evaluated, only
PAX6 - an ectodermal marker - was significantly upregulated following nFGFR1
induction (P < 0.0001), indicating enhanced neural lineage specification.
Expression changes of other lineage-associated markers (e.g., NES for ectoderm;
TBXT and ACTA2 for mesoderm; SOX17, FOXA2, and CXCR4 for endoderm) were
not statistically significant (P > 0.05).

These results suggest that while increased expression of nFGFR1 does not
impair differentiation potential, it may subtly bias hiPSC differentiation toward the
ectodermal lineage, particularly the neural ectoderm, as indicated by the selective
upregulation of PAX6. Thus, nFGFR1 may influence lineage commitment

dynamics without disrupting overall pluripotency.
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Fig.11. Key pluripotency markers are expressed in the hiPSCT™3¢FCFRIGPNLS) [ipe,
Representative immunofluorescence images demonstrate consistent expression of the
mApple selection marker, along with pluripotency markers OCT3/4, NANOG, SSEA-4, and
SOX2 in the established CLYBL-FGFRI(SP-/NLS-mApple) hiPSC line. Nuclei were
visualized using Hoechst staining. Scale bar = 20 um.
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Fig.12. Expression of core pluripotency markers following conditional upregulation of
nFGFRI in the hiPSC™3¢FCFRISPINLS) [ine  Representative immunofluorescence images
comparing control and doxycycline-induced (DOX) conditions in the CLYBL-FGFRI1(SP-
/NLS-mApple) hiPSC line. Images show the expression of the mApple selection marker, as
well as pluripotency markers OCT3/4, NANOG, SSEA-4, and SOX2. Nuclei were visualized
using Hoechst staining. Scale bars = 20 um.
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Fig.13. Spontaneous differentiation of embryoid bodies derived from hiPS
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and endoderm.

line into the three germ layers: ectoderm, mesoderm,
A. Immunofluorescence characterization of embryoid bodies (EBs) demonstrating lineage-
specific markers: NES and SOX2 for ectoderm, a-SMA for mesoderm, and FOXA2 for
endoderm. Cells also expressed a mitochondrial marker and FGFRI. Nuclei were
visualized using Hoechst staining. Scale bar = 20 um; B. RT-qPCR analysis showing
relative gene expression levels of ectodermal (NES, PAX6), mesodermal (ACTA2, TBXT,
CXCR4), and endodermal (CXCR4, SOX17) markers in differentiated EBs compared to
undifferentiated hiPSCs. Data are presented as fold-change (2*-A4ACT) normalized to
hiPSCs; mean + SD (N = 3 independent replicates). Statistical significance determined
using two-tailed Mann-Whitney test; *P < 0.05, **P < 0.01, ns—not significant.
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Fig.14. Evaluation of trilineage differentiation potential in embryoid bodies (EBs)
derived from a stable hiPSC™3¢FCTRISPNLS) [ine following doxycycline treatment.
A. Immunofluorescence analysis shows the expression of lineage-specific markers in
Control and doxycycline-upregulated nFGFRI1(DOX) EBs: Nestin and SOX2 (ectoderm),
0-SMA (mesoderm), and FOXA2 (endoderm). The nuclei were counterstained with
Hoechst. Scale bars = 20 um; B. RT-qPCR analysis reveals the relative expression levels
of lineage markers NES, PAX6 (ectoderm), ACTA2, TBXT, CXCR4 (mesoderm), and
FOXA2, CXCR4, SOX17 (endoderm) in Control and DOX-treated EBs. The data is
presented as fold-change (2"-AA4CT) normalized to controls, with mean = SD (N = 3
independent experiments). A two-tailed Mann-Whitney test was used to determine
statistical significance; ****P < 0.0001, ns—not significant.

5.3. Differentiation into neuroepithelial stem (NES) cells

To determine whether the stable integration of the FGFRI1(SP-/NLS)-
mApple transgene into the CLYBL safe harbor locus impacts neural differentiation
potential, I differentiated the engineered hiPSCs into neuroepithelial stem (NES)
cells using the small molecule-based protocol adapted from Calvo-Garrido et al.
(2021). Briefly, neural induction was initiated by sequential exposure to
dorsomorphin, SB431542, and CHIR99021 in defined media transitions (KOSR to
N2B27) over 16 days, followed by expansion in NES growth medium
supplemented with EGF and bFGF (Calvo-Garrido et al., 2021). At the end of the
differentiation protocol, immunofluorescence staining revealed strong expression
of NES cell markers NES (Nestin) and SOX2, confirming successful induction of
a neuroepithelial phenotype. Nuclear expression of mApple confirmed robust
expression of the integrated transgene at the CLYBL locus. Additionally, FGFR1
protein was detected, validating the presence and potential functional contribution
of the nuclear-targeted FGFR1. Robust expression of mitochondrial surface protein
further demonstrated the structural and metabolic integrity of the NES cell
population (Fig.15A). To evaluate the transcriptional changes associated with
neural induction, I performed RT-qPCR analysis on NES cells and undifferentiated
hiPSCs. The expression of two hallmark neuroectodermal markers, NES (Nestin)
and PAX6, were significantly upregulated in NES cells compared to the
undifferentiated hiPSCs (P < 0.05, Mann—Whitney test; Fig.15B).

These results demonstrate that integration of the FGFR1(SP-/NLS)-mApple
construct into the CLYBL locus does not impair the ability of hiPSCs to undergo
neural differentiation. In contrast, the significant upregulation of NES and PAX6
gene expression, along with strong protein-level marker expression, suggests that

the engineered line retains full neuroectodermal differentiation potential. The data
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further support the suitability of the CLYBL locus for safe and stable expression of

functional transgenes in lineage-specific differentiation settings.
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Fig.15. Induction of a stable hiPSC™3 " CFRISPNLS) line into neuroepithelial stem (NES)
cells. A. Immunofluorescence characterization confirms successful differentiation into NES
cells, demonstrated by the expression of neural stem cell (NSC) markers Nestin (NES),
SOX2, FGFRI, mitochondria (MITO), and the selection marker mApple. Nuclei are stained
with Hoechst. Scale bars = 20 um. B. RT-qPCR analysis compares NSC-specific marker
expression (NES, PAX6) in differentiated NES cells and undifferentiated hiPSCs. Data are
shown as fold change (2"-AACT), normalized to hiPSCs, and presented as mean £ SD
(N = 3 independent replicates). Statistical analysis is performed using the two-tailed Mann-
Whitney test; *P < 0.05.

5.4. Doxycycline-inducible nFGFR1 expression confirmed in multiple cell
types

To validate the functionality of the engineered doxycycline-inducible nuclear

FGFR1 (nFGFR1) system, I examined its expression across three stem cell-derived

differentiation platforms: embryoid bodies (EBs), neuroepithelial-like stem (NES)

cells, and human cortical organoids (hCOs). The inducible nFGFRI1 cassette was

targeted to the CLYBL safe harbor locus using TALEN-mediated homologous
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recombination. Nuclear FGFR1 expression was activated by the addition of
doxycycline (2-3 mM) to the media in three in vitro cultures derived from an
engineered hiPSCTeBG-FGFRISPNLS) Jine: embryoid bodies (EBs), neuroepithelial
stem (NES) cells, and human cortical organoids (hCO).

I generated NES cells following the method outlined by Calvo-Garrido et
al. (2021), with some modifications. The NES cells were cultured on plates coated
with Geltrex in NES growth medium supplemented with EGF (10 ng/mL) and
bFGF (10 ng/mL). To stimulate nFGFR1 expression, the cells were passaged gently
at a 1:2 ratio using 50 mM EDTA, and 2 mM DOX (with DMSO as a control) was
incorporated into the fresh medium, with the media refreshed daily. On the fifth
day, the NES cells were harvested for further assays. Embryoid bodies were
generated using the method described in Latoszek et al. (2022), with some
modifications (Latoszek et al., 2022). On day 10, EBs were placed on Geltrex-
coated slides to promote attachment and cell migration. To induce nFGFR1, 2 mM
doxycycline was added on day 11 (or DMSO as a control), and the media was
changed daily. EBs were harvested on day 21 for further analyses. I generated
human cortical organoids (hCOs) from hiPSCs using a modified protocol from the
Sergiu Pasca lab. In brief, colonies were dissociated at 70-80% confluency into
single cells, resulting in the formation of uniform embryoid bodies. Neural
differentiation was induced by culturing the spheroids in suspension with SMAD
inhibitors. Starting on day 8, the medium was replaced with differentiation medium
containing EGF and bFGF for 20 days, followed by the introduction of laminal
specification factors BDNF and NT3 for the next 18 days. After day 45, hCOs were
maintained in media that lacked growth factors. For doxycycline induction, 3 mM
DOX (or DMSO as a control) was added into the differentiation medium. The
medium with DOX was changed daily until day 25, and then every other day until
hCO collection. Due to preliminary dose-response experiments (data not shown)
and the limited drug penetration caused by the size of the hCOs, the doxycycline
concentration was increased from from 2 mM to 3 mM and harvested the hCOs at
day 60 (for RNA, IHC, and proteomics, mitoKeima), and day 72 (PGC1a-EGFP).

To assess if nFGFR1 is successfully upregulated in different in vitro models,
I evaluated FGFR1 expression following doxycycline treatment via
immunofluorescence analysis (Fig.16A). A significant increase in nuclear FGFR1

intensity was observed in EBs (P < 0.0001) and in hCOs (P = 0.0044), confirming
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that the effective induction of FGFR1 occurred in various developmental platforms
at protein level. (Fig.16C). Additional RT-qPCR analysis showed that FGFRI
expression in EBs rose 12-fold (P < 0.0001) and increased nearly 6-fold
(P <0.0001) in hCOs. I also observed a rising trend in FGFR1 expression in NES
and hiPSC cells following the addition of doxycycline, although this was not
subjected to statistical analysis (Fig.16B). These results confirm transcriptional
activation of the FGFR1 transgene across pluripotent and neural cell types.

A schematic overview of my experimental timelines and downstream assays
for each platform is provided in Fig.17. These include a range of functional
assessments. In EBs, lineage specification was evaluated by RT-qPCR and
immunofluorescence for ectoderm, mesoderm, and endoderm markers, alongside
mitochondrial membrane potential (Mitotracker CMXROS), mitophagy flux
(mitoKeima), and LC3B+ autophagosome recruitment. In NES cells, assays
included gene expression analysis (FGFR1, NES, PAX6), mitochondrial DNA copy
number (qPCR: MT-NDI/HBB, MT-ND2/SERPINA), mitochondrial membrane
potential (Mitotracker), ATP production (CellTiter), ROS levels (DCFDHA), cell
viability (Resazurin), and cell count (DAPI). In hCOs, effects of nFGFR1 were
assessed using RT-qPCR for neural, metabolic, and mitochondrial genes;
immunofluorescence was used to access cortical, apoptotic, and mitochondrial
proteins; live imaging for mitophagy (mitoKeima) and mitochondrial biogenesis
(PGC10-EGFP); morphometric analysis of neural rosettes and lumens; and global
proteomic profiling using TMT-based quantitative mass spectrometry. These
assays provided a comprehensive, platform-specific evaluation of nFGFR1’s role
in cell fate, metabolism, and mitochondrial regulation.

Together, my findings confirm that the doxycycline-inducible FGFRI1
expression system enables precise, robust, and reproducible control of nFGFR1
expression across different human stem cell-derived in vitro platforms. This system
thus provides a powerful tool for dissecting FGFR1-dependent mechanisms in early

human development and neural maturation.
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Fig.16. Evaluation of conditional nFGFRI upregulation following doxycycline
treatment across different in-vitro platforms derived from the stable hiPSC"?¢FCFRISP-
NES) Tine. A. Immunofluorescence staining reveals FGFRI protein localization in embryoid
bodies (EBs) and human cortical organoids (hCOs) under both control and doxycycline
(DOX) treated conditions. Nuclei are stained with Hoechst. Scale bars = 20 um,; B. RT-
qPCR analysis of FGFRI gene expression was conducted on hiPSCs, EBs, NES cells, and
hCOs (Control vs DOX). Data is shown as fold-change (2"-AACT) normalized to controls,
reported as mean = SD (N > 3 independent replicates). Statistical significance was assessed
using the two-tailed Mann-Whitney test; ****P < 0.0001, ns—not significant; C.
Quantitative analysis of fluorescence intensity of FGFRI within Hoechst-stained nuclei in
EBs and hCOs under both control and DOX conditions. The average fluorescence intensity
was calculated from three independent experiments (EB: n = 100 areas/group; hCO: n =
120 areas/group). Statistical significance was evaluated using the Mann-Whitney test (EB:
P<0.0001; hCO: P = 0.0044).

Experimental workflow in hCOs:

RT-qPCR: FGFRIL, neuronal (NES, MAP2, TBRI. CTIP2, EOMES, DCX),
progenitor  (PAX6, SOX2). metabolic/mitochondrial (LDHA, PGKI,
PPARGCIA, PINKI, BNIP3, ATF4, MT-ND2ND5, MT-ATP6),
apoptosis/autophagy (BCL2, BAX, SQSTMI); Immunofluorescence: neural
(Nestin, SOX2, PAX6, TBR1/2, CTIP2, NEUN, MAP2), synaptic {Synapsin-2),
proliferation/apoptosis (Ki-67, cleaved-Caspase-3), mitochondrial/ autophagy
(Mito, PINKI, Parkin, LC3B): Morphometric analysis of neural rosettes: rosette

Cortical and lumen size (area, perimeter, APD); Morphometric analysis of mitochondrial
Organoid (hCO) networks: size, shape and network parameters; mitophagy flux (mitokeima live
imaging), mitochondnal biogenesis (PGCIA-EGFP live imaging), TMT-based

quantitative profiling.

Experimental workflow in Embrvoid Bodies (EBs):

Three germ-layer lineage markers: RT-qPCR (NES, SOX2, ACTAZ,
FOXA2, SOX17, CXCR4, TBXT); IF (Nestin, SOX2, a-SMA, FOXA2);
Tmmunofluorescence FGFR1, mitochondria, LC3B; mitophagy flux
(mitokeima live imaging), Mitochondrial membrane potential: (Mitotracker
CMXRos; live imaging)

J

Embryoid Bodies

hiPSCTe%-FGFRISP-NLS)

o
TRy

Experimental workflow in Neuroepithelial-like Stem (NES) cells:

-
v “:l Gene expression: RT-qPCR (FGFR1, NES, PAX6); miDNA copy number: gPCR
Xt ;V"- ” /) (NDI/HBB, ND2/SERPINA); Mitochondrial membrane potential (Mitotracker
s CMXRos plate assay); Cell health plate assays: viability (Resazurin), ROS
e (DCFDA), ATP (CellTiter), cell count (DAPI)
NES Cells

Fig.17. Outline experimental procedures for nFGFRI induction and subsequent
analysis using three hiPSC-derived platforms. A schematic overview illustrates the
differentiation of the engineered hiPSC line into (i) embryoid bodies (EBs), (ii)
neuroepithelial stem (NES) cells, and (iii) human cortical organoids (hCOs). Doxycycline
was administered in each in vitro model to induce nFGFRI expression, with samples
collected at specific time points for RNA, proteomic, and imaging assays.
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5.5. Establishment of human Cortical Organoids to study nFGFRI1-

mediated neurogenesis

To investigate the role of nuclear FGFR1 (nFGFR1) in neural progenitor
proliferation and differentiation during early human corticogenesis, I employed
a three-dimensional human cortical organoid (hCO) model. Cortical organoids
derived from human induced pluripotent stem cells (hiPSCs) provide a robust and
physiologically relevant in vitro platform that recapitulates the spatial, temporal,
and cellular features of the developing human cortex (Lancaster et al., 2013;
Stachowiak et al., 2017).

I generated hCOs using established protocols (Pasca et al., 2019; Sloan et
al., 2018). hiPSCs were maintained in feeder-free conditions in stem cell medium
until they reached 70-80% confluency. Embryoid bodies (EBs) were formed by
enzymatic dissociation using Accutase and then seeded into AggreWell™ 800
plates to ensure uniform size and structure. After 48 hours, EBs were transferred to
low-attachment plates and cultured in induction medium supplemented with the
SMAD pathway inhibitors dorsomorphin and SB-431542 to induce neural fate
through dual inhibition of BMP and TGF-B signaling. By day 6, the resulting
neurospheres were cultured in neurogenic medium containing EGF and bFGF to
promote progenitor proliferation and cortical expansion. On day 25, EGF and bFGF
were replaced with brain-derived neurotrophic factor (BDNF) and neurotrophin-3
(NT3) to support neuronal differentiation and maturation. From day 45 onward,
organoids were maintained in neural differentiation medium without exogenous
growth factors, with medium changes every 2 to 3 days (Fig.6C).

The cortical organoids generated in this study exhibited a highly organized,
stratified architecture that closely recapitulates key aspects of early human
corticogenesis. As illustrated in Fig.18, these structures displayed distinct
neuroepithelial zones, including a prominent ventricular zone (VZ), characterized
by the presence of PAX6-expressing neural stem/progenitor cells (NSPCs). These
transcription factors are well-established markers of radial glial progenitors and
early neuroepithelial cells, playing critical roles in neurogenesis and cortical
patterning (Nowakowski et al., 2017; Qian et al., 2017). Basal to the VZ, the
intermediate subventricular zone (SVZ) is enriched with TBR2+ (also known as

EOMEYS) intermediate progenitor cells, which indicate the transition from radial
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glia to committed neurogenic progenitors. These progenitors are essential for
generating upper-layer cortical neurons and represent a hallmark of cortical layer
expansion in the human brain (Hevner et al., 2006; Molnar et al., 2019).

As noted in the Stachowiak lab’s previous studies (Stachowiak et al., 2017),
the external region of the organoids exhibited features of an early cortical zone
(CZ), where neurons at different stages of maturation could be identified. The
expression of TBR1, a marker of deep-layer excitatory neurons, along with CTIP2
(BCL11B), associated with layer V cortical neurons, and NeuN, a general marker
of mature neurons, collectively indicated successful neuronal differentiation and
laminar identity. The presence of MAP2 (microtubule-associated protein 2),
a dendritic marker, further confirmed the establishment of mature neuronal
morphology and dendritic arborization by day 60 of differentiation.

I observed that hCO constitutively expressed the mApple fluorescent
protein, which confirms the integration of the inducible cassette. Consistent with
previous studies from the Stachowiak lab, immunostaining for Ki-67, a marker of
actively cycling cells, showed that the proliferative activity was mainly found in the
apical region of the ventricular zone (E. K. Stachowiak et al., 2017). This finding
reflects the spatial regulation of progenitor proliferation observed in the embryonic
cortex (Fig.18). Neuronal maturation was observed through the punctate expression
of the presynaptic marker synapsin-2 within the cortical region, indicating the early
stages of synaptogenesis and network formation. This is consistent with previous
studies demonstrating synaptic maturation in long-term cultured organoids
(Quadrato et al., 2017). Finally, in my analysis of apoptosis using cleaved caspase-
3 immunolabeling, I found sparse apoptotic cells in the outer cortical regions.
In contrast, the centers of the organoids exhibited higher caspase activity, indicating
the presence of a necrotic core. This is a known limitation in dense three-
dimensional cultures due to limited nutrient diffusion (Bhaduri et al., 2020; Qian et
al., 2017).

Taken together, these results confirm that the cortical organoids accurately
recapitulate the molecular, spatial, and functional features of early human cortical
development, providing a powerful in vitro platform for modeling corticogenesis

and disease-related perturbations.
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Fig.18. Characterization of 60-day human cortical organoids generated from hiPSC"™¢
FGFRISPNLS [ine, Representative immunofluorescence images of hCOs derived from the
hiPSCTeBCFCFRISPNLY) [ine - immunolabeled for proliferation (Ki67), cortical progenitor
(Pax6), neuronal (Tbrl, Thr2, Ctip2, Neun), and apoptosis markers (cleaved caspase 3);
nuclei were counterstained with Hoechst (blue). Insets indicate distinct regions within a
neuronal rosette (ventricular zone (VZ), subventricular zone (SVZ,) and cortical layer
(CZ)) displayed at higher magnification. Scale bars: 20 um.

5.6. nFGFR1 reduces neural progenitor proliferation and rosette

expansion in cortical organoids

Emerging evidence indicates that nuclear FGFR1 (nFGFR1) acts as
a transcriptional regulator, playing crucial roles in early neurodevelopment by
influencing progenitor proliferation and cortical tissue patterning (Stachowiak et
al., 2017; Stachowiak et al., 2009; Stachowiak and Stachowiak, 2016). Previous
studies showed that nFGFR1 promotes neural progenitor cells to exit the cell cycle,
facilitating neuronal migration and differentiation (E. K. Stachowiak et al., 2009).
To explore this function in a hCO-specific context, I examined the effects of
nFGFR1 upregulation on the proliferation of neural progenitors, their density, and
the architecture of neuronal rosettes in hCOs. It was shown that increased
expression of nFGFR1 reduces proliferative activity and promotes significant
morphometric changes in neuroepithelial rosettes, suggesting a role in regulating

cortical morphogenesis.

91



Proliferation marker protein Ki-67 is expressed during all active phases of
the cell cycle (Gi, S, G2, and M) but is absent in quiescent (Go) phase (Gerdes et al.,
1983; Scholzen and Gerdes, 2000). I observed progenitor cells in the apical area of
a neuronal rosette that are express elevated levels of Ki-67 protein, as they undergo
mitotic divisions (Fig.19A). As these progenitors start to delaminate and move
outward, Ki-67 levels decrease. These cells are likely in late Gi or early S phase,
close to exit the cell cycle to initiate differentiation (Miller et al., 2018).

Immunofluorescence analysis (Fig.19B) for proliferation marker protein
Ki-67 revealed a notable reduction in the density of Ki-67+ cells in the periluminal
region of the VZ of neuronal rosettes following nFGFR1 induction (P < 0.0001;
Mann-Whitney test). This finding suggests that nFGFR1 overexpression
significantly suppresses progenitor proliferation in the VZ, driving these cells
toward cell-cycle exit and promoting their premature neuronal differentiation.

Despite the reduction in proliferation in the periluminal area following
nFGFR1 upregulation, the overall density of neural progenitor markers remained
stable. The SOX2* cell density showed no significant difference in the VZ
(P=0.2115; Fig.20B). Similarly, no changes in PAX6" cell density were observed
between the control and DOX-treated groups (P = 0.0942; Fig.21B), suggesting
that nFGFR1 does not suppress the progenitor pool or alter progenitor identity.

Next, I assessed the morphometric parameters of neural rosettes and the
apical lumen, revealing that they undergo structural remodeling upon activation of
nFGFRI1. Interkinetic nuclear migration translocates the nuclei of neural progenitor
cells radially in an inside-out pattern between the apical and basal surfaces, forming
the pseudostratified ventricular zone (Kosodo et al., 2011; Miyata et al., 2015).
To test whether nFGFR1 activation would induce measurable remodeling of the
pseudostratified ventricular zone, I performed quantitative morphometric analyses
of neural rosettes and their apical lumens following doxycycline-driven nFGFR1
upregulation (Fig.22A). I observed that the total rosette area increased markedly
from 1896 um? to 2635 um? (P = 0.0001), while the basal rosette area (reflecting
rosette area minus lumen area) expanded from 1777 um? to 2343 um? (P = 0.0002).
This indicates an enlargement of the progenitor-rich neuroepithelial zones
following doxycycline induction (Fig.22B—C). Additionally, a significant increase
in the rosette perimeter was observed (166.9 um vs. 196.9 um; P < 0.0001),

reflecting an enlarged and more complex rosette geometry (Fig.22E). Interestingly,
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the APD-normalized rosette area, which reflects shape irregularities, showed
a slight but significant reduction following nFGFRI1 upregulation (2.76 vs. 2.67; P
= (.0440; Fig.22D). This indicates that while rosettes may become larger, they tend
to lose their circularity or uniformity.

Finally, I observed a significant twofold increase in the lumen area
following doxycycline induction (139.7 um? to 254.1 um?; P < 0.0001), which
coincided with an increase in the lumen perimeter. (49.4 um to 70.9 um; P <
0.0001). Additionally, a reduction in the APD-normalized lumen area was noted,
indicating a less uniform shape (P = 0.0018; Fig.22F-H). However, the total
number of rosettes per hCOs did not differ significantly between control and DOX-
treated conditions (P = 0.7033; Fig.22I), suggesting that nFGFR1 specifically
promotes the expansion of the existing rosette structures rather than enhancing
rosette formation.

In summary, these findings indicate that nFGFR1 upregulation reduces
progenitor proliferation in the periluminal region, as evidenced by the reduction of
Ki67* cells, without altering progenitor identity. This coincides with the
enlargement of the lumen and rosette area, indicating an increased pool of radially
migrating progenitors exiting the cell cycle to undergo differentiation. Collectively,
these data support a model in which nFGFR1 signaling drives a coordinated shift
from progenitor proliferation toward premature differentiation in the neuronal

rosette of developing hCOs.
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Fig.19. Quantitative assessment of Ki-67+ cells in the apical region of the ventricular
zone (VZ) of human cortical organoids (hCO) after nFGFRI induction.
A. Immunofluorescence analysis of 60-day-in-vitro human cortical organoid (hCO)
sections, comparing control (C) and doxycycline-treated (DOX) hCOs, reveals that Ki-67*
proliferating cells (red) are primarily located in the periluminal area of the ventricular
zone (VZ). Nuclei were counterstained with Hoechst (blue). The white dashed line indicates
the peri-luminal region. Scale bars = 20 um; B. Quantification of Ki-67* cell density in the
periluminal VZ of control (n = 34 areas) versus DOX (n = 41 areas) organoids across
three independent experiments. Data show mean = SD; P < 0.0001 (Mann—Whitney test).
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Fig.20. Evaluation of cell density of SOX2" cells in the ventricular zone (VZ) of human
cortical organoids (hCO) after nFGFRI upregulation. A. Representative
immunofluorescence images showing SOX2 expression (green) in the ventricular zone for
both control (C) and doxycycline-treated (DOX) 60 DIV hCOs. Nuclei were counterstained
with Hoechst (blue). White boxes indicate VZ regions shown at higher magnification in.
Scale bars: 20 um. B. Quantification of SOX2" cell density within ventricular zones of the
neuronal rosette was conducted from three independent experiments per condition
(Control: n = 150 areas; DOX: n = 158 areas). Statistical significance was determined
using the Mann—Whitney test (P = 0.2115). Data presented as mean = SD.
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Fig.21. Assessment of cell density of PAX6" cells in the ventricular zone (VZ) of human
cortical organoids (hCO) following nFGFRI activation. A. Representative
immunofluorescence images showing PAX6" cells (green) in the ventricular zone of 60 DIV
hCOs under both control and doxycycline-treated (DOX) conditions. Nuclei are stained
with Hoechst (blue). White boxes highlight VZ areas shown at higher magnification. Scale
bars = 20 um. B. The density of PAX6" cells was quantified in ventricular zones of neuronal
rosettes across three independent experiments (Control: n = 85 areas; DOX: n = 95 areas).
Results are shown as mean + SD; Mann—Whitney test, P = (0.0942 (ns).
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Fig.22. Quantitative assessment of size metrics for neuronal rosettes and lumens in
human cortical organoids (hCOs) after nFGFRI upregulation. A. Representative
immunofluorescence images of PAX6" cells (green) in ventricular zone rosette structures
from 60 DIV hCOs, comparing control (C) and doxycycline-treated (DOX) conditions.
Dashed lines indicate total rosette (white) and lumen (inner circle) regions. Nuclei were
stained with Hoechst (blue). Scale bars = 20 um, B. Total rosette area (um?). Quantitative
measurements from three independent experiments per condition (Control: n = 81 rosettes,
DOX: n = 112 rosettes) are presented as mean + SD. Two-tailed Mann—Whitney tests were
used for statistical comparisons, p = 0.0001; C. Basal rosette area (, um?), p = 0.0002; D.
APD-normalized rosette area (unitless), p = 0.0440; E. Rosette perimeter length (um),
**xxEP < (0.0001; F. Lumen area (um?), ****P < 0.0001; G. APD-normalized lumen area
(unitless), p = 0.0018,; H. Lumen perimeter length (um), ****P <0.0001: I. Rosette number

per organoid section (Control: n = 10 organoids; DOX: n = 9 organoids), ns—not
significant (p = 0.7033).
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5.7. nFGFR1 promotes differentiation of post-mitotic and deep-layer

cortical neurons

I examined neuronal marker expression in human cortical organoids
following nFGFR1 induction to evaluate its impact on cortical neuron
differentiation. NeuN, also known as Rbfox3, is a neuron-specific nuclear protein
that indicates post-mitotic neuronal differentiation (Gusel 'nikova and Korzhevskiy,
2015). To assess whether nFGFR1 induction enhances cortical neuron
differentiation, I quantified NeuN* cell density in the cortical zone (CZ) of human
cortical organoids following nFGFR1 activation (Fig.23A). A significant increase
in NeuN" post-mitotic neurons within the CZ region of hCOs was observed
following nFGFR1 activation (P < 0.0001; Fig.23B), indicating that nFGFR1
promotes neuronal differentiation in the cortical layer of hCO.

CTIP2 (encoded by BCL11B) is a zinc-finger transcription factor that
directs the specification of subcerebral projection neurons in cortical layers V-VI
during neocortical development (Chen et al., 2008). To determine whether nFGFR1
activation influences the differentiation of deep-layer neurons, the density
of CTIP2* cells was analyzed in the cortical zone of hCOs (Fig.24A). A significant
increase in the density of CTIP2* deep-layer neurons was observed, indicated by
the rise in CTIP2* cell density in the CZ region of hCOs following nFGFR1
activation (P < 0.0001; Fig.24B). Surprisingly, it coincided with a significant
decrease in CTIP2 RNA expression in hCO after nFGFRI1 upregulation (P =
0.0008; Fig.24C). This suggests potential post-transcriptional regulation or
a region-specific effect of nFGFR1. Together, these findings indicate that nFGFR1
activation promotes the differentiation of deep-layer neurons in the cortical zone of

hCOs by post-transcriptionally modulating CTIP2 expression.

5.8. nFGFR1 enhances the expression of TBRI1" cells and affects

intermediate progenitors

TBRI is a T-box transcription factor that specifies post-mitotic projection
neurons in cortical layer VI and plays a crucial role in establishing deep-layer
identity (Bedogni et al., 2010). In contrast, TBR2 (EOMES) is a T-box transcription
factor expressed in intermediate progenitors of the subventricular zone, where

it regulates their proliferation and neurogenic potential (Sessa et al., 2008).
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To determine whether nFGFR1 overexpression shifts the balance between
intermediate progenitor maintenance and neuronal differentiation, I quantified both
TBRI1* deep-layer neurons and TBR2* intermediate progenitors in hCOs following
nFGFR1 conditional upregulation (Fig.25A). A significant increase in TBR1* cell
density was observed within the cortical layer of hCO following nFGFR1 activation
(P <0.0001; Fig.25B). This was supported by RT-qPCR, which revealed a 2-fold
increase in 7BRI mRNA (P < 0.0001; Fig.25C). In contrast, the population of
TBR2* intermediate progenitors was significantly reduced in the subventricular
zone of hCO (P < 0.0001; Fig.21D), aligning with the decreased EOMES (TBR2)
RNA expression in hCO following doxycycline administration (P = 0.0040;
Fig.25E).

These findings suggest that the activation of nFGFR1 directs a transition
from the maintenance of the intermediate progenitor pool to the differentiation of
deep-layer neurons. This underscores the pivotal role of nFGFRI1 in orchestrating

laminar fate specification during human corticogenesis in the hCO model.

5.9. nFGFR1 impairs synaptic maturation in hCO cortex despite

promoting neuronal differentiation

Although nFGFR1 signaling is known to support neurogenesis, its role in
synapse formation remains poorly understood. Recent work demonstrates that
different FGF receptors, including FGFR1, can exert divergent effects on excitatory
and inhibitory synaptogenesis, influencing the balance and maturation of neural
circuits (Dabrowski et al., 2015; Dabrowski and Umemori, 2016; Tomé et al.,
2023). To explore this in human cortical development, we examined how increased
expression of nFGFR1 affects synaptic maturation in cortical organoids.

Synapsin-2, encoded by SYN2, is a neuron-specific phosphoprotein that
regulates synaptic vesicle dynamics and neurotransmitter release, which are crucial
for presynaptic maturation and plasticity. Synaptophysin, encoded by the SYP gene,
is a glycoprotein located in the synaptic vesicle membrane and serves as a key
marker of presynaptic terminals, mediating vesicle biogenesis and recycling
(Feliciano et al., 2017; Thiel, 1993). To determine whether nFGFR1 upregulation
modulates presynaptic site plasticity and synaptic maturation, I quantified synapsin-

2 protein in the cortical layer of hCOs and measured synaptophysin mRNA
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expression (Fig.26C). While nFGFRI1 positively influences neuronal
differentiation, I observed that its upregulation has a negative impact on synaptic
maturation. Through immunofluorescence analysis, a significant decrease
in synapsin-2* puncta density within MAP2" neuronal processes was observed in
the cortical layer of hCOs after increased expression of nFGFR1 (P < 0.0001,
Fig.26B). In line with this, a notable decrease in SYP mRNA levels in hCOs was
noted following doxycycline treatment (P = 0.0188; Fig.26C). Together, these
findings demonstrate that while nFGFR1 induction drives neuronal differentiation,
it impairs synaptic maturation, underscoring a dual role for nFGFR1 in balancing
neurogenesis with the establishment of functional connectivity. Synaptic deficits
reflect those in neuropsychiatric disorders like schizophrenia, where nFGFRI

signaling is dysregulated.

5.10. nFGFR1 modestly increases pan-NSC Nestin but does not alter

expression of the pan-neuronal marker MAP2

MAP?2 is a protein specific to neurons that stabilizes microtubules within the
dendrites of postmitotic neurons and serves as a universal pan-neuronal marker for
neuronal differentiation (Caceres et al., 1984; DeGiosio et al., 2022). To determine
whether nFGFR1 upregulation affects overall neuronal differentiation, I measured
MAP2 levels in hCOs after doxycycline induction and found that the
immunofluorescence intensity in the CZ of hCO remained unchanged following
nFGFR1 activation (P = 0.3557; Fig.27A-B). In line with this, there was
no significant alteration in MAP2 gene expression (P = (0.3865; Fig.27C).

NES (Nestin), a commonly used pan-neural stem cell marker, is a key
intermediate filament protein primarily found in neural stem and progenitor cells,
playing a crucial role in maintaining cytoskeletal integrity during early
neurogenesis (Bernal and Arranz, 2018; Lendahl et al., 1990). A modest but
significant increase in NES (Nestin) mRNA levels was observed after doxycycline
treatment in hCO (P = 0.0079), which suggests that nFGFR1 supports the
maintenance of neural stem cell identity (Fig.27C). DCX (Doublecortin) is
a microtubule-associated protein that plays a critical role in neuronal migration and
initial neurite growth (Ayanlaja et al., 2017). Meanwhile, MEF2C is a MADS-box

transcription factor vital for controlling embryonic brain development, neuron
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formation, and neuron survival (Barker et al., 2021). The transcript levels of both
DCX (P = 0.9372) and MEF2C (P = 0.1615) showed no significant changes
following the conditional upregulation of nFGFR1 (Fig.27C). Together, these
findings indicate that nFGFR1 upregulation moderately impacts neural stem cell
identity while leaving core neuronal differentiation pathways intact.

Collectively, these results demonstrate that increased expression of nFGFR1
in hCOs promotes the differentiation of deep-layer cortical neurons (NeuN",
CTIP2*, TBR1%), reduces the pool of TBR2+ intermediate progenitors, and impairs
synaptic maturation. Importantly, these effects occur without significant alterations
in the expression of general neuronal markers such as MAP2 and DCX, highlighting
a selective, region-specific effect of nFGFRI1 upregulation in human cortical

development.
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Fig.23. Measurement of NeuN+ cortical neurons in the cortical zone (CZ) of human
cortical organoids (hCOs) after nFGFRI upregulation. A. Representative
immunofluorescence images of NeuN" neurons (red) in the cortical plate of 60 DIV human
cortical organoids, under control (C) and doxycycline-treated (DOX) conditions. Nuclei
are counterstained with Hoechst (blue). White boxes indicate regions shown at higher
magnification in the panels on the right. Scale bars = 20 um; B. Quantification of NeuN"
cell density in the cortical layer. Data are presented as means =SD across cortical zones
from three independent experiments per condition (n = 142 areas for Control, n = 175
areas for DOX). Statistical analysis was conducted using a non-parametric Mann-Whitney
test (P < 0.0001).

102



CTIP2 (Whole-Mount) CTIP2 (Crop)

CONTROL

+DOX

B. CTIP2* Cell Density C. CTIP2 Gene Expression

%k %k *k k * ¥
80 _ 1.5+
[ 1 z
$ 60+ .
3 i £ 1.0
: 40 A
J ® 0.5
g 204 8
0- 0.0
c DOX Control DOX

Fig.24. Assessment of Ctip2+ deep-layer neurons in the cortical layer of human cortical
organoids (hCOs) following nFGFRI activation. A. Representative immunofluorescence
images of CTIP2" cells (red) in the cortical plate of 60 DIV human cortical organoids under
control (C) and doxycycline-treated (DOX) conditions. Nuclei are counterstained with
Hoechst (blue). White boxes indicate regions shown at higher magnification in panels.
Scale bars = 20 um; B. Quantification of CTIP2* cell density in the cortical plate (Control:
n =118 areas; DOX: n = 116 areas) from three independent experiments. Data are mean
+ SE; ****P < (0.0001 (Mann—Whitney test); C. RT-qPCR analysis of CTIP2 mRNA levels
in 60-day hCOs treated with 3 mM doxycycline (DOX) or DMSO (Control). Expression
was normalized to GAPDH, results are presented as the mean = SD (N=3). Statistical
analysis was conducted using a non-parametric Mann-Whitney test (P = 0.0008).
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Fig.25. Evaluation of Tbr2+ intermediate progenitors in the subventricular zone (SVZ)
and Tbrl+ deep-layer neurons in the cortical layer of human cortical organoids (hCOs)
after nFGFRI1 upregulation. A. Representative immunofluorescence images of 60 DIV
hCO sections under control (Ctr) and doxycycline-treated (DOX) conditions. TBR2"
intermediate progenitors are shown in yellow in the subventricular zone (SVZ), while
TBRI1* deep-layer neurons are depicted in red in the cortical plate. Nuclei are
counterstained with Hoechst (blue). White boxes indicate regions shown at higher
magnification. Scale bars = 20 um, B. Quantification of TBRI" neuron density in the
cortical plate (Control: n = 69 areas;, DOX: n = 76 areas) across three independent
experiments. Data are mean = SD; ****P < (0.0001 (Mann—Whitney test); C. RT-qPCR
analysis of TBR1 mRNA in 60-day hCOs treated with 3 mM doxycycline (DOX) or DMSO
(Control). Expression was normalized to GAPDH; mean + SD of three replicates from
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three independent experiments; ****P < 0.0001 (Mann—Whitney test); D. Quantification
of TBR2" progenitor density in the SVZ (Control: n = 62 areas; DOX: n = 62 areas) across
three independent experiments. Data are mean = SD; ****P < (0.0001 (Mann—Whitney
test); E. RT-qPCR analysis of EOMES (TBR2) mRNA in 60-day hCOs treated with 3 mM
doxycycline (DOX) or DMSO (Control). Expression normalized to GAPDH; mean = SD
(N=3); p = 0.0040 (Mann—Whitney test).
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Fig.26. Measurement of synaptic maturation in hCO after nFGFRI activation.
A. Representative immunofluorescence images show Synapsin-2 (red) puncta within
MAP2" neuronal processes (green) in the cortical plate of 60-day-old human cortical
organoids, under both control (Ctr) and doxycycline-treated (DOX) conditions. Nuclei are
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counterstained with Hoechst (blue). White boxes outline regions displayed at higher
magnification. Scale bars = 20 um; B. Quantification of Synapsin-2 puncta overlapping
with MAP2" processes in cortical plate regions (Control: n = 37 areas; DOX: n = 33 areas)
across three independent experiments. Data are presented as mean = SD. P < 0.0001
(Mann—Whitney test); C. RT-qPCR analysis of synaptophysin (SYP) mRNA levels in 60-
day hCOs treated with doxycycline (DOX) or DMSO (control). Expression was normalized
to GAPDH; the results are presented as mean £ (N=3); P = 0.0188 (Mann—Whitney test).
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Fig.27. Assessment of pan-NSC and pan-neuronal markers in hCO after nFGFRI
induction. A. Representative immunofluorescence of MAP2" neurons (green) in 60-day
hCO cortical plates under control (C) and doxycycline-treated (DOX) conditions. Nuclei
are stained with Hoechst (blue). White boxes indicate regions shown at higher
magnification. Scale bars = 20 um; B. Quantification of MAP2 fluorescence intensity
across cortical plate regions (Control: n = 90 areas; DOX: n = 92 areas) from three
independent experiments. Data are represented as mean = SD; p = 0.3557 (Mann—Whitney
test); C. RT-qPCR analysis of NSC marker NES (Nestin) and neuronal genes MAP2, DCX,
and MEF2C in 60-day hCOs treated with doxycycline (DOX) or DMSO (Control).
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Expression normalized to GAPDH; Data are presented as mean £ SD of three replicates
from three independent experiments. NES: p = 0.0079; MAP2: p = 0.3865;, DCX: p =
0.9372; MEF2C: p = 0.1615 (Mann—Whitney test).

5.11. nFGFR1 modulates mitochondrial morphology and network

connectivity in a region-specific manner during cortical development

Mitochondrial morphology and dynamics are closely linked to
neurodevelopmental states, with fused, branched networks supporting oxidative
metabolism in differentiated neurons and fragmented forms predominant in
glycolytic progenitors (Khacho and Slack, 2018; Liu et al., 2024; Romero-Morales
et al., 2022). Recent studies have implicated FGFR1 in controlling mitochondrial
structure and function, including fusion dynamics through OPA1 degradation and
permeability transition (Srisakuldee et al., 2021; Yan et al., 2023).

To determine how nuclear FGFR1 (nFGFR1) affects mitochondrial
structure, I conducted high-resolution imaging and quantitative morphometric
analysis of the mitochondrial morphology and network connectivity in the
ventricular and cortical areas of human cortical organoids (hCOs). Mitochondrial
morphology and network structure closely reflect the metabolic needs of cells and
their differentiation stages. In human cortical organoids (hCOs), the ventricular
zone (VZ) contains neural progenitors that depend on glycolysis, while the cortical
zone (CZ) consists of differentiating post-mitotic neurons that utilize oxidative
metabolism. To evaluate how nuclear FGFR1 (nFGFR1) affects these region-
specific mitochondrial properties, I conducted high-resolution confocal microscopy
combined with semi-automated analysis using the Mitochondria Analyzer plugin
(Fig.9). Images were acquired from both cortical and ventricular zones and
processed using segmentation and skeletonization pipelines. This allowed for the
extraction of mitochondrial metrics, including number, morphology, and branching
complexity (Fig.28).

In the CZ, I found that nFGFR1 upregulation resulted in a significant
reduction in mitochondrial numbers (P = 0.0042). A notable decrease in the total
mitochondrial area (P = 0.0008), total perimeter (P = 0.0013), and mean perimeter
per mitochondrion (P = 0.0005, Fig.29B) was also observed. These morphological
changes were accompanied by a decrease in network complexity. I found that the
total branch length decreased following nFGFRI1 upregulation (P < 0.0001).
Additionally, it was noted that the mean branch length (P = 0.0002) and the number

107



of branch junctions (P = 0.0003) were reduced (Fig.29D). Moreover, the form
factor, which indicates elongation and regularity, was significantly decreased (P =
0.0016). Importantly, the mitochondrial fragmentation index increased after
nFGFR1 expression increased (P = 0.0006), suggesting a transition toward a more
fragmented and less interconnected mitochondrial network (Fig.29C). These
changes suggest that nFGFR1 overexpression disrupts mitochondrial fusion and
network integration in the CZ region of hCO, which could potentially impact
oxidative energy metabolism and mitochondrial homeostasis.

In contrast, I observed that mitochondria in the ventricular zone showed
only modest structural changes following the upregulation of nFGFR1 (Fig.30A).
The total number of mitochondria and mitochondrial area remained unchanged
(P=0.0791 and P = 0.0617, respectively). On the other hand, a significant increase
was observed in total perimeter (P = (0.0327) and aspect ratio (P = 0.0014),
indicating a more elongated shape (Fig.30B-C). Additionally, there was an increase
in total branch length (P = 0.0/86) and in mean branch length (P = 0.0493)
following nFGFR1 upregulation (Fig.30D). Furthermore, the form factor increased
as well (P = 0.0201), suggesting a more regular mitochondrial structure. In contrast,
parameters such as mean perimeter, fragmentation index, and branch junctions
remained unchanged after the doxycycline treatment. The results show that in the
ventricular area of hCO, primarily composed of glycolytic neural progenitors,
nFGFR1 promotes mild mitochondrial elongation and connectivity, indicating
improved fusion dynamics and metabolic efficiency.

Together, these results reveal that the conditional upregulation of nFGFR1
has a region-specific impact on mitochondrial structure within the hCO. In the
differentiating neurons of the cortical plate, nFGFR1 causes fragmentation
of mitochondria and decreases network connectivity, while in the ventricular zone,
it modestly promotes mitochondrial elongation and branching (Fig.28B). This
spatial divergence likely indicates the different metabolic states and maturation
profiles of progenitor and neuronal cell populations and underscores the importance

of nFGFR1 in regulating mitochondrial adaptation throughout neurodevelopment.
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Fig.28. Assessment of mitochondrial shape and network connectivity in different areas
of human cortical organoids (hCOs) following nFGFRI activation. A. Representative
fluorescent images of mitochondria (green) and nuclei (Hoechst, blue) in 60-day hCO
sections under control (C) and doxycycline-treated (DOX) conditions. The panels show
tile-scan whole-section views of hCOs at 40x magnification; Insets show distinct regions
within a neuronal rosette, ventricular zone (VZ), and cortical zone (CZ), displayed at
higher magnification. Scale bars = 100 um; B. Summary of mitochondrial metrics
extracted by Mitochondria Analyzer, significance is determined by the Mann—Whitney test:
*P < 0.05, ¥*P < 0.01, ¥**P < 0.001, ****P < 0.0001. In the CZ, doxycycline treatment
decreased mitochondrial count, area, perimeter, form factor, branch number, total and
mean branch length, junctions, endpoints, and diameter. In the VZ, total perimeter, aspect
ratio, form factor, total and mean branch length increased; other parameters remained
unchanged.
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Fig.29. Assessment of mitochondrial morphology and network connectivity parameters
in the cortical layer (CZ) of human cortical organoids (hCO) after nFGFRI
upregulation. A. Representative %63 confocal images of mitochondria (green) and
Hoechst-labeled nuclei (blue) in the CZ of 60-day hCO sections under control (C) and
doxycycline-treated (DOX) conditions. Scale bars = 20 um, B. Size predictors include the
quantification of mitochondrial count, total area, total perimeter, and mean perimeter
using the Mitochondria Analyzer plugin. All metrics showed a significant reduction in DOX
compared to the control (Count: ****P < (0.00001,; Total Area: ***P < 0.0001; Total
Perimeter: **P < 0.001; Mean Perimeter: ***P < (0.0001); C. Shape metrics reveal a
reduced form factor (p < 0.001) while the aspect ratio remains unchanged (ns) following
nFGFRI upregulation; D. Branching metrics branch count, branches per mitochondrion,
total branch length, mean branch length, branch junctions, branch end points, and mean
branch diameter) are significantly lower after nFFGFRI induction (***P < 0.0001; ****pP
< 0.00001; **P < 0.001, as indicated). Data are presented as mean = SD from three
independent experiments (Control: n = 53 ROIs; DOX: n = 46 ROIs). Statistical
significance was assessed using two-tailed Mann—Whitney tests.
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Fig.30. Evaluation of mitochondrial morphology and network connectivity parameters
in the ventricular zone (VZ) of human cortical organoids (hCO) after nFGFRI
upregulation. A. Representative %63 fluorescence images showing mitochondria (green)
and Hoechst-stained nuclei (blue) in the VZ of 60-day hCO sections, comparing control
(C) and doxycycline-treated (DOX) conditions. Scale bars = 20 um; B. Size metrics reveal
a significant increase in total perimeter (P < 0.05), while mitochondrial count, total area,
and mean perimeter show no changes; C. Shape metrics. The aspect ratio (P < 0.01) and
form factor (P < 0.05) demonstrate a significant increase following doxycycline treatment;
D. Branching metrics: Total branch length and mean branch length show a significant
increase (p < 0.05), while branch count, junctions, endpoints, and mean branch diameter
exhibit no significant changes. Results from three independent experiments (Control: n =
35 ROIs; DOX: n = 40 ROIs) are presented as mean = SD. The two-tailed Mann—Whitney
test was used to determine statistical significance (*P < 0.05; **P < 0.01; ***P < 0.001;
*HxEP < 0.0001, ns, not significant).

5.12. nFGFR1 Enhances Region-Specific Mitophagy via PINKI1-

Parkin Activation

Mitophagy, the selective degradation of mitochondria via the autophagy—
lysosome pathway, plays a crucial role in maintaining mitochondrial quality during
neurodevelopment. Recent studies have implicated FGFR1 signaling in regulating
mitochondrial turnover and homeostasis, with evidence linking FGFR1 to OPA1-
dependent fusion, lysosomal engagement, and Parkin-mediated degradation
pathways (Srisakuldee et al., 2021; Yan et al., 2023). To evaluate how nuclear
FGFR1 (nFGFR1) influences mitophagy in a neurodevelopmental context,
[ utilized a ratiometric mitoKeima reporter system, combined with live-cell
imaging, immunofluorescence, and gene expression analyses in human cortical
organoids (hCOs) and embryoid bodies (EBs). MitoKeima is a dual-excitation, pH-
sensitive fluorescent protein that localizes in mitochondria, enabling the distinction
between cytoplasmic mitochondria and those engulfed by lysosomes. A stable
hiPSCEMV-mitoKeima  Jine  expressing mitoKeima was generated using lentiviral
particles carrying a CMV-mitoKeima construct. Next, hCOs were generated from
this line, and images were acquired at various time points using a spinning disk
confocal microscope. Emissions at 488 nm (neutral mitochondria) and 546 nm
(acidic, lysosome-localized mitochondria) were captured, and mitophagy flux was
quantified as the 546/458 nm fluorescence ratio, calculated on a pixel-by-pixel basis
using Fiji (Fig.7B). An abundant expression of mitochondrially targeted green
fluorescent protein was noticed, indicating healthy mitochondria in the cytoplasm.
In contrast, fewer red puncta were observed, reflecting the presence of mitochondria
within acidic autolysosomes. These observations demonstrate that the mito-Keima

113



system reliably reports mitophagy flux, without reducing reporter expression
throughout differentiation in our hCO model.

To evaluate the impact of nFGFR1 on mitophagy flux, EBs and hCOs were
transduced with lentiviral particles carrying the mitoKeima reporter on day 16 for
EBs and day 56 for hCOs, followed by live imaging four days later. I observed a
significant increase in mitophagy flux under nFGFRI1 induction in both
developmental platforms (Fig.31A-B). A significant increase in the 546/488 ratio
was observed in hCOs (P = 0.0004; Fig.31D) and in EBs (P = 0.0085; Fig.31C)
following nFGFRI1 activation, indicating an increase in lysosomal degradation of
mitochondria across both developmental models.

To validate the mitoKeima flux assay, I analyzed the colocalization of LC3B
(an autophagosome marker) and a mitochondrial surface protein that reflects
mitochondrial autophagosome engagement (Fig.32A). In hCOs, a 2-fold increase
in the density of LC3B+ mitochondrial puncta was observed (median: 111.0 vs.
56.0; P < 0.0001; Fig.32C) after nFGFR1 upregulation, which indicates active
mitochondrial sequestration into autophagosomes. A similar, though less
pronounced, increase was noted in EBs (P=0.0085; Fig.32B). These findings
support the idea that nFGFR1 enhances mitophagic flux by facilitating the
recruitment of autophagosomes into mitochondria.

Next, I assessed whether nFGFR1 influences the activation of the PINK 11—
Parkin pathway, a core mechanism for mitophagy initiation. Upon mitochondrial
depolarization, PINK1 accumulates on the outer mitochondrial membrane and
recruits the cytosolic E3 ubiquitin ligase Parkin. This enzyme then ubiquitinates
various mitochondrial substrates to trigger their selective autophagic degradation
(Narendra et al., 2010; Narendra and Youle, 2011). I observed an increase in PINK1
fluorescence in the CZ region of hCOs following nFGFRI1 upregulation
(P =0.0193; Fig.33C). This was accompanied by the upregulation of Parkin in the
cortical layer (P < 0.0001; Fig.33B), which indicates that nFGFR1 promotes the
activation of the PINK 1-Parkin pathway in a region-specific manner in the hCO.

However, gene expression analysis using RT-qPCR revealed no significant
differences in transcript levels for PINKI (P = 0.0770), SOSTMI (p62)
(P = 0.8633), or BNIP3 (P = 0.6665) after nFGFR1 activation in hCOs (Fig.34).
This suggests that nFGFR1-driven mitophagy functions mainly through post-
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transcriptional and region-specific mechanisms, especially within the cortical layer
of hCOs, without extensive transcriptional remodeling of mitophagy-related genes.

Collectively, these data indicate that nFGFR1 increased expression induces
mitophagy flux by enhancing the recruitment of mitochondrial autophagosomes
and promoting the activation of the PINK1-Parkin pathway. These effects are
spatially restricted to the cortical zone of hCOs, suggesting that nFGFR1 promotes
selective mitochondrial turnover without altering whole-organoid RNA gene
expression. This region-specific mitophagic activation could be a compensatory
response to mitochondrial dysfunction or reduced respiration, and potentially,
reflects nFGFRI1-induced shift from oxidative phosphorylation to glycolytic

metabolism.
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Fig.31. Assessment of mitophagy flux using the mitoKeima reporter assay in embryoid
bodies (EBs) and human cortical organoids (hCOs) after nFGFRI upregulation. A. Live-
cell confocal imaging of mito-Keima in 60-day human cortical organoids (hCOs) and
embryoid bodies (EBs) was conducted after both control (C) and doxycycline-treated
(DOX) conditions. Neutral mitochondria emit green fluorescence (488 nm excitation),
while mitochondria engulfed in lysosomes (acidic) emit red fluorescence (546 nm). Scale
bars = 20 um; B. Experimental outline: At DIV 56, hCOs were transduced with a CMV-
driven mito-Keima lentivirus approximately 10 days prior to imaging; EBs were
transduced 5 days before imaging, followed by live-cell imaging, C. Quantification of
mitophagy flux in EBs is expressed as the ratio of high-pH (546 nm) mito-Keima area to
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the total mitochondrial area (546 nm /488 nm). Data are presented as mean + SD (Control:
n =66 ROIs; DOX: n = 66 ROIs); p = 0.0085 by Mann—Whitney test, C. Quantification of
mitophagy flux in hCOs using the same ratio metric. Data are presented as mean = SD
(Control: n = 36 ROIs; DOX: n =45 ROIs); p = 0.0004 by Mann—Whitney test.
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Fig.32. Quantitative assessment of LC3B+ puncta in embryoid bodies (EBs) and the
cortical layer of human cortical organoids (hCO) after the upregulation of nFGFRI. A.
Representative confocal images of 21-day embryoid bodies (EBs) and 60-day human
cortical organoids (hCOs) co-stained for mitochondria (MABI273, green) and
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autophagosome marker LC3B (red) under control and doxycycline-treated (DOX)
conditions. Scale bars = 20 um, B. Quantification of LC3B" puncta co-localized with
mitochondria in EBs (Control: n = 70 ROIs; DOX: n = 73 ROIs). Mitochondrial LC3B
puncta were identified by thresholding the mitochondrial channel to define mitochondrial
masks and measuring LC3B pixels within these masks. Data are normalized to control and
presented as mean £ SD (*P = 0.0316;, Mann—Whitney test);, C. Quantification of LC3B*
puncta co-localized with mitochondria in hCOs (Control: n = 60 ROIs; DOX: n = 61
ROIs). DOX induces a robust increase in mitochondrial LC3B recruitment. Data are
normalized to control and presented as mean £ SD (****P < (.0001, Mann—Whitney test).
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Fig.33. Immunofluorescence analysis of PINKI—-Parkin signaling in the cortical layer
of hCOs after FGFRI upregulation. A. Fluorescence images of Parkin (red) and PINKI
(green) immunostaining in 60-day hCO sections for both control (C) and doxycycline-
treated (DOX) conditions. Nuclei are stained with Hoechst (blue). Scale bars = 20 um; B.
The measurement of Parkin fluorescence intensity in the cortical layer (CZ) of hCOs
(Control: n = 72 ROIs; DOX: n = 73 ROIs; mean = SD) indicates that DOX treatment
significantly increases Parkin levels (****P < 0.0001, Mann—Whitney test); C. The
measurement of PINK1 fluorescence intensity in the cortical layer (CZ) of hCOs (Control:
n =72 ROIs; DOX: n = 78 ROIs; mean = SD) shows that PINK1 expression significantly
increases after nFGFRI activation (*p = 0.0193, Mann—Whitney test).
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Fig.34. mRNA expression of mitophagy genes in human cortical organoids (hCO) after
nFGFRI upregulation. RT-gqPCR analysis of mitophagy-related transcripts PINKI
(PTEN-induced kinase 1), SOSTM1 (p62), and BNIP3 (BCL2/adenovirus EIB 19 kDa
protein—interacting protein 3) was performed in 60-day hCOs treated with doxycycline
(DOX) or DMSO (control). Expression levels were normalized to GAPDH, and the data is
presented as mean + SD from three technical replicates across three independent
differentiations. No significant differences were observed (PINKI: p = 0.077;, SOSTM1: p
=0.863; BNIP3: p = 0.937; BNIP3L: p = 0.667; Mann—Whitney test).
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5.13. nFGFR1 does not impact mitochondrial biogenesis despite
increasing mtDNA-encoded ATP6 Expression

Mitochondrial biogenesis, facilitated by the upregulation of nuclear-
encoded transcriptional regulators such as PGC-1a and TFAM, is a vital process
during neuronal differentiation, supporting increased energy demands and synaptic
maturation (Khacho and Slack, 2018). FGFR1 has recently been implicated in the
regulation of mitochondrial dynamics and homeostasis via the upregulation of
microRNA let-7b-5p, linking it to non-canonical control of mitochondrial
remodeling (Hu et al., 2018). To investigate whether nuclear FGFR1 (nFGFR1)
drives mitochondrial biogenesis in a human neurodevelopmental context,
I performed PGCla-reporter imaging, mitochondrial gene expression analysis, and
mtDNA quantification in cortical organoids and neural progenitors.

I used a live-cell reporter system based on the mitochondrial biogenesis
master regulator PGCla to monitor real-time activity. The proximal promoter
region of the PPARGC1A gene was cloned upstream of EGFP in a lentiviral vector
to generate this reporter vector. To verify the functionality of the reporter system,
hiPSCs were transduced with the PGClo(p)-EGFP vector and then selected with
puromycin to generate a stable hiPSC PGC1o(p)-EGFP reporter cell line (Fig.8).

On day 56 of differentiation, hCOs were transduced with lentiviral particles
containing the PGC1a-EGFP reporter and cultured them until day 72, followed by
live imaging wusing high-resolution spinning disk confocal microscopy
(Fig.35A-B). Although I observed a robust expression of the PGCla-EGFP
reporter, there was no significant difference in EGFP fluorescence intensity
following nFGFR1 upregulation in hCOs, both in the dendrites (P = 0.5448,
Fig.35C) and soma regions (P = 0.4366; Fig.35D). Additionally, no significant
change in the expression of the PPARGCIA gene was found (P=0.6048; Fig.35E),
which encodes the PGCla protein, in response to nFGFRI1 activation. This
indicates that nFGFR1 does not induce PGC1a-regulated mitochondrial biogenesis.

To determine whether nFGFR1 regulates mitochondrial biogenesis at the
gene expression level, I conducted RT-qPCR analysis of mitochondrial genes in
hCOs following nFGFR1 upregulation (Fig.36A). The expression of MT-ATP6, a
mitochondrial-encoded ATP synthase subunit, was significantly elevated. This

coincides with increased ATP production upon the addition of doxycycline,
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suggesting that nFGFR1 enhances ATP production (P < 0.05; Figure 38C).
However, no significant changes in the expression of the mt-DNA coded genes
MT-ND2 (P = 0.1359) and MT-ND5 (P = 0.2973) were found following nFGFR1
upregulation, although there is a modest trend of upregulation (Fig.36A).

I then quantified the mtDNA copy number through qPCR, measured as the
ratios of mitochondrial genes M7-NDI and MT-NDJ5 to nuclear reference genes
HBB and SERPINAI (Fig.36B). I did not observe significant changes in the M7-
NDI/HBB (P = 0.6218) or MT-ND5/SERPINA1 (P = 0.8381) ratios, indicating that
nFGFR1 activation does not affect mtDNA copy number.

Together, these findings indicate that while nFGFR1 does not activate broad
mitochondrial biogenesis or increase mtDNA replication, it selectively upregulates
MT-ATP6, potentially contributing to enhanced mitochondrial energy output. This
points to a specific modulatory role for nFGFR1 in fine-tuning mitochondrial

efficiency rather than expanding mitochondrial content.
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Fig.35. Assessment of mitochondrial biogenesis in hCO and EBs following nFGFRI1
upregulation. A. Live fluorescent imaging reveals the PGCla-EGFP reporter fluorescence
in 72-day hCOs under both control and doxycycline (DOX) conditions. The expression of
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EGFP, driven by the proximal PGCla promoter, acts as an indicator of mitochondrial
biogenesis. The inset shows regions of interest for intensity measurement: the dendrite
(dashed rectangle) and soma (dashed circle). Scale bars = 20 um; B. Experimental outline:
At DIV 56, hCOs were transduced with Proximal-PGCla-EGFP lentivirus, and live
imaging was performed approximately two weeks later; C, D. Quantification of EGFP
fluorescence intensity in dendritic (C) and somatic (D) compartments of hCO neurons
(Control: n = 111 ROIs;, DOX: n = 117 ROIs; mean = SE) revealed no significant
differences. Data are presented as mean = SD (dendrites: p = 0.5448; soma: p = 0.4366;
Mann—Whitney test); E. RT-qPCR analysis of PPARGCIA (PGC-1a) mRNA in 60-day
hCOs (Control vs DOX), normalized to GAPDH. Data are presented as mean + SD of three
technical replicates from three independent experiments; no significant change was
observed (p = 0.6048, Mann—Whitney test).
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Fig.36. Assessment of mRNA levels of mitochondrial genes encoded by MT-DNA and
mtDNA copy number in hCOs and NES cells following the upregulation of nFGFRI.
A. RT-gPCR analysis of mitochondrial transcripts MT-ATP6, MT-ND2, and MT-ND5 was
conducted on 60-day hCOs treated with doxycycline (DOX) or a DMSO control. The
expression levels were normalized to GAPDH. Results are presented as mean + SD from
three technical replicates across three independent experiments. Statistical analysis was
performed using a non-parametric Mann-Whitney test: MT-ATP6 (P = 0.0056), MT-ND?2
(P =0.1359), MT-NDS5 (P = 0.2973); B. Quantification of mtDNA copy number in NES
cells (DIV 5) was performed by qPCR, using the MT-ND1/HBB and MT-ND5/SERPINA
ratios. Results are expressed as mean £ SD from three technical replicates across five
independent experiments, presented as a percentage relative to the control group.
Statistical analysis was conducted using the non-parametric Mann-Whitney test: ND1/HBB
(P=0.6218), ND5/SERPINAI (P=0.8381); ns: non-significant.
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5.14. nFGFR1 regulates cellular redox balance without triggering

apoptosis

Fibroblast growth factor receptor 1 (FGFR1) plays a crucial role in maintaining
cellular responses to oxidative stress, mitochondrial function, and survival
signaling. It has been shown to prevent ferroptosis through activation of the
FGFR1/B-Klotho axis and to modulate apoptotic signaling under oxidative
conditions (Xie et al., 2020b; Xu et al., 2023). To determine whether nuclear
FGFR1 (nFGFR1) regulates redox balance and energy metabolism during early
human neural development, I assessed mitochondrial activity, reactive oxygen
species (ROS) accumulation, and apoptotic markers in NES cells, embryoid bodies,
and cortical organoids.

I measured ROS levels using the DCFDHA fluorescence assay, which detects
the oxidant-induced conversion of a non-fluorescent probe into a fluorescent signal.
There was a significant increase in ROS levels in NES cells, suggesting that
oxidative stress was elevated due to nFGFR1 upregulation (P = 0.0002; Fig.38A).
Furthermore, cell viability, evaluated through the Resazurin assay which measures
the conversion of resazurin to the fluorescent compound resorufin, was notably
elevated in NES cells upon increased expression of nFGFR1 (P <0.0001; Fig.38B).
ATP production also showed an increase, as assessed by the CellTiter luminescence
assay, which measures intracellular ATP levels (P <0.0001; Fig.38C). To evaluate
mitochondrial function, mitochondrial membrane potential (MMP) was assessed in
two in vitro models. In NES cells, MMP was quantified using a fluorescence plate-
based assay with Mitotracker CMXROS, while in embryoid bodies (EBs), MMP
quantification was performed using Mitotracker-labeled EBs visualized via
fluorescence microscopy. Both models exhibited a significant increase in
fluorescence intensity upon FGFR1 induction (NES: P = 0.0207; EB: P <0.0001;
Fig.39), reflecting improved mitochondrial polarization and functionality.

Although ROS levels increased, hCOs showed no signs of enhanced apoptosis.
I did not observe any significant change in fluorescence intensity within the cortical
layer following nFGFRI1 upregulation (P = 0.0991; Fig.37A-B). These findings
were supported by RT-qPCR analyses of key apoptotic regulators (Fig.37C). While
the expression of the anti-apoptotic gene BCL2 was slightly elevated (P = 0.0019),
the expression of the pro-apoptotic gene BAX (P = 0.1903), the BCL2/BAX ratio
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(P = 0.3865), and the integrated stress response marker A7F4 (P = 0.1135)
remained stable following nFGFR1 induction. This indicates that nFGFR1 does not
trigger apoptotic and stress-response pathways.

These findings indicate that nFGFRI1 elevates reactive oxygen species while
simultaneously improving mitochondrial function and energy production without
triggering apoptosis or metabolic stress, potentially by upregulating the anti-
apoptotic factor BCL2. This suggests a neuroprotective role of nFGFR1 during

neural differentiation in hCO.
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Fig.37. Evaluation of apoptosis and integrated stress response (ISR) in hCOs after
nFGFRI upregulation. A. Representative fluorescence images showing cleaved caspase-
3 (red) immunostaining in the cortical plate of 60-day hCOs under control (C) and
doxycycline (DOX) conditions. White rectangles indicate regions shown at higher
magnification. Nuclei are stained with Hoechst (blue). Scale bars = 20 um,; B.
Quantification of cleaved—caspase—3 fluorescence intensity in the cortical plate (Control:
n =200 ROIs; DOX: n = 229 ROIs) was performed across three independent experiments.
Data are presented as mean £ SD; no significant difference was observed (p = 0.0991,
Mann—Whitney test); C. RT-gPCR analysis was performed on transcripts related to
apoptosis and the integrated stress response (ISR), focusing on BCL2 (anti-apoptotic), BAX
(pro-apoptotic), the BCL2/BAX ratio (apoptosis indicator), and ATF4 (ISR marker) in 60-
hCOs treated with doxycycline (DOX) or DMSO as the control. The expression levels were
normalized to GAPDH. Statistical analysis was performed using the non-parametric
Mann-Whitney test: BCL2 (P=0.0019), BAX (P=0.1903), BCL2/BAX ratio (P=0.3865),
and ATF4 (P=0.1135).
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Fig.38. Assessment of ROS levels (A), cell viability (B), and ATP levels (C) in NES cells
Sfollowing nFGFRI activation. A. ROS production in NES cells treated with doxycycline
(DOX) or a DMSO (control), was assessed by DCFH-DA fluorescence, with results
normalized to cell count (Hoechst). The data are presented as mean = SD from two
technical replicates across four independent experiments;, p = 0.0002 (Mann—Whitney
test). B. Cell viability in NES cells treated with doxycycline (DOX) or DMSO (control) was
assessed by resazurin reduction and normalized to cell number. Data are presented as
mean = SD from four replicates across four independent experiments; ****P < (0.0001
(Mann—Whitney test); C. Intracellular ATP levels in NES cells after 4-day DOX or DMSO
(control) treatment were measured using CellTiter-Glo luminescence and normalized to
cell number. Data are presented as mean = SD from four replicates in four independent
experiments; ****P < (.0001 (Mann—Whitney test).
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Fig.39. Examination of mitochondrial membrane potential (MMP) in the EB and NES
cell models following nFGFRI activation. A. Representative live-cell images display
mitochondria labeled with MitoTracker™ Red CMXRos (in red) within 21-day human
embryoid bodies (EBs) under both control and doxycycline (DOX) conditions. Scale bars
= 20 um, B. Quantification of MitoTracker fluorescence intensity in EBs (Control: n = 60
ROIs; DOX: n = 62 ROIs) from three independent experiments. Higher fluorescence
indicates elevated MMP. Data are presented as mean £ SD (****P < 0.0001; Mann—
Whitney test); C. MMP in NES cells treated with 2 mM DOX or DMSO (control) for 4 days
was measured using MitoTracker fluorescence and normalized to cell number (Hoechst).
Data are presented as mean + SD from two technical replicates across four independent
experiments (P = 0.0207;, Mann—Whitney test).
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5.15. Dual nuclear and mitochondrial DNA targeting by nuclear

FGFR1

Beyond its canonical membrane-associated signaling, FGFR1 has been shown
to translocate to the nucleus, where it functions as a transcriptional regulator
involved in developmental gene expression programs and chromatin remodeling
(Decker et al., 2021; Narla et al.,, 2017; Stachowiak and Stachowiak, 2016;
Terranova et al., 2015). In parallel, emerging evidence indicates that FGFR1 may
also localize to mitochondria and modulate mitochondrial dynamics and stress
responses through direct interactions with the organelle (Srisakuldee et al., 2021).
To explore these dual roles in a human neurodevelopmental context, we examined
the subcellular localization and genomic interactions of nFGFR1 in embryoid
bodies (EBs) and NSPCs.

To determine whether nFGFR1 has dual regulatory roles in human neural
models, I assessed its subcellular localization in the nucleus and mitochondria and
FGFR1 binding to nuclear-encoded mitochondrial genes and mitochondrial DNA,
using ChIP-seq. I used nuclear immunofluorescence (IF) imaging to determine
whether that addition of doxycycline enhance FGFR1 accumulation in the nucleus
of both EB and hCO models (Fig.40). Quantitative fluorescence analysis revealed
a significant two-fold increase in nuclear FGFR1 intensity in EBs (P < 0.0001;
Mann—Whitney test) and a significant upregulation in hCOs (P = 0.0044). I then
performed RT-qPCR, which showed a 12-fold increase in FGFR1 transcript levels
in EBs (P <0.0001) and a six-fold increase in hCOs (P < 0.0001) upon doxycycline
induction (Fig.16B). Together, these data confirm that doxycycline effectively
activates nuclear FGFR1 expression.

Next, I assessed whether increased nuclear FGFR1 expression coincides with
its mitochondrial translocation by quantifying FGFR1 fluorescence intensity within
perinuclear mitochondria following doxycycline induction. I chose the EB model
because it has loosely packed cells, larger nuclei, and less compact mitochondrial
networks, making it more suitable for colocalization studies than hCO model.
I observed that FGFR1 appeared as distinct puncta within perinuclear mitochondria
under control conditions (Fig.40B). Quantitative assessment showed that, following

doxycycline treatment, FGFR1 intensity in these mitochondria increased 1.9-fold
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(P <0.0001; Mann—Whitney test). These findings confirm that nuclear upregulation
of FGFR1 coincides with its translocation to and accumulation in mitochondria.

To assess whether nFGFR1 directly interacts with regulatory elements of
genes associated with mitochondrial function, I examined ChIP-seq (Chromatin
Immunoprecipitation followed by high-throughput Sequencing) data using an
antibody against FGFR1 from the nuclei of human neural progenitor cells (NPCs).
I found that nFGFR1 associates with the promoter regions of various nuclear-
encoded genes essential for mitochondrial function. This includes PINKI
(Fig.41A), as well as BNIP3 and FUNDCI (data not shown in this study), all of
which are key in regulating mitophagy. Surprisingly, nFGFR1 did not bind to the
promoter of the PPARGCI1A4 gene (PGC-1a), known as the master regulator of
mitochondrial biogenesis. This suggests that its role is more focused on quality
control and mitochondrial maintenance rather than biogenesis. It was further
demonstrated that nFGFR1 also binds directly to mitochondrial DNA (mtDNA).
The circular genome map of the mitochondrial genome (Fig.41B, provided by Dr.
Georgi Marinov) shows that nFGFR1 binds directly to specific loci in mtDNA,
including MT-ATP6 and MT-CO3. This suggests that nFGFR1 may indirectly
influence mitochondrial gene expression through nuclear regulation and direct
interaction with mitochondrial DNA.

In summary, these data establish that nFGFRI1 exhibits dual targeting
behavior - it localizes in the nucleus (1) and within the mitochondria (2), and
directly binds to both nuclear and mitochondrial genomes. Its engagement with
mitophagy and mitochondrial function-related genes, along with mtDNA itself,
positions nFGFR1 as a multifunctional regulator of mitochondrial homeostasis.
This implicates nuclear FGFRI1 as a key player in coordinating cellular energy

metabolism and organelle quality during human neuronal differentiation.
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Fig.40. Accumulation of FGFRI in nuclear and mitochondrial sites after nFGFRI
exposure upregulation. A. Representative confocal images illustrate FGFRI (red) and
mitochondria (green) in 21-day embryoid bodies (EBs) and 60-day human cerebral
organoids (hCOs) under both control (C) and doxycycline (DOX) conditions. Nuclei are
counterstained with Hoechst (blue). Insets reveal FGFRI puncta that colocalize with
perinuclear mitochondria, and FGFRI accumulation in nuclear speckles. Scale bars
represent 20 um,; B. Measurement of perinuclear mitochondrial FGFRI fluorescence in
EBs (Control: n = 151 ROIs; DOX: n = 151 ROIs) across three independent experiments.
Results are shown as mean £ SD (P < 0.0001, Mann—Whitney test); C. Quantification of
nuclear FGFRI fluorescence in EBs (n = 100 ROIs per condition) and in the cortical layer
of hCOs (n = 100 ROIs per condition), across three independent experiments. The data is
presented as mean £ SD (EBs: P < 0.0001; hCOs: P = 0.0044; Mann—Whitney test).
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Fig.41. ChlP-seq analysis in human neural progenitor cells (NPC). A. Genome browser
visualization of FGFRI ChlP-seq peaks at the nuclear-encoded PINKI locus on
chromosome 1. A red arrow indicates a strong concentration of FGFRI binding peak
directly overlapping the PINK1 promoter, demonstrating specific binding by nFGFRI,; B.
circular plot of mitochondrial DNA (mtDNA) illustrates FGFRI binding density. The outer
circle labels the 13 mtDNA genes, while the density tracks reflect FGFRI occupancy in
control (yellow) and schizophrenia patient-derived (orange) chromatin, indicating that
FGFRI is associated with the mitochondrial genome (courtesy of Georgi Marinov).
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5.16. nFGFR1 orchestrates widespread proteomic remodeling in

human cortical organoids

FGFR1 is increasingly recognized not only for its role in neural development
but also as a global regulator of gene expression, metabolism, cellular homeostasis,
and the development and metastasis of cancer cells (Chaudhuri et al., 2024; Coetzee
et al., 2023; Dhiman et al., 2024; Servetto et al., 2021). Recent evidence shows that
nuclear FGFR1 (nFGFR1) can reprogram metabolic pathways, reshape the
transcriptome, and modulate chromatin and proteomic landscapes to support
differentiation and stress adaptation (Stachowiak et al., 2021; Terranova et al.,
2015; Francavilla et al., 2017). To determine the downstream proteomic targets of
nFGFR1, quantitative mass spectrometry was performed on hCOs following
nFGFR1 overexpression.

In my experimental workflow (Fig.42), [ utilized tandem mass tag (TMT)-based
quantitative mass spectrometry to compare DMSO-treated organoids (control) with
nFGFR1-overexpressing 60-day cortical organoids treated with DMSO (control)
or 3 mM doxycycline (DOX) for 40 days. Principal Component Analysis (PCA)
demonstrated a clear separation between control and DOX-treated samples
(Fig.43A). PC1 represented 34.8% of the overall variance, while PC2 contributed
an additional 26.9%. These findings suggest that nFGFRI1 activation results in
considerable proteomic changes (Fig.43B-C).

Through differential expression analysis, I identified 660 proteins that were
significantly differentially expressed (DEPs) among a total of 5503 proteins
(Fig.45). Out of these, 110 proteins showed upregulation and 87 displayed
downregulation following doxycycline treatment (P < 0.05). Key upregulated
proteins included FGFR1, NUCKS1, TGFBRAP1, TMSB10, and HISTIHIC,
which are linked to chromatin remodeling and signal transduction. In contrast,
significantly downregulated proteins such as SPOCK1, CAMKYV, GRIA2, and
SLC1A3 indicated a reduction in synaptic function and alterations in the
extracellular matrix regulation. A heatmap of hierarchical clustering was generated
from z-score normalized reporter intensity data. Distinct clusters corresponding to
the control and nFGFR1 conditional upregulation were clearly observed, separating
the samples (Fig.46). Additionally, the top 20 differentially expressed proteins are
displayed on the axis, including GRIA2, SLC1A3, OPCML, SERPINI1, SPOCKI,
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CAMKYV, HPCA, TTC9, MYOS5B, and SOXS5 (downregulated), as well as
FAMI120C, HIST1HIC, FBLN2, PPPIR14C, TMSB10, FGFRI, PPPIRIB,
NUCKSI1, TGFBRAPI1, and TUBA4A (upregulated). Notably, FGFR1 emerges as

one of the most significantly upregulated proteins, emphasizing the pronounced

upregulation of nFGFR1.
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Fig.42. Workflow and data analysis for quantitative proteomics of nFGFRI activation
in hCOs. Human cortical organoids (hCOs), derived from hiPSCC-"PL-Te3G-FGERI(SP-NLS)-
miprle ywere treated with doxycycline (3 mM) or DMSO from day 20 to day 60. After
treatment, they were snap-frozen and subjected to TMT labeling and LC—MS/MS analysis
(top). The resulting proteomic data were then processed using PCA (bottom left),
hierarchical clustering, and heatmap visualization (bottom center), as well as weighted
gene co-expression network analysis (WGCNA) for module detection (top right,
dendrogram and color bar). Additionally, volcano plotting and pathway enrichment
analyses were performed for differentially expressed proteins (DEP; bottom right bar

graphy).
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Weighted gene co-expression network analysis (WGCNA) is a powerful
systems biology approach that constructs weighted correlation networks to identify
modules of co-expressed proteins and hub genes associated with specific
phenotypes (Ghafouri-Fard et al., 2023; Short et al., 2023; Wang et al., 2023). To
investigate co-regulated protein networks, I utilized WGCNA on my proteomic
dataset to identify nFGFR 1-responsive protein modules and delineate the functional
pathways driven by nFGFR1 upregulation. In this analysis, proteomics data were
grouped into separate modules, with the "Bisque4" and "Maroon" modules showing
the strongest correlation following nFGFR1 conditional upregulation (Fig.44A).
GO enrichment analysis for "Bisque4" (781 proteins), revealed processes related to
neuronal projection (GO:0010975), axonogenesis (GO:0007409), and the synaptic
vesicle cycle (G0O:0099504). On the other hand, the "Maroon" module (777
proteins) showed enrichment for mitochondrial energy-related terms such as ATP
synthesis coupled electron transport (GO:0042773) and cellular respiration.
Other significant modules include "Darkgrey," which is associated with ribosome
biogenesis (G0:0042254) and DNA replication (GO:0006260), alongside
"Antiquewhite4," linked to RNA splicing (GO:0000375) and mitochondrial
translation (GO:0032543; Fig.44B-D). Moreover, modules such as "Midnightblue"
and "Mediumpurple3" demonstrated enrichment for autophagy (GO:0016236),
telomere maintenance (GO:0032206), and mitochondrion organization
(GO:0007005) (not shown in this study). Gene ontology enrichment analysis
identifies whether predefined GO categories are overrepresented in a gene list,
which allows for the biological interpretation of proteomics data (Tomczak et al.,
2018). The functional annotation of DEPs through Gene Ontology (GO) terms
showed that the wupregulated biological processes were associated with
mitochondrial gene expression (GO:0140053), lysosome organization
(GO:0007040), and vesicle budding (GO:0006900) (Fig.47A). Additionally,
cellular components such as the vacuolar lumen (GO:0005775) and mitochondrial
protein-containing complex (GO:0098798) also exhibited significant enrichment
(Fig.47B). The identified molecular functions included cadherin binding
(GO:0045296), ribosome structural constituents (GO:0003735), and hydrolase
activities (GO:0016798) (Fig.47C). Conversely, the downregulated proteins were
enriched in processes such as oxidative phosphorylation (GO:0006119), the
electron transport chain (G0O:0022900), and the ATP biosynthetic process
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(GO:0006754) (Fig.47D). Additionally, there was a reduction in mitochondrial
components, including the respiratory chain complex (GO:0098803) and the
NADH dehydrogenase complex (GO:0030964) (Fig.47E). nFGFR1 suppression
affected molecular functions such as proton transmembrane transporter activity
(GO:0015078), NADH dehydrogenase activity (GO:0008137), and oxidoreductase
activity (GO:0016655), which indicate compromised mitochondrial respiration and
redox balance (Fig.47F).

In summary, the proteomic data reveals that the conditionally increased
expression of nuclear FGFR1 significantly influences protein expression in cortical
organoids. This leads to an increase in mitochondrial gene expression and
lysosomal activity, alongside a reduction in oxidative phosphorylation and synaptic
signaling components. Such alterations indicate a metabolic and structural
reprogramming that promotes biosynthesis and degradation rather than energy
production, which may be responsible for the altered neuronal differentiation and

maturation seen in organoids following nFGFRI1 conditional upregulation.
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Fig.43. Principal component analysis (PCA) of proteomic profiles in human cortical
organoids (hCOs) following nFGFRI conditional upregulation. PCA was conducted on
logs-transformed protein intensity values normalized by median subtraction; samples
treated with doxycycline (red) and the DMSO control (blue) form two distinct clusters, with
PC1 explaining 34.8% of the variance and PC2 accounting for 26.9%.
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Fig.44. Weighted correlation network analysis (WGCNA) identifies co-expression
modules after nFGFRI1 upregulation in hCOs. A. Hierarchical clustering dendrogram of
5,503 proteins from 60-day hCOs (DOX vs. control) identifies 24 co-expression modules
(color bar). Modules were defined using the dynamic tree-cut method and merged based
on module correlation (p, q < 0.05); B. Gene ontology “Biological Process” (GO-BP)
enrichment for the Bisqued4 module (781 proteins) revealed significant enrichment in
neuron development, axonogenesis, synaptic vesicle cycling, and dendrite morphogenesis
@, q < 0.05); C. GO-BP enrichment for the Maroon module (777 proteins) indicated a
significant enrichment of energy metabolism processes, including cellular respiration, the
electron transport chain, and ATP synthesis (p, q¢ < 0.05). Enrichments were calculated
using a Fisher’s exact test with Benjamini—Hochberg correction (p, ¢ < 0.05). D. GO-BP
enrichment for the Darkgrey module (687 proteins) demonstrated significant enrichment
of terms associated with ribosome biogenesis, rRNA processing, cytoplasmic translation,
and DNA replication (p, g < 0.05); E. GO-BP enrichment for the Antiquewhite4 module
(366 proteins) revealed significant envichment of processes related to neuron projection
regulation, RNA splicing, mitochondrial gene expression, and protein localization to the
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endoplasmic reticulum. Enrichments were calculated using a Fisher’s exact test with
Benjamini—Hochberg correction (p, g < 0.05).
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Fig.45. Differentially expressed proteins (DEPs) in hCOs after nFGFRI1 upregulation.
A. Volcano plot. Each point corresponds to one of 5,503 quantified proteins. The x-axis
displays log: fold change (DOX vs. control), where positive values reflect upregulation and
negative values denote downregulation. The y-axis illustrates —logio p-values from two-
tailed t-tests, with greater values indicating stronger statistical validation. Vertical dashed
lines represent 0.2 log: fold-change, while the horizontal dashed line marks —logio (0.05).
Proteins that meet both criteria thresholds (log: FC > 0.2; P <0.05) are highlighted in blue
(upregulation) or red (downregulation) and annotated by names; B. Protein Expression
Trend. Table classifies each protein into one of four categories based on its log: fold-
change (FC) and p-value from the proteomics analysis: Significantly Upregulated (Log:F'C
>0.2; P £0.05); Significantly Downregulated (Log:FC <—0.2; P <0.05); Positive Trend
(0 < Log:FC); Negative Trend (Log:FFC < 0); C. Plot for Top 4 DEP proteins Plot. Bar
graph showing log: fold changes (mean £ SD) for the four most differentially expressed
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proteins: FGFRI and NUCKS1 (up), SOX5 and SPOCK1 (down). P < 0.01, **P < 0.001,
p *¥*¥*<0.0001

SR

"OPCML

“SERPINI1
POCK 1
AMKV

*HPCA

Tree

N NYOSB

— SON5

FAM120C
HISTIKIC

FBLNZ

§ B

FGFRY

RS

TGFBRAPY

TUBALA

N

v
& &~ &~

& o v »

Fig.46. Hierarchical Clustering Heatmap for differentially expressed proteins (DEPs) in
60-day hCOs after nFGFRI1 upregulation. The heatmap presents a hierarchical clustering
analysis of differentially expressed proteins (DEPs) in hCO, treated with either 3 mM
doxycycline (DOX) or DMSO (Control). Z-score normalized expression values were
utilized to cluster both genes and samples applying Ward’s method. The samples were
divided into two experimental conditions: C (control) and NLS (nFGFRI upregulation).
A total of 660 DEPs are represented in the heatmap. The red—blue color scale reflects
relative protein abundance, with red and blue indicating up- and down-regulated proteins,
respectively. To enhance clarity, sample labels are bolded, and the gene names of the Top
20 DEPs are emphasized. The clustering reveals distinct expression patterns between
treatment groups, underscoring the transcriptional changes caused by nFGFRI
upregulation.
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Fig.47. Gene Ontology (GO) enrichment analysis for differentially expressed proteins
(DEPs) after nFGFRI1 activation in 60-day hCOs. Proteins exhibiting log: FC > 0 and an
p-value < 0.05 were classified as significantly upregulated or downregulated following
DOX or DMSO (Control) treatment. Distinct lists of upregulated and downregulated
differentially expressed proteins (DEPs) were analyzed for enrichment across three Gene
Ontology (GO) categories: Biological Process (BP), Cellular Component (CC), and
Molecular Function (MF). The bars represent the number of DEPs corresponding to each
GO term. Enrichment analysis was performed using Fisher’s exact test with Benjamini—
Hochberg correction (g < 0.05). Panels A-C display upregulated DEPs, while D-F show
downregulated DEPs.

5.17. Dual modulation of neurogenic and synaptic pathways by

nFGFR1 in cortical organoids

FGFR1 signaling is essential for regulating neuronal subtype identity, axon
targeting, and the assembly of functional neural circuits during early brain
development (Gantner et al., 2021; Stachowiak and Stachowiak, 2016; Tomé et al.,
2023; Vaccarino et al., 1999). Recent studies shows that FGFR1 governs forebrain
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patterning and synaptic connectivity by fine-tuning neurodevelopmental gene
expression programs. To assess how nuclear FGFR1 (nFGFR1) impacts these
developmental processes, I performed ontology-guided proteomic analyses
on human cortical organoids, focusing on pathways involved in neuronal
development (GO:0048666), forebrain development (GO:0030900), axonogenesis
(GO:0007409), and synaptic proteins (GO:0045202).

In total, I identified 836 proteins associated with neuronal development
(GO:0048666). Among these, 15 were significantly upregulated, while 26 were
downregulated following nFGFRI1 induction in hCOs (Fig.48). The key
downregulated proteins included BCL11B, SOXS5, and NCAM2, which play crucial
roles in neuronal subtype specification, migration, and synapse formation,
respectively. Additionally, the upregulated proteins such as FGFRI1 (including
transduced FGFRI(SP-/NLS), TBR1 (linked to the differentiation of cortical
excitatory neurons), and SLIT2 (involved in axon guidance) indicate the activation
of alternative neurogenic mechanisms. Furthermore, GO enrichment analysis
(Fig.49) of downregulated proteins revealed enrichment of terms such as forebrain
development (GO:0030900), telencephalon development (GO:0021537), and
hindbrain development (GO:0030902). On the other hand, the upregulated proteins
were enriched in processes such as limb development (GO:0060173) and lysosome
organization (GO:0007040).

In the subset of 157 proteins annotated under forebrain development
(GO:0030900), I found that seven proteins were upregulated while nine were
downregulated (Fig.50). The suppressed expression of BCL11B and FOXGI1
suggests disrupted cortical patterning and telencephalic identity, while elevated
levels of TBR1 and SLIT2 imply a selective enhancement of neuronal fate
commitment and axon guidance. Additionally, GO enrichment analysis identified
terms such as forebrain development (GO:0030900), telencephalon development
(GO:0021537), pallium development (GO:0021543), and cerebral cortex
development (GO:0021987), which were represented in both my upregulated and
downregulated gene groups (Fig.51). This suggests a dual regulation
- simultaneously activating and impairing distinct neurodevelopmental sub-
pathways following nFGFR1 conditional increased expression.

In the context of axonogenesis (GO:0007409), I identified 156 proteins, with

six being upregulated and five downregulated (Fig.52). The reduced expression
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of EPHA4, PARD3, FOXC1, and BCLI11B suggests a disruption in axonal
guidance, polarity, and differentiation. However, the upregulation of SLIT2, ECEI,
and BAIAP2 indicates compensatory mechanisms that facilitate axon extension and
cytoskeletal dynamics remodeling. Additionally, GO enrichment analysis revealed
a significant downregulation of axonogenesis (GO:0007409) and related terms,
such as neuron projection guidance (GO:0097485), axon guidance (GO:0007411),
and forebrain neuron differentiation (GO:0021879). Conversely, upregulated
proteins were enriched in terms such as the regulation of nervous system processes
(GO:0031644) and the response to epidermal growth factor stimulus (GO:0071364)
(Fig.53).

In my analysis of synaptic proteins (GO:0045202), I observed a clear
downregulation trend, where 22 proteins were significantly suppressed, while only
seven were upregulated (Fig.54). Downregulated proteins, such as GRIA2 (AMPA
receptor), SYN2 (synapsin), CPLX2 (complexin), SNCA (alpha-synuclein), and
SEZ6, are essential for synaptic vesicle function and neurotransmitter activity.
Additionally, GO enrichment analysis of downregulated proteins (Fig.54B)
identified pathways that include the synaptic vesicle cycle (GO:0099504), vesicle-
mediated transport in the synapse (GO:0099003), signal release from the synapse
(GO:0099643), neurotransmitter secretion (GO:0007269), and regulation of
postsynaptic membrane potential (GO:0060078). These findings collectively
support a model suggesting that nFGFR1 reduces synaptic transmission, which may
hinder neuronal communication and plasticity in developing organoids.

In summary, proteomic analyses indicate that nFGFR1 upregulation alters
neurodevelopmental pathways in cortical organoids through a complex dual-
regulatory mechanism. While some transcriptional regulators and signaling factors,
such as TBR1 and SLIT2, are upregulated - potentially promoting differentiation
and connectivity - others essential for regional brain patterning (BCL11B, FOXG1),
axonal formation (EPHA4, PARD?3), and synaptic transmission (GRIA2, CPLX?2)
are downregulated. This dual regulatory effect suggests that nFGFR1 modulates
cortical maturation by selectively enhancing and inhibiting neurodevelopmental
programs, reshaping both the structural and functional elements of neuronal

circuitry.
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Fig.48. Proteins involved in neuronal development in hCOs after nFGFR1 upregulation.
A. Volcano plot. A total of 836 proteins related to neuronal development (GO:0048666)
were identified in the total proteome (hCOs) treated with DOX and DMSO (control).
Proteins related to neuronal development are displayed as purple circles. The x-axis
displays log: fold changes (DOX vs. control), where positive values reflect upregulation
and negative values denote downregulation. The y-axis illustrates —logio p-values from
two-tailed t-tests, with greater values indicating stronger statistical validation. Vertical
dashed lines represent 0.2 log: fold change, while the horizontal dashed line marks —logio
(0.05). Proteins meeting both criteria thresholds (log: FC > 0.2; P <0.05) are marked in
blue (upregulation) and in red (downregulation) and are annotated with names. B. Protein
Expression Trend Categories. Table classifies each protein into one of four categories
based on its log: fold-change (FC) and p-value: Significantly Upregulated (Log:F'C > (0.2;
P <0.05); Significantly Downregulated (Log:FC < —0.2; P < 0.05),; Positive Trend (0 <
Log:FC); Negative Trend (Log:FC < 0); C. Plot for Top 4 DEP proteins. The bar graph
shows mean = SD log: fold change for the four most strongly regulated proteins associated
with neuronal development: FGFRI, NUCKSI (Upregulated), SOX5, and SPOCKI
(Downregulated). Asterisks denote statistical significance (*P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001).
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Fig.49. GO enrichment of neuronal development processes after nFGFRI1 activation in
hCOs. Bar charts display the top ten GO biological processes (BP) enriched in
differentially expressed proteins (DEPs) associated with “neuronal development”
(GO:0048666) in 60-day hCOs after nFGFRI upregulation. Panel A illustrates the ten
biological processes significantly enriched among upregulated proteins, while Panel B
shows the ten processes enriched among downregulated proteins. Enrichment was assessed
using proteins with log: FC > 0 (upregulated) or < 0 (downregulated) and P < 0.05. Each
bar reflects the number of differentially expressed proteins linked to that GO term.

142

http://rcin.org.pl



5 Downregulated Upregulated
4 4
Q
=
©
2
Q 31 7
% TOPZQ BAX
2 et MBOAT?  rorr)
Ly CSNK2A2
= g > ‘BRI
s 24 FAT4
4 FOXG! PGAP1 MPPS
-—l B . L& o
J SLC1A2“TGEoppg A S SHT2
; CATIC DYNC2H1
0-

1 0 1 2 3
Log2 Fold Change

B C Log2 Fold Change Forebrain Development

s

Downregulated | S
(p>0,05; FC<-0,2)

Downregulated |71
Trend

nge (NFGFR1Cantrol)

Upregulated |7 ;
(p>0,05; FC>0.2) 4
Upregulated |70 ? =[i
Trend 05

BcL1B cux1 FOXG1 TBR1
Protein

Fig.50. Proteins involved in forebrain development within hCOs following nFGFRI1
upregulation. A. Volcano plot. A total of 157 proteins related to forebrain development
(GO:0030900) were identified in the total proteome (hCOs) treated with DOX and DMSO
(control). Among these, 7 proteins were significantly upregulated (Log2FC > 0 ; p-value
< 0.05), while 9 proteins were significantly downregulated. Proteins related to forebrain
development are displayed as purple circles. The x-axis displays log: fold changes (DOX
vs. control), where positive values reflect upregulation and negative values denote
downregulation. The y-axis illustrates —logio p-values from two-tailed t-tests, with greater
values indicating stronger statistical validation. Vertical dashed lines represent £0.2 log:
fold change, while the horizontal dashed line marks —logio (0.05). Proteins that meet the
significance threshold (P < 0.05) are annotated with names. B. Protein Expression Trend
Categories. Table classifies each protein into one of four categories based on its log: fold-
change (FC) and p-value: Significantly Upregulated (Log:F'C > 0; P < 0.05); Significantly
Downregulated (Log2FC < 0; P < 0.05), Positive Trend (0 < Log:FC); Negative Trend
(Log:FC < 0); C. Plot for Top 4 DEP proteins. The bar graph shows mean = SD log: fold
change for the four most strongly regulated proteins associated with neuronal
development: CUXI, TBRI (Upregulated), BCLIIB, and FOXGI (Downregulated).
Asterisks denote statistical significance (*P < 0.05; **P < 0.01; ***P < 0.001; ****P <
0.0001).
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Fig.51. GO enrichment of forebrain development (GO:0030900) processes after
nFGFRI induction in hCOs. Bar charts illustrate the top ten GO biological processes
(BP) enriched in differentially expressed proteins (DEPs) annotated to forebrain
development (GO:0030900) in 60-day hCOs following nFGFRI upregulation. Panel A
displays the top ten biological processes significantly enriched among upregulated
proteins, while Panel B presents the top ten processes enriched among downregulated
proteins. Enrichment was determined using proteins with log: FC > 0 (upregulated) or <
0 (downregulated) and P < 0.05. Each bar represents the number of differentially
expressed proteins contributing to that GO term.
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Fig.52. nFGFRI induction alters the abundance of axonogenesis-related proteins in
hCOs. A. Volcano plot. A total of 156 proteins related to axonogenesis (GO:0007409) were
identified in the total proteome (hCOs) treated with DOX and DMSO (control). Among
these, six proteins were significantly upregulated (Log2FC > 0 ; p-value < 0.05), while five
proteins were significantly downregulated. Proteins related to axonogenesis are displayed
as purple circles. The x-axis displays log: fold changes (DOX vs. control), where positive
values reflect upregulation and negative values denote downregulation. The y-axis
illustrates —logio p-values from two-tailed t-tests, with greater values indicating stronger
statistical validation. Vertical dashed lines represent £0.2 log: fold change, while the
horizontal dashed line marks —logio (0.05). Proteins that meet the significance threshold
(P < 0.05) are annotated with names. B. Protein Expression Trend. Table classifies each
protein into one of four categories based on its log: fold-change (FC) and p-value:
Significantly Upregulated (Log:l'C > 0; p < 0.05), Significantly Downregulated (Log:FC
< 0; P<0.05), Positive Trend (0 < Log:FC), Negative Trend (Log:q'C < 0),; C. Plot for
Top 4 DEP proteins. The bar graph shows mean = SD log: fold change for the four most
strongly regulated proteins associated with axonogenesis: ECEIl, SLIT2 (Upregulated),
EPHA4, and FOXGI (Downregulated). Asterisks denote statistical significance (*P <
0.05; ¥**P < 0.01; ***P < 0.001; ****P < 0.0001).
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Fig.53. GO enrichment of axonogenesis (GO:0007409) processes after nFGFRI
upregulation in hCOs. Bar charts illustrate the top ten GO biological processes (BP)
enriched in differentially expressed proteins (DEPs) annotated to axonogenesis
(GO:0007409) in 60-day hCOs following nFFGFRI upregulation. Panel A displays the top
ten biological processes significantly enriched among upregulated proteins, while Panel B
presents the top ten processes enriched among downregulated proteins. Enrichment was
determined using proteins with log: FC > 0 (upregulated) or < 0 (downregulated; P <
0.05). Each bar represents the number of differentially expressed proteins contributing to

that GO term.
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Fig.54. Synaptic Proteins in hCOs following nFGFRI upregulation. A. Volcano plot. A
total of 230 proteins related to synaptic proteins (GO:0045202) were identified in the total
proteome (hCOs) treated with DOX and DMSO (control). Of these, 22 proteins showed
significant upregulation (Log2FC > 0 ; p-value < 0.05), and seven proteins were
significantly downregulated. Synaptic proteins are displayed as blue circles. The x-axis
displays log: fold changes (DOX vs. control), where positive values reflect upregulation
and negative values denote downregulation. The y-axis illustrates —logio p-values from
two-tailed t-tests, with higher values indicating stronger statistical validation. Vertical
dashed lines represent 0.2 log: fold change, while the horizontal dashed line marks —logio
(0.05). Proteins meeting both criteria thresholds (log: FC > 0.2; P <0.05) are highlighted
in red (downregulation) and annotated by name; B. GO Enrichment. Bar charts illustrate
the top ten GO biological processes (BP) enriched in downregulated DEPs related to
synaptic proteins (GO:0045202) in 60-day hCOs following nFGFRI upregulation; C.
Protein Expression Trend Categories. Table classifies each protein into one of four
categories based on its log: fold-change (FC) and p-value: Significantly Upregulated
(Log:FC > 0; P < 0.05),; Significantly Downregulated (Log2FC < 0; P < 0.05); Positive
Trend (0 < Log:FC),; Negative Trend (Log:lC < 0); D. Plot for Top 4 DEP proteins. The
bar graph displays the mean + SD log: fold change for the four top downregulated DEPs
synaptic proteins: CAMKYV, CPLX, OPCML, and SYN2. Asterisks indicate statistical
significance (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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5.18. nFGFR1 reprograms mitochondrial and energy metabolism

toward glycolysis and lipid metabolism

FGFR1 signaling plays a crucial role in modulating cellular energy metabolism.
It has also been demonstrated that FGFR1 influences mitochondrial function and
regulation of reactive oxygen species (ROS) response in neuronal systems.
Moreover, FGFR signaling has been implicated in balancing glycolysis and fatty
acid pB-oxidation, coordinating metabolic pathways in a tissue-specific manner (Kar
et al.,, 2023; Xu et al., 2023; Yang et al., 2012). To determine whether nuclear
FGFR1 (nFGFR1) contributes to metabolic reprogramming during human cortical
development, I performed proteomic profiling in human cortical organoids,
focusing on pathways related to mitochondrial dynamics, oxidative
phosphorylation, glycolysis, and lipid metabolism.

I identified a total of 607 mitochondrial proteins using the MitoCarta 3.0
database (Fig.55), of which 15 showed significant upregulation and 19
downregulation. Among the upregulated proteins, OXR1 and TXN2 were
identified, which are essential for redox regulation, as well as MRPL24,
a component of the mitochondrial ribosome. In contrast, several subunits of the
electron transport chain, including NDUFA7, NDUFB3, NDUFV1, and COX6C,
were downregulated, along with the mitochondrially encoded subunit MT-CO2.
This suggests a potential impairment in oxidative phosphorylation (OXPHOS).
A general trend of increased expression in mitochondrial proteins was noted, with
371 proteins upregulated compared to 236 that were downregulated (Fig.55B).
However, the reduction of essential OXPHOS proteins suggests that energy
metabolism may be impaired following nFGFR1 induction in hCOs. Gene ontology
(GO) enrichment analysis of upregulated mitochondrial proteins revealed
enrichment of terms such as mitochondrial gene expression (GO:0140053),
mitochondrial translation (GO:0032543), mitochondrial RNA metabolism
(GO:0000959), and mitochondrial organization (GO:0007005). Additionally,
metabolic pathways including the amino acid catabolic process (GO:0009063) and
cell redox homeostasis were identified (GO:0045454). In contrast, the
downregulated proteins were enriched in processes such as oxidative
phosphorylation (GO:0006119), mitochondrial ATP synthesis coupled electron
transport (GO:0042775), proton motive force-driven mitochondrial ATP synthesis
(GO:0042776), and mitochondrial electron transport from NADH to ubiquinone
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(GO:0006120) (Fig.56). These changes collectively indicate an energy production
imbalance, with increased mitochondrial maintenance and biosynthesis failing to
compensate for impaired respiratory capacity.

Among oxidative phosphorylation-related proteins (GO:0006119), I observed a
distinct trend of downregulation: out of the 81 identified OXPHOS proteins, 19
were significantly downregulated, while only one, NDUFA3, exhibited significant
upregulation (Fig.57). Among the downregulated proteins, key subunits of complex
I (e.g., NDUFA7, NDUFB7) and complex IV (COX6C, MT-CO2) were identified,
indicating impaired electron transport chain activity. These proteins were enriched
in processes such as ATP biosynthesis (GO:0006754), aerobic electron transport
(GO:0019646), and purine nucleoside triphosphate biosynthesis (GO:0009145;
G0:0009206), suggesting broader bioenergetic deficits following nFGFRI1
upregulation in hCOs (Fig.57B).

At the same time, I observed a subtle but coordinated upregulation of proteins
associated with the Warburg effect (Fig.58). Out of 57 Warburg-related proteins,
six were significantly upregulated (e.g., PKM and SLC16A3), while only one was
downregulated. Furthermore, a minor trend toward upregulation was noted, with 27
proteins showing a tendency for downregulation and 36 proteins being upregulated.
GO enrichment analysis for upregulated proteins revealed an enrichment of terms
such as the glycolytic process (GO:0006096), pyruvate metabolic process
(GO:0006090), and ADP catabolic process (GO:0046032), suggesting a metabolic
shift towards aerobic glycolysis. Additionally, I found that proteins involved in
glucose metabolism (GO:0006006) also showed a trend toward upregulation, with
4 significantly increased expression, such as PKM (pyruvate kinase M, catalyzes
the final step of glycolysis), GAA (acid a-glucosidase, a lysosomal enzyme that
converts glycogen into glucose), and DCXR (L-xylulose reductase, participates in
carbohydrate metabolism) (Fig.59). Together, these changes reflect a switch to
glycolysis-based ATP production, likely as a compensatory response to OXPHOS
impairment. Collectively, these changes indicate a transition to glycolysis-driven
ATP production during neuronal development in the hCO, probably as
a compensatory mechanism for OXPHOS dysfunction due to nFGFRI1 increased

expression.
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Finally, I found that glycolipid metabolism-related proteins (GO:0006664)
were significantly upregulated in cortical organoids following nFGFRI
upregulation (Fig.60). Of the 25 proteins associated with this pathway, 9 were
significantly upregulated while only 2 were significantly downregulated, indicating
a trend toward the upregulation of the glycolipid metabolic process proteins.
Enzymes like GBA (B-glucocerebrosidase), GALC (galactocerebrosidase), and
GM2A (GM2 ganglioside activator protein), which are essential for glycolipid
degradation, were significantly upregulated. Additionally, gene ontology
enrichment analysis confirmed the activation of several lipid-related biological
processes among the upregulated proteins (Fig.60B). These processes included the
glycolipid catabolic process (GO:0006689), glycosphingolipid metabolic process
(GO:0006687), sphingolipid catabolic process (GO:0046475), membrane lipid
catabolic process (GO:0046466), and lipid localization to membrane
(GO:1905953). These changes indicate improved lipid metabolism and membrane
remodeling following nFGFR1 upregulation, which may facilitate neuronal
differentiation or energy compensation in response to reduced oxidative
phosphorylation.

In summary, the elevated expression of nFGFR1 in hCOs triggers metabolic
reprogramming, characterized by decreased oxidative phosphorylation and
upregulated glycolysis, glycolipid metabolism, and mitochondrial biosynthesis
functions. This compensatory mechanism enhances cellular resilience by shifting
energy production from compromised mitochondrial respiration (OXPHOS) to
alternative metabolic pathways that support developmental processes and may

impact neuronal function and redox balance.
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Fig.55. Mitochondrial proteins in hCOs following nFGFRI upregulation. A. Volcano
plot. A total of 607 proteins related to mitochondrial proteins were identified in the hCO
treated with DOX and DMSO (control), using the MitoCarta 3.0 database. Among these,
15 proteins were significantly upregulated (Log2FC > 0.2, p-value < 0.05), while 19
proteins were significantly downregulated. Mitochondrial proteins are displayed as orange
circles. The x-axis displays log: fold changes (DOX vs. control), where positive values
reflect upregulation and negative values denote downregulation. The y-axis illustrates —
logio p-values from two-tailed t-tests, with greater values indicating stronger statistical
validation. Vertical dashed lines represent £0.2 log: fold change, while the horizontal
dashed line marks —logio (0.05). Proteins meeting both criteria thresholds (log: FC > 0.2;
P <0.05) are highlighted in blue (upregulation) or red (downregulation) and annotated by
name,; B. Protein Expression Trend. Table classifies each protein into one of four
categories based on its log: fold-change (FC) and p-value: Significantly Upregulated
(Log:FC > 0.2; P < 0.05), Significantly Downregulated (Log:FC < -0.2 ; P < 0.05);
Positive Trend (0 < Log:FC); Negative Trend (Log:FC < 0); C. Plot for Top 4 DEP
proteins. The bar graph shows mean = SD log: fold change for the four most strongly
regulated proteins associated with axonogenesis: HIBADH, OXR1 (Upregulated), MT-
CO?2, and NDUFA?7 (Downregulated). Asterisks denote statistical significance (*P < 0.05;
**P <0.01; ¥**P < 0.001; ¥****P <0.0001).
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Fig.56. GO enrichment of mitochondrial proteins after nFGFR1 upregulation in hCOs.
Bar charts illustrate the top ten GO biological processes (BP) related to DEPs of
mitochondrial proteins using the MitoCarta 3.0 database in 60-day hCOs following
nFGFRI upregulation. Panel A displays the top ten biological processes significantly
enriched among upregulated proteins, while Panel B presents the top ten processes
enriched among downregulated proteins. Enrichment was determined using proteins with
log: FC > 0 (upregulated) or < 0 (downregulated) and P < 0.05. Each bar represents the
number of differentially expressed proteins contributing to that GO term.
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Fig.57. Proteins involved in oxidative phosphorylation in hCOs after nFGFRI
upregulation. A. Volcano plot. A total of 81 proteins related to oxidative phosphorylation
(GO:0006119) were identified in hCOs treated with DOX and DMSO (control). Among
these, 19 proteins were significantly downregulated (Log2FC <-0.2, P < 0.05), while only
one protein was significantly upregulated. OXPHOS proteins are displayed as orange
circles. The x-axis displays log: fold changes (DOX vs. control), where positive values
reflect upregulation and negative values denote downregulation. The y-axis illustrates —
logio p-values from two-tailed t-tests, with greater values indicating stronger statistical
validation. Vertical dashed lines represent £0.2 log: fold change, while the horizontal
dashed line marks —logio (0.05). Proteins meeting both criteria thresholds (log: FC > 0.2,
P <0.05) are highlighted in blue (upregulation) or red (downregulation) and annotated by
name; B. GO Enrichment. Bar charts illustrate the top ten GO biological processes (BP)
enriched in downregulated DEPs related to oxidative phosphorylation (GO:0006119) in
60-day hCOs following nFFGFRI1 upregulation, C. Protein Expression Trend Categories.
Table classifies each protein into one of four categories based on its log: fold-change (FC)
and p-value: Significantly Upregulated (Log:FC > 0.2; P < 0.05); Significantly
Downregulated (Log2FC <-0.2; P < 0.05),; Positive Trend (0 < Log:FC),; Negative Trend
(Log:FC < 0); D. Plot for Top 4 DEP proteins. The bar graph displays the mean £ SD log:
fold change for the top differentially expressed proteins (DEPs) of the OXPHOS proteins:
MT-CO2, NDUFA7, NDUFB3 (upregulated), and NDUFA3 (downregulated). Asterisks
indicate statistical significance (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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Fig.58. Proteins associated with the Warburg effect in hCOs following nFGFRI
upregulation. A. Volcano plot. A total of 57 proteins related to Warburg effect were
identified in hCOs treated with DOX and DMSO (control). Among these, 6 proteins were
significantly upregulated (Log2FC > 0.2, P < 0.05), while only one protein was
significantly downregulated. Warburg effect proteins are displayed as yellow circles. The
x-axis displays log: fold changes (DOX vs. control), where positive values reflect
upregulation and negative values denote downregulation. The y-axis illustrates —logio p-
values from two-tailed t-tests, with greater values indicating stronger statistical validation.
Vertical dashed lines represent 0.2 log: fold change, while the horizontal dashed line
marks —logio (0.05). Proteins meeting both criteria thresholds (log: FC > 0.2, P < 0.05)
are highlighted in blue (upregulation) and annotated by name; B. GO Enrichment. Bar
charts illustrate the top ten GO biological processes (BP) enriched in upregulated DEPs
related to the Warburg effect in 60-day hCOs following nFGFR1 upregulation; C. Protein
Expression Trend. Table classifies each protein into one of four categories based on its
log: fold-change (FC) and p-value: Significantly Upregulated (Log:FC > 0; P < 0.05);
Significantly Downregulated (Log:FC < 0; P < 0.05); Positive Trend (0 < Log:FC);
Negative Trend (Log2F'C < 0); D. Plot for Top 4 DEP proteins. The bar graph displays the
mean = SD log: fold change for the top 4 upregulated DEPs associated with the Warburg
effect proteins: COL6A1, PKM, POMTI, and SLCI6A3. Asterisks indicate statistical
significance (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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Fig.59. Proteins related to glucose metabolism in hCOs after nFGFRI1 upregulation.
A. Volcano plot. A total of 21 proteins related to glucose metabolism (GO:0006006) were
identified in hCOs treated with DOX and DMSO (control). Among these, four proteins were
significantly upregulated (Log2FC > 0 ; P < 0.05), while two proteins were significantly
downregulated. These proteins are displayed as yellow circles. The x-axis displays log:
fold changes (DOX vs. control), where positive values reflect upregulation and negative
values denote downregulation. The y-axis illustrates —logio p-values from two-tailed t-tests,
with greater values indicating stronger statistical validation. Vertical dashed lines
represent 0.2 log: fold change, while the horizontal dashed line marks —logio (0.05).
Proteins that meet the significance threshold (P < 0.05) are annotated with names. B.
Protein Expression Trend. Table classifies each protein into one of four categories based
on its log: fold-change (FC) and p-value: Significantly Upregulated (Log:FC > 0; P <
0.05), Significantly Downregulated (Log:FC < 0; P < 0.05), Positive Trend (0 < Log2FC);
Negative Trend (Log:F'C < 0); C. Plot for Top 4 DEP proteins. The bar graph displays the
mean = SD log: fold change for the top 4 upregulated DEP proteins related to glucose
metabolism: DCXR, GAA, PKM, and TIGAR. Asterisks indicate statistical significance
(*P <0.05; ¥**P < 0.01; ***P < 0.001; ****P < 0.0001).
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Fig.60. Proteins related to glycolipid metabolism in hCOs after nFGFRI1 upregulation.
A. Volcano plot. A total of 25 proteins related to glycolipid metabolism (GO.:0006664)
were identified in hCOs treated with DOX and DMSO (control). Among these, nine proteins
were significantly upregulated (Log2FC > 0 ; P < 0.05), while only two were significantly
downregulated. These proteins are displayed as yellow circles. The x-axis displays log:
fold changes (DOX vs. control), where positive values reflect upregulation and negative
values denote downregulation. The y-axis illustrates —logio p-values from two-tailed t-tests,
with greater values indicating stronger statistical validation. Vertical dashed lines
represent 0.2 log: fold change, while the horizontal dashed line marks —logio (0.05).
Proteins that meet the significance threshold (P < 0.05) are annotated with names. B. GO
Enrichment. Bar charts illustrate the top ten GO biological processes (BP) enriched in
upregulated DEPs related to glycolipid metabolism (GO:0006664) in 60-day hCOs
following nFGFRI1 upregulation, C. Protein Expression Trend Categories. Table classifies
each protein into one of four categories based on its log: fold-change (FC) and p-value:
Significantly Upregulated (Log:F'C > 0; P < 0.05), Significantly Downregulated (Log:FC
< 0; P<0.05); Positive Trend (0 < Log:FC), Negative Trend (Log2F'C < (0); D. Plot for
Top 4 DEP proteins. The bar graph displays the mean + SD log: fold change for the top
DEP proteins related to glycolipid metabolism: GALC, GM2A (upregulated), and ITGBS,
PGAPI (downregulated). Asterisks indicate statistical significance (*P<0.05; **P<0.01;
¥*REP < 0.001; **¥**P < 0.0001).

156



5.19. nFGFR1 alters the balance between autophagy and lysosomal

pathways in hCOs

Fibroblast growth factor receptors, including FGFR1, have been shown to
influence intracellular trafficking, autophagic signaling, and lysosomal processing,
with dysregulation linked to altered cellular homeostasis in both neural and non-
neural contexts (Chen et al., 2016; Cho et al., 2004; Haugsten et al., 2008). FGFR1
has also been implicated in promoting protective autophagy in response to stress,
independent of classical receptor signaling, and in directing lysosomal and
endosomal sorting. To investigate the impact of nuclear FGFR1 (nFGFR1) on
autophagic flux, mitophagy, and lysosomal function during cortical development,
a comprehensive proteomic analysis was performed in human cortical organoids
following inducible nFGFR1 upregulation-

In my study of the proteomic profiling of 60-day-old human cortical organoids
(hCOs) after conditional upregulation of nFGFRI1, I observed modulation of
autophagic and lysosomal pathways. Among 436 proteins associated with
autophagy (GO:0006914), 10 proteins were significantly upregulated and three
were downregulated (Fig.61). In addition, a clear trend in the expression of
autophagy-related proteins was not observed - 199 proteins showed a tendency to
be downregulated, whereas 237 were upregulated (Fig.61B). The upregulated
factors included TGFBRAP1 (TGF-B receptor-associated protein 1), LAMP2
(lysosome-associated membrane protein 2; which is essential for chaperone-
mediated autophagy), and CTSB (cathepsin B; a lysosomal protease involved in
protein degradation). This suggests enhanced autophagosome maturation and
lysosomal degradation. In contrast, the downregulation of NEDD4L (NEDD4-like
E3 ubiquitin ligase, tags proteins for degradation) and VPS13A (vacuolar protein
sorting—associated protein 13A, regulates lipid transport) was observed, implying
an imbalance in autophagosome turnover and vesicular trafficking following
nFGFR1 upregulation (Fig.61C). Furthermore, the GO enrichment analysis
revealed a dual trend: processes such as macroautophagy (GO:0016236), vacuole
organization (GO:0007033), and autophagosome maturation (GO:0097352)
showed upregulation, while pathways like the regulation of autophagy
(GO:0010506), regulation of macroautophagy (GO:0016241), and regulation of
mitophagy (GO:1901524) were downregulated (Fig.62). This suggests

a dysregulated autophagic response due to the increased expression of nFGFR1.
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Unlike autophagy proteins, I observed only modest changes in mitophagy-
related proteins (GO:0000423) after nFGFR1 upregulation. Among the 107
mitophagy-related proteins, 4 were significantly upregulated and 6 proteins were
significantly downregulated (Fig.63). Downregulated proteins such as TOMM?22
(translocase of the outer mitochondrial membrane 22; targets nuclear-encoded
proteins to mitochondria), HTT (huntingtin), and DNM1L (dynamin-1-like protein;
gTPase regulating mitochondrial fission network dynamics) are essential for
mitochondrial quality control, suggesting subtle impairments in mitophagic
clearance. However, a relatively even distribution of upregulated (n=54) and
downregulated (n=52) mitophagy proteins noted. This indicates that the
upregulation of nFGFR1 does not significantly impair mitophagy globally but
instead leads to minor alterations in mitochondrial quality control mechanisms.

In contrast, lysosomal pathways exhibited a broader activation following
nFGFR1 activation. Among the 329 lysosomal proteins (GO:0005764), I identified
18 that were significantly upregulated, including CTSB (cathepsin B), GRN
(progranulin, which regulates lysosomal enzyme activity), and GUSB
(glucuronidase, a lysosomal hydrolase that degrades glycosaminoglycans). These
proteins are essential for lysosomal degradation and lipid metabolism (Fig.64).
Conversely, only five proteins were significantly downregulated. GO enrichment
of the upregulated proteins revealed an enrichment of terms such as vacuole
organization (GO:0007033), lysosome organization (GO:0007040), glycolipid
catabolic process (GO:0019377), and regulation of lysosomal lumen pH
(GO:0035751). This indicates robust upregulation of lysosomal biogenesis and
functionality following nFGFR1 wupregulation. On the other hand, the
downregulated lysosomal proteins were enriched in GO terms related to RNA and
protein localization pathways, including protein localization to the nucleoplasm
(GO:1990173) and RNA localization to the nucleus (GO:0090685), suggesting
suppression of nuclear-lysosomal communication upon nFGFRI1 activation
(Fig.65).

In summary, nFGFR1 overexpression in cortical organoids (hCOs) induces
divergent dual effects on autophagic networks - it enhances late-stage autophagy
and lysosomal degradation while slightly modulating mitophagy at the protein

level. This may reflect a compensatory mechanism to maintain cellular homeostasis
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during metabolic reprogramming and mitochondrial remodeling triggered by

nFGFR1 activity.
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Fig.61. Proteins associated with autophagy in hCOs following nFGFRI upregulation.
A. Volcano plot. A total of 436 proteins related to autophagy (GO:0006914) were identified
in hCOs treated with DOX and DMSO (control). Among these, 10 proteins were
significantly upregulated (Log2FC > 0.2, P < 0.05), while three were significantly
downregulated. These proteins are displayed as green circles. The x-axis displays log: fold
changes (DOX vs. control), where positive values reflect upregulation and negative values
denote downregulation. The y-axis illustrates —logio p-values from two-tailed t-tests, with
greater values indicating stronger statistical validation. Vertical dashed lines represent
+0.2 log: fold change, while the horizontal dashed line marks p = 0.05. Proteins that meet
both criteria thresholds (log: FC > 0.2; P < 0.05) are highlighted in blue (upregulation) or
red (downregulation) and annotated by name; B. Protein Expression Trend Categories.
Table classifies each protein into one of four categories based on its log: fold-change (FC)
and p-value: Significantly Upregulated (Log:FC = 0.2; P < 0.05); Significantly
Downregulated (Log2FC <-0.2; P < 0.05),; Positive Trend (0 < Log:FC),; Negative Trend
(Log:FC < 0), C. Plot for Top 4 DEP proteins. The bar graph displays the mean = SD log:
fold change for the top DEPs autophagy proteins: LAMP2, NEDD4L, TGFBRAPI
(upregulated), and VPS13A4 (downregulated). Asterisks indicate statistical significance (*P
<0.05; **P<0.01; ¥***P <0.001; ****P < 0.0001).
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Fig.62. GO enrichment of autophagy proteins following nFGFRI activation in hCOs.
Bar charts illustrate the top ten GO biological processes (BP) associated with DEPs
related to autophagy (GO:0006914) in 60-day hCOs following nFGFRI upregulation.
Panel A displays the top ten biological processes significantly enriched among upregulated
proteins, while Panel B presents the top ten processes enriched among downregulated
proteins. Enrichment was determined using proteins with log: FC > 0 (upregulated) or <
0 (downregulated) and P < 0.05. Each bar represents the number of differentially

expressed proteins contributing to that GO term.
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Fig.63. Proteins associated with mitophagy in hCOs following nFGFRI upregulation.
A. Volcano plot. A total of 96 mitophagy-related proteins (GO:0000423) were identified in
hCOs treated with DOX and DMSO (control). Among these, 6 proteins were significantly
upregulated (Log2FC > 0 ; P < 0.05), while 4 were significantly downregulated. These
proteins are displayed as green circles. The x-axis displays log: fold changes (DOX vs.
control), where positive values reflect upregulation and negative values denote
downregulation. The y-axis illustrates —logio p-values from two-tailed t-tests, with greater
values indicating stronger statistical validation. Vertical dashed lines represent £0.2 log:
fold change, while the horizontal dashed line marks —logio (0.05). Proteins that meet the
significance threshold (P < 0.05) are highlighted by name. B. Protein Expression Trend
Categories. Table classifies each protein into one of four categories based on its log: fold-
change (FC) and p-value: Significantly Upregulated (LogF'C > 0; P < 0.05); Significantly
Downregulated (Log2FC < 0; P < 0.05), Positive Trend (0 < Log:FC); Negative Trend
(Log:FC < 0).
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Fig.64. Lysosomal proteins in hCOs following nFGFRI1 upregulatton A. Volcano plot.
A total of 329 lysosomal proteins (GO:0005764) were identified in hCOs treated with DOX
and DMSO (control). Among these, 18 proteins were significantly upregulated (Log2FC >
0.2, P<0.05), while five were significantly downregulated. These proteins appear as green
circles. The x-axis displays log: fold changes (DOX vs. control), where positive values
reflect upregulation and negative values denote downregulation. The y-axis illustrates —
logio p-values from two-tailed t-tests, with greater values indicating stronger statistical
validation. Vertical dashed lines represent £0.2 log: fold change, while the horizontal
dashed line marks —logio (0.05). Proteins meeting both criteria thresholds (log: FC > 0.2;
P<0.05) are highlighted in blue (upregulation) or red (downregulation) and are annotated
with names. B. Protein Expression Trend. Table classifies each protein into one of four
categories based on its log: fold-change (FC) and p-value: Significantly Upregulated
(Log:FC > 0.2; P < 0.05); Significantly Downregulated (Log:FC < —0.2; P < 0.05);
Positive Trend (0 < Log:FC); Negative Trend (Log:FC < 0); C. Plot for Top 4 DEP
proteins. The bar graph displays the mean £ SD log: fold change for the top DEP
autophagy proteins: ECEl, GALC (upregulated) and CTSA, VPS13A (downregulated).
Asterisks indicate statistical significance (*P < 0.05; **P < 0.01; ***P < 0.001; ****P <
0.0001).
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Fig.65. GO enrichment of lysosomal proteins after nFGFRI induction in hCOs. Bar
charts illustrate the top ten GO biological processes (BP) associated with DEPs lysosomal
proteins (GO:0005764) in 60-day hCOs following nFGFR1 upregulation. Panel A displays
the top ten biological processes significantly enriched among upregulated proteins, while
Panel B presents the top ten processes enriched among downregulated proteins.
Enrichment was determined using proteins with log: FC > 0 (upregulated) or < 0
(downregulated) and P < 0.05. Each bar represents the number of differentially expressed

proteins contributing to that GO term.
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5.20. nFGFR1 differentially regulates cytoplasmic and mitochondrial

translation

Translational regulation plays a critical role in brain development, enabling
compartment-specific adaptation of protein synthesis to meet energy demands and
facilitate cellular remodeling. Mitochondrial translation, in particular, has emerged
as a key axis for neuronal maturation and synaptic plasticity (Borisova et al., 2024;
Bruce et al., 2024). Nuclear FGFR1 has been shown to interact with signaling
pathways that influence cytoplasmic translation through direct phosphorylation of
translational regulators such as RSK (Hu et al., 2004). Moreover, FGFR1 activation
has been reported to alleviate translational repression under oxidative stress,
supporting proteostasis in models of neurodegenerative neurotoxicity (Ito et al.,
2025). To investigate whether nuclear FGFR1 (nFGFRI1) differentially affects
mitochondrial and cytoplasmic translation, proteomic profiling of human cortical
organoids was performed, revealing a coordinated upregulation of mitochondrial
translational machinery alongside suppression of cytoplasmic ribosomal processes.

I conducted a proteomic profiling study on 60-day-old human cortical organoids
(hCOs) that express increased levels of nuclear FGFR1 (nFGFR1) through
doxycycline induction. This study revealed a compartment-specific shift in the
cellular translation machinery. I identified a total of 292 proteins associated with
the gene ontology term "translation" (GO:0006412), of which 28 were significantly
upregulated, while only nine proteins were significantly downregulated (Fig.66).
Additionally, the global directionality appeared balanced, with 153 proteins
upregulated and 139 downregulated. The GO enrichment analysis indicated that
nFGFR1 affects the balance between mitochondrial and cytoplasmic translation
pathways: upregulated proteins were predominantly enriched in mitochondrial gene
expression (GO:0100153) and translation, including mitochondrial translation
(GO:0032543), translational initiation (GO:0043043), regulation of translational
initiation (GO:0006446), tRNA aminoacylation for protein translation
(GO:0006418), and rRNA processing (GO:0006364). Conversely, downregulated
proteins were enriched in cytoplasmic translation—associated processes such as
regulation of translation (GO:0006417), translational elongation (GO:0006414) and
termination (GO:0006415), ribosome assembly (GO:0042255) and disassembly
(GO:0030720), rescue of stalled ribosomes (GO:0072544), protein complex
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disassembly (GO:0032984), organelle disassembly (GO:1903008), and mitotic
cell-cycle phase transition.

Specifically, I found that proteins involved in mitochondrial translation
(GO:0032543) showed an overall increase. Among the 8 mitochondrial translation-
related proteins, I observed that 17 were significantly upregulated (P < 0.05), while
no proteins were significantly downregulated (Fig. 67). Notably, several
mitochondrial ribosomal proteins, including MRPS26 (mitochondrial 28S
ribosomal protein S26), MRPS23 (mitochondrial 28S ribosomal protein S23),
MRPS7 (mitochondrial 28S ribosomal protein S7; binds 12S rRNA and aids mRNA
decoding in mitochondria), MRPS25 (mitochondrial 28S ribosomal protein S25),
and MRPL24 (mitochondrial 39S ribosomal protein L24), as well as YARS2
(a mitochondrial tyrosyl-tRNA synthetase; charges tRNATyr for mitochondrial
protein translation), were markedly upregulated, reflecting an enhanced capacity
for mitochondrial protein synthesis (Fig.67D). Enrichment analysis further revealed
upregulation in mitochondrial gene expression (GO:0140053), mitochondrial RNA
metabolism (GO:0000959), mitochondrial transcription (GO:0006390), tRNA
aminoacylation  (GO:0043039, GO:0006418), amino acid activation
(GO:0043038), and ribosomal subunit assembly (GO:0000028), suggesting an
enhanced mitochondrial biogenesis and functional adaptation in response to
increased nFGFR1 activity (Fig.67B).

In contrast, cytoplasmic translation (GO:0002181) displayed an overall
downward trend. Among the 109 cytoplasmic translation-related proteins
identified, 84 were downregulated while only 19 were upregulated. The
downregulated components included RPL24 and RPL34, both essential members
of the large ribosomal subunit, indicating a reduction in cytoplasmic translation
(Fig.61).

In summary, these results demonstrate that nuclear FGFR1 orchestrates a divergent
translational program in cortical organoids, downregulating cytoplasmic translation
while enhancing mitochondrial protein synthesis. This compartment-specific
modulation likely reflects a shift in energy demand and proteostasis, possibly due

to a compensatory mechanism to sustain mitochondrial function.
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Fig.66. Proteins related to translation proteins (G0:0006412) in hCOs following
nFGFRI upregulation. A. Volcano plot. A total of translation proteins (GO:0006412)
were found in hCOs treated with DOX compared to DMSO (control). Among these, 28
proteins were significantly upregulated (P < 0.05), while nine were significantly
downregulated. Translational proteins appear as pink circles. The x-axis displays log: fold
changes (DOX vs. control), where positive values reflect upregulation and negative values
denote downregulation. The y-axis illustrates —logio p-values from two-tailed t-tests, with
greater values indicating stronger statistical validation. Vertical dashed lines represent
+0.2 log: fold change, while the horizontal dashed line marks —logio (0.05). Proteins
meeting the significance threshold (P < 0.05) are annotated with names. B. Protein
Expression Trend Categories. Table classifies each protein into one of four categories
based on its log: fold-change (FC) and p-value: Significantly Upregulated (Log:F'C > 0; P
< 0.05); Significantly Downregulated (Log:FC < 0; P < 0.05),; Positive Trend (0 <
Log:FC),; Negative Trend (LogF'C < ().
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Fig.67. GO enrichment of translational proteins following nFGFRI1 activation in hCOs.
Bar charts illustrate the top ten GO biological processes (BP) associated with DEPs
related to translation proteins (GO:0006412) in 60-day hCOs following nFGFRI
upregulation. Panel A shows the top ten biological processes that are significantly enriched
among upregulated proteins, while Panel B presents the top ten processes that are enriched
among downregulated proteins. Enrichment was determined using proteins with log: fold-
change > 0 (upregulated) or < 0 (downregulated) and P < 0.05. Each bar indicates the
number of differentially expressed proteins associated with that GO term.
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Fig.68. Proteins related to mitochondrial translation (GO:0032543) in hCOs following
nFGFRI activation. A. Volcano plot. A total of 86 proteins related to mitochondrial
translation (GO:0032543) were identified in hCOs treated with DOX and DMSO (control).
Among these, 17 proteins were significantly upregulated (P < 0.05), while none were
significantly downregulated. These proteins are displayed as pink circles. The x-axis
displays log: fold changes (DOX vs. control), where positive values reflect upregulation
and negative values denote downregulation. The y-axis illustrates —logio p-values from
two-tailed t-tests, with greater values indicating stronger statistical validation. Vertical
dashed lines represent 0.2 log: fold change, while the horizontal dashed line marks —logio
(0.05). Proteins meeting the significance threshold (P < 0.05) are annotated with names.
B. GO Enrichment. Bar charts illustrate the top ten GO biological processes (BP) enriched
in upregulated DEPs related to mitochondrial translation (GO:0032543) in 60-day hCOs
following nFGFRI1 upregulation, C. Protein Expression Trend Categories. Table classifies
each protein into one of four categories based on its log: fold-change (FC) and p-value:
Significantly Upregulated (Log:F'C > 0; P < 0.05); Significantly Downregulated (Log:FC
< 0; P<0.05); Positive Trend (0 < Log:FC), Negative Trend (Log2F'C < 0); D. Plot for
Top 4 DEP proteins. The bar graph displays the mean + SD log: fold change for the top
four upregulated DEPs mitochondrial translation proteins: MRPL24, MRPS23, MRPS26,
and YARS?2. Asterisks indicate statistical significance (*P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001).
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Fig.69. Proteins associated with cytoplasmic translation (G0:0002181) in hCOs after
nFGFRI activation. A. Volcano plot. A total of 109 proteins related to cytoplasmic
translation (GO:0002181) were identified in hCOs treated with DOX and DMSO (control).
These proteins are displayed as pink circles. The x-axis displays log: fold changes (DOX
vs. control), where positive values reflect upregulation and negative values denote
downregulation. The y-axis illustrates —logio p-values from two-tailed t-tests, with greater
values indicating stronger statistical validation. Vertical dashed lines represent 0.2 log:
fold change, while the horizontal dashed line marks —logio (0.05). Proteins meeting the
significance threshold (P < 0.05) are annotated with names. B. Protein Expression Trend.
Table classifies each protein into one of four categories based on its log: fold-change (FC)
and p-value: Significantly Upregulated (P < 0.05); Significantly Downregulated (P <
0.05); Positive Trend (0 < Log:FC), Negative Trend (Log:FC < 0); C. Plot for Top 4 DEP
proteins. The bar graph displays the mean £ SD log: fold change for the top four DEPs
cytoplasmic translation proteins: DHX29, RPS21 (upregulation), and RPL24, RPL34
(downregulation). Asterisks indicate statistical significance (*P < 0.05; **P < 0.01; ***P
<0.001; ****P < 0.0001).
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5.21. nFGFR1 enhances oxidative stress response proteins without

perturbing apoptotic signaling

Reactive oxygen species (ROS) have been recognized as critical modulators of
neuronal development, influencing processes ranging from proliferation and
differentiation to synaptic plasticity and programmed cell death. FGFR1 signaling
has been shown to confer neuroprotection by mitigating oxidative stress, regulating
redox homeostasis, and buffering against protein synthesis impairment and p53
accumulation under toxic conditions (Biswas et al., 2022; Ito et al., 2025; Wang et
al., 2020). To assess whether nuclear FGFR1 (nFGFR1) influences oxidative
resilience and apoptosis during early corticogenesis, I conducted a proteomic
analysis in human cortical organoids, revealing a coordinated activation of
antioxidant responses alongside a reconfiguration of apoptotic signaling pathways.
In the proteomic analysis of 60-day-old human cortical organoids (hCOs), an
induction of oxidative stress response pathways and alterations in apoptotic
signaling were observed following the upregulation of nFGFR1. Eight proteins
were significantly upregulated, while only one was downregulated (Fig.70).
Moreover, a general trend of upregulation was noted, with 50 proteins showing
increased levels and 29 downregulated. Among the upregulated proteins, OXR1
(oxidation resistance 1), PRDX3 (peroxiredoxin 3, a mitochondrial peroxidase that
reduces hydrogen peroxide), PRDXS5 (peroxiredoxin 5), and ROMOI1 (reactive
oxygen species modulator 1, a mitochondrial membrane protein regulating ROS)
were included. This indicates the activation of antioxidant defense mechanisms,
regulation of mitochondrial redox state, and protection against oxidative damage
following nFGFR1 activation.

Next, I examined the GO enrichment of the upregulated proteins associated with
the GO term “response to oxidative stress” (G0O:0032543). This analysis revealed
the upregulation of several stress-related processes, such as “response to reactive
oxygen species” (GO:0000302), “cellular response to oxidative stress”
(GO:0034599), “response to hydrogen peroxide” (G0O:0042542), and “reactive
oxygen species metabolic process” (GO:0072593). Additionally, terms such as
“response to lipopolysaccharide” (GO:0032496) and “response to molecules of
bacterial origin” were also upregulated (GO:0002237) (Fig.70B). These results
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suggest that nFGFR1 activates an adaptive redox response to alleviate increased
metabolic or mitochondrial stress.

In contrast, I observed that the apoptotic proteins appeared to be more balanced.
Out of the 377 apoptosis-related proteins (GO:0006915), 190 showed an
upregulation trend and 187 indicated a downregulation trend (Fig.71), with six
proteins significantly upregulated and seven significantly downregulated. Both pro-
apoptotic and anti-apoptotic proteins were identified within these proteins upon
the addition of doxycycline. Among the upregulated proteins, proteins such as
OXR1 (oxidation resistance 1; regulates mitochondrial antioxidant defenses),
NDUFA13 (Complex I subunit GRIM-19; regulates mitochondrial electron
transport), and SLIT2 (Slit Guidance Ligand 2; guidance cue that modulates
mitochondrial dynamics and neuroprotection) were detected. On the other hand,
proteins that were downregulated included PRKCA (protein kinase C a; promotes
cell survival), BCL11B (B-cell cLL/lymphoma 11B; zinc-finger transcription
factor that suppresses apoptosis), and CAMK2A (calmodulin-dependent kinase II
a; regulates cell death pathways), which are important regulators of apoptotic
signaling. (Fig.71C). GO enrichment analysis further illustrated this duality. The
downregulated pathways included “regulation of apoptotic signaling pathway”
(GO:2001233), “negative regulation of apoptotic signaling pathway”
(GO:2001234), “protein localization” (GO:1903829), and “DNA damage
checkpoint signaling” (GO:0000077). This suggests a suppression of upstream
apoptotic signaling and stress checkpoints. In contrast, the upregulated processes
included “intrinsic apoptotic signaling pathway” (GO:0097193), “positive
regulation of cysteine-type endopeptidase activity” (GO:2000116), and “positive
regulation of hydrolase activity” (GO:0051345), indicating an activation of
proteolytic mechanisms (Fig.72A-B).

Overall, the results suggest that nFGFR1 promotes an antioxidant environment
within cells while also modifying apoptotic protein pathways. Rather than simply
triggering or stopping cell death, nFGFR1 seems to refine apoptotic regulation,
minimizing stress-induced apoptosis while permitting the activation of downstream
caspase activity. This dual modulation likely promotes neuronal survival and
maintains homeostasis in the context of the extensive metabolic reprogramming

caused by nuclear FGFR1 signaling.

171



A B Upregulated (BP)
5._ Downregulated ' G0:0006979 - response o oxidative stress |
GO:0000302 - response to reactive oxygen species
GO:0062197 - cellular response to chemical stress
4 1 G0:0034599 - cellular response to oxidative stress
g 9XR1 GO:0072593 - reactive oxygen species metabolic process I
g G0:0034614 - cellular response to reactive oxygen species |
o3 :l
G0:0032496 - response to lipopolysaccharide
-
173 > COL6A\1
Q TOP2B GO0:0002237 - response to molecule of bactenal ongin |
'; 3 ~ADAM9
G0:0042542 - response to hydrogen peroxide :]
PRDX5
%2- , IPM1 GO0:0080143 it lati f tium fi i ]
- - positive regulation of syncytium formation
5] PRDX3% ROMO1
-l - 0 2 8
' CAPNzZ Number of Proteins
1 g
BHETY" 0
{:,j :': 4
0+ g
-1 0 1 2 3
Log2 Fold Change
C D Log2 Fold Change Response to Oxidative Stress
- | o L - *
Proteins §
Downregulated |1 5
(p>0,05; FC<-0,2) ;_’ 0
Downregulated |28 o
Trend £
Upregulated |8 g'
(p>0,05; FC>0,2) L4
Upregulated |42 E
Trend & lﬁ
ADAMS OXR1 PRDX5 ROMO1

Fig.70. Proteins related to response to oxidative stress in hCOs following nFGFRI1
upregulation. A. Volcano plot. A total of 70 proteins related to “response to oxidative
stress” (GO:0032543), were identified in hCOs treated with DOX and DMSO (control).
Among these, eight proteins were significantly upregulated (P < 0.05), while only one
protein was significantly downregulated. These proteins are displayed as orange circles.
The x-axis displays log: fold changes (DOX vs. control), where positive values reflect
upregulation and negative values denote downregulation. The y-axis illustrates —logio p-
values from two-tailed t-tests, with greater values indicating stronger statistical validation.
Vertical dashed lines represent 0.2 log: fold change, while the horizontal dashed line
marks —logio (0.05). Proteins meeting the significance threshold (P < 0.05) are annotated
with names. B. GO Enrichment. Bar charts depict the ten most enriched GO biological
processes (BP) related to upregulated DEPs involved in “response to oxidative stress”
(GO:0032543) in 60-day hCOs after nFGFR1 upregulation; C. Protein Expression Trend
Categories. Table classifies each protein into one of four categories based on its log: fold-
change (FC) and p-value: Significantly Upregulated (Log:F'C > 0; P < 0.05); Significantly
Downregulated (Log:FC < 0; P < 0.05); Positive Trend (0 < Log:FC); Negative Trend
(Log:FC < 0); D. Plot for Top 4 DEP proteins. The bar graph shows the mean = SD log:
fold change for the top four upregulated DEPs related to oxidative stress response:
ADAMY, OXR1, PRDXS5, and ROMOI. Asterisks denote statistical significance (*P < 0.05;
**P <0.01; ¥**P < 0.001; ¥****P <0.0001).
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Fig.71. Proteins involved in apoptosis pathways in hCOs after nFGFRI upregulation.
A. Volcano plot. A total of 377 proteins associated with apoptosis (GO:0006915) were
identified in hCOs treated with DOX and DMSO (control). Among these, six proteins were
significantly upregulated (Log2FC > 0.2, P < 0.05), while seven proteins were significantly
downregulated. These proteins are displayed as brown circles. The x-axis displays log: fold
changes (DOX vs. control), where positive values reflect upregulation and negative values
denote downregulation. The y-axis illustrates —logio p-values from two-tailed t-tests, with
greater values indicating stronger statistical validation. Vertical dashed lines represent
+0.2 log: fold change, while the horizontal dashed line marks —logio (0.05). Proteins
meeting both criteria thresholds (log: FC > 0.2; P < 0.05) are highlighted in blue
(upregulation) or red (downregulation) and are annotated with names. B. Protein
Expression Trend Categories. The table classifies each protein into one of four categories
based on its log: fold-change (FC) and p-value: Significantly Upregulated (Log:FC > 0.2,
p < 0.05); Significantly Downregulated (Log:FC < —0.2; P < 0.05), Positive Trend (0 <
Log:FC); Negative Trend (LogF'C < 0).
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Fig.72. GO enrichment of apoptosis-related proteins (GO:0006915) after nFGFRI
induction in hCOs. Bar charts illustrate the top ten GO biological processes (BP)
associated with DEPs related to apoptosis (GO:0006915) in 60-day hCOs after nFGFRI
upregulation. Panel A shows the top ten biological processes that are significantly enriched
among upregulated proteins, while Panel B presents the top ten processes that are enriched
among downregulated proteins. Enrichment was determined using proteins with log: fold-
change > 0 (upregulated) or < 0 (downregulated) and P < 0.05. Each bar indicates the

number of differentially expressed proteins associated with that GO term.
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6. Discussion

During the differentiation of embryonic and neural stem cells, a transient
accumulation of FGFR1 is observed in the cell nucleus. This process is increased
in schizophrenia, leading to premature formation of subcortical neurons and cortical
malformations, and expanded in cancer cells with fgfrl gene duplications,
promoting EMT and metastasis.

This dissertation tested the central hypothesis that the accumulation of the
nuclear form of the fibroblast growth factor receptor 1 (nFGFR1), which occurs
during cortical development in neural stem/progenitor cells (NSPCs) as they
differentiate into neuronal lineage cells, governs mitochondrial dynamics and
neuronal development during early human brain development. The investigation
also addressed the significance of the increased nuclear accumulation of nFGFRI,
which is associated with the premature generation of subcortical neurons in
schizophrenia neuronal progenitors and could underlie the disruption of
mitochondrial processes. I have utilized the previously established recombinant
FGFRI1(SP-/NLS), in which the FGFR1 signal peptide (SP) was replaced by the
Nuclear Localization Signal (NLS), directing the translation of FGFR1 mRNA into
ribosomes and the FGFR1 nascent protein into the cytosol, followed by NLS-
mediated translocation into the nucleus. This modification eliminates the phase
during which the newly synthesized endogenous FGFRI1 protein is released from
the Golgi and translocated into the nucleus by an NLS-containing ligand (nuclear
FGFR1 pathway) or is fully processed by the Golgi and integrated into the plasma
membrane (cell surface FGFR1).

Similar to the endogenous nFGFRI1, FGFRI(SP-/NLS) associates with
chromatin and, along with CBP and other partner proteins, influences gene
expression. To test my hypotheses, I engineered an inducible hiPSCTe36-FGFRI(SP-
/NLS) line by stably integrating a recombinant Tet3G-regulated FGFR1 transgene
(FGFRI1(SP-/NLS)) into the CLYBL safe harbor locus. The established hiPSCTe3¢-
FGFRI(SP-NLS) Jine maintained expression of pluripotency markers and tri-lineage
differentiation potential while enabling doxycycline-inducible expression of
nFGFR1 across various hiPSC-derived in vitro platforms - embryoid bodies (EBs),
neuroepithelial stem (NES) cells, and human cortical organoids (hCOs). My

research strategy integrated multi-scale functional assessments, including gene
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expression, live-cell reporter imaging, immunofluorescence, morphometric
analysis of mitochondria and neuronal rosettes, and proteomic analysis of hCO, to
evaluate how nFGFR1 modulates cortical development and mitochondrial
regulation across three developmental platforms. I examined changes in NSPCs’
proliferation, lineage commitment, mitochondrial morphology, mitophagy,
mitochondrial biogenesis, bioenergetics, apoptosis, and global proteomics.

The results indicate that a moderate increase in nFGFR1 expression during early
neurogenesis in cortical organoids influences mitochondrial dynamics, neuronal
development, and metabolic adaptation by targeting both nuclear and mitochondrial
genomes. The up-regulation of FGFRI1 selectively enhanced progenitor
proliferation and promoted deep-layer neuronal differentiation while diminishing
synaptic maturation. At the mitochondrial level, nFGFR1 induced remodeling of
mitochondrial networks, enhanced region-specific mitophagy via PINK1-Parkin
signaling, and facilitated LC3B autophagosome recruitment, predominantly in
cortical plate regions. Notably, these effects did not coincide with changes in
mitophagy-related genes and proteins at the global hCO level, suggesting region-
specific regulatory mechanisms. While nFGFR1 did not activate mitochondrial
biogenesis pathways (e.g., PGCla promoter activity or mtDNA replication), it
increased the expression of the mitochondrial-encoded gene MT-ATP6. This was
accompanied by elevated ATP production and mitochondrial membrane potential,
indicating that nFGFR1 enhances mitochondrial bioenergetic efficiency rather than
mitochondrial biogenesis. Moreover, nFGFR1 elevated ROS levels without
triggering apoptosis or integrated stress responses. Cell viability and metabolic
activity (ATP levels, membrane potential) increased, indicating that nFGFRI
promotes a state of metabolic resilience and adaptation without compromising
cellular equilibrium. Notably, nFGFRI targets both nuclear and mitochondrial
genomes by binding to promoter regions of key mitochondrial regulators and
influencing transcriptional programs associated with mitochondrial quality control.
The genomic effects of nNFGFR1 were associated with global proteomic remodeling,
revealing broad shifts in developmental, metabolic, and mitochondrial pathways.
Together, these findings advance a new neurodevelopmental model in which
nFGFR1 acts as a dual-regulatory role for both mitochondrial and nuclear genomes
that integrates developmental and metabolic signals to shape early human cortical

development. This research also supports the concept that the overexpression and
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increased expression of nFGFRI1, observed in schizophrenia NPC, may drive
premature subcortical neuronal differentiation and mitochondrial dysfunction. In
the following sections, each major result will be reviewed in light of recent literature
and interpreted in relation to the original hypothesis, demonstrating the role of
nFGFR1 as a dual-genome modulator of developmental and mitochondrial

dynamics during human neuronal development.

6.1. Establishment of human induced pluripotent cells with conditional
nFGFR1 expression

In this study, I established a doxycycline-inducible human induced pluripotent
stem cell line, hiPSCTeBGFGFRISP-NLS) - by targeting the CLYBL (encoding
Citramalyl-CoA lyase enzyme) safe harbor locus on human chromosome 13 with
a nuclear FGFR1 (nFGFR1) transgene that lacks a signal peptide (SP), driven by
a doxycycline-inducible promoter. This allowed for moderate, conditional
upregulation of nFGFRI levels throughout differentiation in various hiPSCTe=6-
FGERI(SP-NLS) _derived in vitro culture models. The system demonstrated the ability
to bypass key limitations associated with other safe harbor systems (particularly
AAVS1), which have faced gene silencing and gradual loss of transgene expression
during directed in vitro stem cell differentiation (Bhagwan et al., 2020; Klatt et al.,
2020).

The hiPSCTeBG-FGFRI(SP-NLS) [ine exhibits typical stem cell morphology,
expresses key pluripotent markers (OCT3/4, NANOG, SSEA-4, SOX?2), and retains
the ability to differentiate into ectodermal, mesodermal, and endodermal lineages.
Moreover, NSPC cells differentiated from hiPSCTeB3G-FGFRISP-NLS) express neural
markers such as PAX6 and Nestin, confirming the maintenance of neural
stemness. The CLYBL locus was chosen based on Cerbini et al. (2015), who
reported that CLYBL targeting ensured the durability of transgene expression. In
my investigation, this targeting sustained transgene expression during neural
induction and neuronal development, as evidenced by persistent nFGFRI
inducibility across neuroepithelial NSPCs, embryoid bodies (EBs), and human
cortical organoids (hCOs) (Cerbini et al., 2015). An alternative AAVS1 site proved
to be more prone to epigenetic silencing and loss of expression upon cell lineage
commitment. Although Patterson et al. (2020) reported stable expression of

tdTomato under the strong constitutive CAG promoter in the AAVSI1 locus, it
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experienced promoter-dependent variability when using cell-type—restricted or
weaker regulatory elements (Patterson et al., 2020). In line with this, Klatt et al.
(2020) showed that myeloid-specific promoters (e.g., MRPS) were silenced in
iPSC-derived myeloid cells due to CpG methylation, a mechanism consistent with
broader findings on chromatin remodeling during differentiation (Klatt et al.,
2020).

In my study, a doxycycline-driven inducible expression of the nuclear form
of FGFRI under the control of the Tet3G promoter allowed for effective and
reproducible temporal control. We do not observe promoter leakinessin the
absence of doxycycline, indicating that nFGFR1 expression is strictly regulated.
Previous studies have shown that promoter leakiness is a common issue that often
affects inducible cell lines integrated at the AAVSI locus (Schmid et al., 2021;
Wang et al., 2017). The efficacy of my configuration was also recently
demonstrated by Miellet et al. (2024), who utilized the CLYBL locus to introduce
DOX-inducible NGN2 in hESCs, resulting in efficient and stable neuronal
differentiation (Miellet et al., 2024).

Transgene silencing is a bottleneck for long-term in vitro culture systems.
Silencing events have been attributed to locus-specific epigenetic regulation and
promoter methylation (Cabrera et al., 2022). In this thesis, the combination of
CLYBL integration and strong promoter elements likely mitigated such effects, as
demonstrated by the stable expression of mApple and nFGFR1 during extended
neural differentiation across three different differentiation platforms: embryoid
bodies (EBs), neuroepithelial stem (NES) cells, and human cortical organoids
(hCOs), lasting at least two months. The ability of the engineered hiPSCFOFRI(SP-
/NLS) line to differentiate into neuroepithelial stem (NES) cells and hCOs was
preserved, which was essential for successfully modeling human cortical
development.

In summary, I have developed the hiPSCFSFRIGP-NLS) Jine which specifically
expresses a nuclear FGFR1 by targeting the CLYBL safe-harbor locus using the
TALEN method. The established hiPSCTeB3G-FGFRI(SP-NLS) [ine retains pluripotency
and can differentiate into all three germ layers. The hiPSCTeB3G-FGFRIGSP-NLS) [ine
enables effective conditional nFGFR1 overexpression throughout prolonged in

vitro neuronal differentiation without gene silencing. It serves as an effective
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platform to explore the role of nFGFR1 in governing neurodevelopmental and

mitochondrial dynamics programs.

6.2. nFGFR1 reduces proliferation and promotes neural stem / progenitor

cells (NSPC) differentiation and rosette expansion in hCO

The nFGFR1, by controlling pluripotency and neuronal genes, NSPC
proliferation, differentiation, and cell migration into the cortical plate is likely to
play a pivotal role in human cortical development (Klimaschewski and Claus, 2021;
Ohkubo et al., 2004; Stachowiak et al., 1997; Stachowiak and Stachowiak, 2016).
Proliferating NSPCs express primarily a membrane-associated cell surface FGFR1,
known to promote cell proliferation. During NSPC differentiation and neuronal
development, nFGFR transiently translocates into the cell nucleus, and the nuclear
form of FGFR1 (nFGFR1) has been shown to promote neuronal differentiation
(Fang et al. 2005). It has been shown that nFGFR1 accumulation is augmented in
schizophrenia hCOs, accompanied by premature neuronal differentiation in their
subcortical region and cortical malformation (Stachowiak et al., 2017).

In this thesis, I investigated the role of nFGFR1 in hCO, focusing on the
effects of nFGFR1 on NSPC proliferation and neuronal differentiation.
Overexpression of nFGFR1 significantly decreased the proliferation of NSPC in
the periluminal region of the ventricular zone, which contains mitotically active
neural stem cells and progenitors surrounding the lumen. This decrease was
evidenced by a reduced number of Ki67* cells next to the rosette’s lumen. Notably,
there were no significant changes in the numbers of SOX2* or PAX6" progenitors in
the rosettes, indicating that nFGFR1 shifts the cycling cells to GO while preserving
their progenitor identity. Morphometric analysis showed increased sizes of the hCO
and apical rosette areas without changes in the rosette numbers. Thus, nFGFR1
promotes the growth of existing rosettes likely by increasing the number of
postmitotic cells, rather than by inducing the formation of new cells or structures in
hCO. These observations are consistent with earlier experiments, which showed
that transfection or upregulation of the nFGFRI1 inhibits cell proliferation and
stimulates differentiation of the human medulloblastoma cells, rat PC12 and NPC,
mouse ESC, while the nFGFRI inhibition by dominant negative nFGFR1
(FGFRI(SP-/NLS)(TK-) blocked the cell differentiation (Stachowiak and
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Stachowiak, 2016). In mouse ESC, nFGFRI1 stimulates transition from the
pluripotent state to neuronal differentiation by targeting and inhibiting the
pluripotency genes, and genes of the top network controlling cell proliferation and
survival, including cyclins (Terranova et al. 2015; Narla et al., 2017). nFGFR1
targets and stimulates mesodermal, endodermal, neural genes and Hox genes,
controlling body dimensions and axes and the patterning of the nervous system. As
such, nFGFR1 has been established as a “pan-ontogenic” genome regulator, which
integrates a plethora of developmental signals through a “feed-forward gate”
mechanism (Stachowiak et al., 2003a; M. K. Stachowiak and Stachowiak, 2016).

In this thesis study, the nFGFR1 activation inhibited proliferation,
stimulated differentiation of the NSPC and drove rosette expansion in human
cortical organoids. These findings align with the earlier reports that the nuclear
accumulation of nFGFR1 promotes GO transition and differentiation of the
proliferating cells in contrast to the mitogenic effects of the cell surface FGFR1
(Stachowiak and Stachowiak, 2016). FGFR1 knockout in radial glia, which express
largely cell-surface FGFR1, resulted in a significant decline in their proliferation in
neurogenic zones and decreased hippocampal volume (Ohkubo et al., 2004). My
results also supported a recent study, which showed that FGFR1, particularly in its
nuclear form, functions as a transcriptional hub for genes controlling NSPCs’
proliferation and differentiation (Klimaschewski and Claus, 2021).

The nFGFRI1 reduced NSPC proliferation in hCO could arise through
complex mechanisms involving direct transcriptional regulation, chromatin
remodeling, and integration of developmental signals. Numerous studies provided
mechanistic insights by showing that nFGFR1 directly targets cell cycle regulators
such as 7P53 and E2F I, while repressing the stemness genes like SOX2 and KLF4.
In the Integrative Nuclear FGFR1 Signaling (INFS) pathway, nFGFR1 interacts
with transcription co-activators such as CBP (CREB-binding protein) and targets
genomic response elements including CRE, AP-1, and NF-kB motifs, enabling
nFGFR1 to coordinate the expression of large gene networks involved in cell
growth, chromatin organization, and metabolic readiness. nFGFR1 has been
asserted a "pan-ontogenic" factor capable of integrating diverse developmental
inputs into feed-forward gene expression modules. The pan-ontogenic action of

nFGFR1 likely underlies its effects on cell development, mitochondria, and the
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metabolism-related effects observed in the present investigation (Narla et al., 2017,

Stachowiak et al., 2003b; Terranova et al., 2015).

Study limitations - While my experiments support nFGFR1 participation in
human cortical development, several experimental limitations need to be
acknowledged. First, the hCO analyses were conducted at a single developmental
stage (day 60) and, thus, do not capture the dynamics assigned to different stages
of development. Second, my quantitative analysis of cell proliferation focused
strictly on the periluminal germinal layer where the NSPCs are located. There were
a few Ki67+ cells outside this layer, and their nature will need to be further
identified. Additional assays, such as BrdU or EdU incorporation or the FUCCI cell
cycle reporter system, could provide further insights into cell cycle kinetics. Most
of the imaging and immunofluorescence analyses were performed on fixed samples.
Future studies should employ spatio-temporal live imaging to capture the dynamic
changes in cell proliferation. Finally, the lineage commitment of differentiating
proliferating NSPC and cells migrating out of the periluminal germinal layer could
be evaluated further to determine whether nFGFR1 drives expansion of specific
neural subtypes in the rosettes. The border of the hCO rossettes could be more
precisely delineated with markers such as zonula occludens-1 (ZO-1) and

N-cadherin for the apical lumen labeling.

6.3. nFGFR1 accelerates deep-layer neurogenesis and reduces

intermediate progenitor pool

Prolonged activation of nFGFR1 in human cortical organoids promoted
neuronal differentiation and the generation of deep-layer cortical neurons, similar
to that observed in schizophrenia hCO, which overexpresses endogenous nFGFR1
(Narla et al., 2017; Stachowiak et al., 2017). In my study, the immunofluorescence
analysis revealed increased numbers of NeuN" and CTIP2* postmitotic neurons in
the cortical plate, along with a marked rise in TBR1" cell density and mRNA
expression. Additionally, the population of TBR2* intermediate progenitors was
significantly diminished, indicating that nFGFR1 accelerates the transition from
progenitor states to differentiated neurons. Notably, these effects occur without
changes in general neuronal markers such as MAP2 or DCX, suggesting that

nFGFRI1 influences specific lineage specification rather than acting pan-neuronally
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(Bharali et al., 2005; Fang et al., 2005; Stachowiak et al., 2009). This was further
supported by the gene ontology enrichment analysis of the proteomic data from the
hCOs, in which nFGFR1 expression was increased with doxycycline treatment. The
upregulated pathways included cortical neuron differentiation and axon guidance,
enriched with markers such as TBR1 and SLIT2, which is consistent with enhanced
deep-layer specification and structural maturation. In contrast, the key regulators of
telencephalic identity and neurogenesis, including BCL11B, FOXG1, and EPHAA4,
were downregulated, along with ontological categories related to forebrain
development, axonogenesis, and synaptic transmission.

The results of my investigation demonstrate that increased nFGFRI
expression promotes the differentiation of deep-layer cortical neurons, indicated by
an increase in NeuN", CTIP2*, and TBR1" cell populations, while reducing the
TBR2* intermediate progenitor pool. This finding closely aligns with previous
works that reported nFGFR1 acts as a transcriptional regulator promoting neuronal
fate commitment and cortical neuron maturation (Klimaschewski and Claus, 2021;
Narla et al., 2017; Stachowiak and Stachowiak, 2016; Terranova et al., 2015). It
also aligns with the increased deep TBR1 expression in brain organoids from
schizophrenia patients, accompanied by an overexpression of endogenous nFGFR1
and TBRI1, along with direct targeting of the TBR1 gene promoter by nFGFRI1
(Narla et al., 2017; Stachowiak et al., 2017). The selective increase in deep-layer
markers occurred without global changes in general neuronal genes like MAP2 or
DCX. Notably, the downregulation of CTIP2 mRNA, despite the increased density
of CTIP2+ cells in the cortical plate, suggests a post-transcriptional regulation as
part of the nFGFR1 regulatory mechanism (Stachowiak and Stachowiak, 2016).
Additionally, the depletion of TBR2* progenitors supports the model proposed by
Gantner et al. (2021) in which nFGFR1 signaling modulates the timing of neuronal
differentiation by influencing progenitor pool dynamics. Together, these data
indicate that nFGFR1 drives structural neuronal maturation and contributes to a
shift in lineage commitment, favoring the generation of postmitotic cortical
neurons. However, our data also reveal that the elevated nFGFR1 downregulates
critical transcriptional regulators of cortical patterning, including BCL11B, as well
as axonogenesis-related proteins (FOXG1, EPHA4, and PARD?3). This appears
contrary to recent works showing that FGFRI is essential in maintaining

telencephalic identity and proper cortical patterning (Gantner et al., 2021;
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Yellapragada et al., 2022). Likely the increase of nFGFR1 needs to be transient to
support cortical patterning.

The observed increase in TBR1* neurons in the cortical plate coincides with
the reduction of TBR2" intermediate progenitors in the rosettes of nFGFRI1-
overexpressing hCO, is largely consistent with prior findings from different groups.
Fagel et al. (2009) showed that FGFR1 activation promotes the generation of
TBR1* excitatory neurons following hypoxic injury, supporting its role in driving
neuronal differentiation (Fagel et al., 2009). Similarly, Molnar et al. (2019)
emphasized that TBR1* neurons represent early-born deep-layer excitatory cells
arising from radial glia and intermediate progenitors (Molndr et al., 2019). This
aligns with the proposition that the expansion of the TBR1* cell population in the
cortical plate occurs at the expense of the premature differentiation of TBR2*
neurons in the subcortical region following nFGFR1 induction. Gantner et al.
(2021) reported an opposite effect of exogenous FGF, demonstrating that extended
FGF2 treatment delays neuronal differentiation by preserving early progenitor
identity in vitro (Gantner et al., 2021). This difference may reflect the mode of
FGFR1 action (nuclear versus plasma membrane) and the context-specific
differences of nFGFR1 function. In my model, nFGFR1 appears to bypass
progenitor maintenance by promoting a transition from TBR2" intermediate
progenitors to postmitotic TBR1* neurons, even at the cost of premature

differentiation.

6.4. Regulation of forebrain and axonal development by nFGFR1

The results of proteomic analysis reveal that in hCO, nFGFRI1 reprograms
pathways related to forebrain development and axonogenesis. The upregulation of
TBR1 and SLIT2, both critical for cortical excitatory neuron differentiation and
axon guidance, aligns with previous work by Yang et al. (2018), who demonstrated
that FGFR1 specifically activates slitl expression to guide axonal pathfinding in
the developing forebrain (Yang et al., 2018). Similarly, Tomé et al. (2023)
emphasized FGFR1's central role in promoting axon outgrowth and midline
targeting through ligand-dependent mechanisms, particularly involving FGF2 and
FGFS. The increased expression of SLIT2 in our dataset indicates that acting
specifically in the nucleus, nFGFR1 activates a transcriptional program to promote

targeted axon extension. This is further supported by nFGFR1 targeting promoters
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of multiple genes in the axon development pathway (Narla et al., 2017; Tomé et al.,
2023).

In this investigation, I also observed the downregulation of some axonal and
forebrain development markers induced by nFGFR1, including BCL11B, EPHAA4,
and FOXG1. Together, the results support a model in which nFGFRI1 selectively
enhances certain aspects of axon guidance and neuronal specification (e.g., SLIT2,
TBR1) while selectively suppressing molecular programs for axonal and forebrain
development. nFGFR1-induced FOXG1 downregulation observed in my proteomic
data could underlie the loss of TBR2+ intermediate progenitors and early neuronal
commitment, as FOXG1 has been shown to stimulate the expression of TBR2 and
promote NSPC proliferation in the mouse brain (Wang et al., 2022). In this study,
I observed a reduction in protein FOXG1 levels in hCO upon nFGFR1 upregulation,
which is consistent with the premature neuronal formation at the expense of
progenitor expansion. Aberrant FOXG1 expression could also disrupt the
homeostasis between glutamatergic and GABAergic neurons (Schéftner et al.,
2023).

The nFGFRI1-induced upregulation of the deep-layer markers such as
TBR1, NeuN, and CTIP2, coinciding with the depletion of the TBR2+ intermediate
progenitor pool, suggests that nFGFR1 is a temporal regulator that accelerates
neuronal differentiation while limiting progenitor maintenance. Through this
mechanism, nFGFR1 could influence the timing of cortical layer formation.
Additionally, FGFR1 has been essential for controlling distinct developmental
programs in other neuronal and non-neuronal cells, including the auditory
epithelium and the telencephalic interneurons (Pirvola et al., 2002; Smith et al.,
2014). Therefore, the selective upregulation of deep-layer markers in our organoid
model may indicate the unique responsiveness of early cortical domains to
nFGFR1-mediated transcriptional programs.

Furthermore, the expression of SLIT2 and TBR1 in my dataset supports a
shift toward axonal extension and postmitotic differentiation. However,
suppressing upstream regional determinants suggests that elevated nFGFRI1
decouples maturation from proper regional patterning. These data collectively
indicate that nFGFR1 has a dual function: promoting neuronal commitment and
maturation, while also influencing the regional identity landscape. It was previously

indicated that nFGFR1 orchestrates neurogenesis through genome-wide regulation
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of transcription and chromatin rearrangement (Decker et al., 2021). In line with this,
Dhiman et al. (2024) demonstrated that nFGFR1 modulates neurodevelopment by
synchronizing transcriptional activity across broad gene activity networks (GANSs)
and organizing recurring coordination modules (RCMs). This process may facilitate
the transition from progenitor to differentiated neuron by coordinating gene
activities (Dhiman et al., 2024). Moreover, Decker et al. (2020) revealed that
nFGFR1 functions not only as a transcriptional regulator but also as a genomic
architect, directly shaping the chromatin landscape through topologically
associating domain (TAD) formation and chromatin looping (Decker et al., 2021).
The "Genome Archipelago Model" describes how nFGFR1, together with CTCF,
mediates spatial genome organization to control multi-gene clusters. This type of
control could underlie the observed nFGFR-induced shift toward increased TBR1*
neuron formation while turning off gene programs for the TBR2+ intermediate
progenitors. Thus, nFGFR1 may modulate region- and stage-specific neurogenic
programs at both transcriptional and chromatin structural levels. The observation
that CTIP2* cell numbers increase in the hCO cortical layer upon nFGFRI
induction, despite an overall reduction in hCO BCL11B (CTIP2) mRNA and
protein levels, suggests that nFGFR1 enhances CTIP2 protein spatially through
localized transcription and/or translation of CTIP2 in differentiating deep-layer
neurons, even as global hCOs CTIP2 expression decreases.

My investigation highlights the complex role of nFGFR1 in synaptogenesis.
Overexpressed nFGFR1 significantly reduces Synapsin-2* puncta density in the
cortical zone, SYP (Synaptophysin) mRNA, and broadly suppresses key synaptic
proteins involved in neurotransmitter release, including GRIA2, SYN2, CPLX2,
SNCA, and SEZ6, while downregulating pathways critical to synaptic vesicle
transport and postsynaptic membrane signaling. The upregulation of nFGFR1
occurs transiently during the differentiation of NSPCs, is maintained during the
formation of neuronal pathways and axonal growth, but is reduced and largely
reverted to cell surface localization as the axons innervate and establish synaptic
contacts with their targets. The suppression of the synaptogenic mechanism and
reduced number of synapses in my hCO model may reflect a continued
overexpression of nFGFR1. We hypothesize that the persistent nuclear upregulation
of nFGFR1 may compromise the molecular framework required for functional

synaptic integration. Previous studies have established the role of endogenous
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FGFR1 as a critical regulator of synaptogenesis, primarily promoting excitatory
presynaptic development and synaptic plasticity (Dabrowski et al., 2015; Terauchi
et al., 2010; Umemori et al., 2004; Zhao et al., 2007). For example, Zhao et al.
(2007) used FGFR1b mutant mice to show that the loss of FGFR1b significantly
reduced excitatory synaptic vesicle formation while leaving inhibitory synapses
unaffected, suggesting a selective function for FGFR1 in establishing functional
connections (Zhao et al., 2007). Similarly, Umemori et al. (2004) demonstrated that
FGF22 FGFRI1 activation promotes the clustering of synaptic vesicles and
presynaptic differentiation in the developing brain, particularly within the
cerebellum and hippocampus (Umemori et al., 2004). It was further shown that
ligand-specific activation of FGFR1 and FGFR2 regulates excitatory and inhibitory
synapse formation (Terauchi et al., 2010). These molecular changes were verified
at both the transcriptomic and proteomic levels.

In summary, the nFGFRI1 upregulation specifically initiates the early
phases of neuronal development, including the exit of NSPCs from the cell cycle,
cell migration, the onset of neuronal differentiation, and the axonal growth
program, but it does not lead to robust synaptogenesis. The latter may require a
reduction in nFGFRI1 signaling, which could be tested by turning off the
doxycycline induction of nFGFRI.

One possible mechanism that may influence the neurodevelopmental and
synaptogenic effects of the overexpressed nFGFR1 in hCO is the way in which
nFGFR1 regulates energy production in hCO. In summary, as discussed in the
following sections, upregulated nFGFRI1 limits mitochondrial oxidative
phosphorylation (OXPHOS) as an energy-producing method and shifts it toward
localized aerobic glycolysis and glycolipid metabolism. In my study, nFGFRI1
downregulated essential OXPHOS subunits, including NDUFA7, COX6C, and
MT-CO2, indicating compromised mitochondrial respiratory function. This
downregulation of OXPHOS was accompanied by the upregulation of key
glycolytic enzymes like PKM (pyruvate kinase M1/2) and the lactate transporter
SLC16A3, as well as other proteins involved in glucose metabolism. Glycolysis is
capable of sustaining the energy needs of early neuronogenesis but may not be
adequate for the high energy demands of synaptic function.

In summary, my investigation supports the model in which nFGFR1 acts as

a global modulator of human cortical neurogenesis by promoting deep-layer
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neuronal differentiation, depleting intermediate progenitor populations, activating
neurogenic and axon guidance pathways, and influencing neuronal identity and
synapse formation.

Study limitations -_This study presents new insights into nFGFR1's role in

human cortical neurogenesis, but several limitations should be noted. First, all
analyses were conducted at a single developmental time point, and further studies
will be necessary to decipher the dynamics or stage-specific effects of nFGFRI,
particularly at later neuronal maturation (beyond 100 days). Moreover, the use of
fixed organoids restricts the resolution of temporal processes and cellular dynamics.
Implementing spatio-temporal imaging of hCOs with live-cell reporters activated
by cell-type-specific promoters could offer valuable real-time insights into
neurogenic lineage dynamics. Additionally, proteomic analyses conducted on bulk
organoid samples, which did not allow for determining spatial heterogeneity and
cell-type-specific expression. Future studies should integrate single-cell
sequencing, spatial transcriptomics, and single-cell proteomics to illuminate region-
specific effects of nFGFR1. To better understand the regulatory landscape of
neuronal development, future research should utilize epigenomic methods such as
ATAC-seq to evaluate chromatin accessibility or CUT&RUN-seq, as well as
chromatin analyses like HiC and HiChiP, to identify alterations in chromatin
structure. These approaches would provide insight on how nFGFRI1 signaling
impacts both transcriptional output and post-transcriptional dynamics during
human cortical development. The highlighted methodological limitations
underscore the necessity for long-term studies employing advanced tools to more
deeply elucidate the mechanisms by which nFGFR1 regulates cortical development

in a stage- and cell-type-specific manner.

6.5. nFGFR1 modulates mitochondrial morphology and enhances

mitophagy via PINK1-Parkin pathway

Mitophagy is widely recognized as a fundamental process in neurogenesis,
ensuring the mitochondrial quality control and energy homeostasis necessary for
proper neuronal differentiation and neuroprotection (Lou et al., 2020). My research
demonstrates that nFGFR1 regulates mitochondrial network dynamics during the

development of the human cortex. In the cortical plate, populated mainly by

187



postmitotic maturing neurons dependent on mitochondrial oxidative
phosphorylation (OXPHOS), the expression of nFGFR1 promotes a shift towards
smaller, more fragmented mitochondria and a less complex network architecture
typically associated with reduced oxidative metabolism or fusion processes, which
may not be sufficient for the continued development of cortical connectivity. In
human cortical organoid (hCO) layers, nFGFR1 stimulated mitophagy, as
evidenced by the mitoKeima assay, along with a region-specific increase in PINK1
and PARKIN levels, and the recruitment of mitochondrial LC3B autophagosomes
in the cortical layer of hCOs. However, I did not observe any changes in the global
transcript levels of mitophagy genes in whole hCO RNA. Nevertheless, proteomic
profiling indicated an overall enrichment in late-stage autophagy and lysosomal
biogenesis.

In the subcortical region, where nFGFR1 promoted neuronal differentiation,
it also facilitated modest mitochondrial elongation and network branching,
indicating enhanced fusion and potentially increased metabolic efficiency.
Mitochondrial morphology and dynamics are closely linked to their metabolic
functions and neurodevelopmental states. The fused, branched networks support
oxidative metabolism in differentiated neurons, while fragmented forms
predominate in glycolytic progenitors (Khacho and Slack, 2018; Liu et al., 2024;
Romero-Morales et al., 2022).

My investigation collectively suggests that nFGFR1 regulates
mitochondrial network morphology, region-specific mitochondrial turnover, and
autophagic flux during neuronal development, acting in a region-specific manner.
Increased nFGFR1 expression in hCO enhanced elongation and mitochondrial
interconnectivity in the ventricular zones, indicating that it promotes mitochondrial
expansion during NSPC differentiation and the formation of early neurons. This
aligns with previous studies that have shown mitochondrial morphology is closely
linked to neurodevelopmental fate decisions, with fused networks supporting
stemness and fragmented mitochondria associated with differentiation (Iwata et al.,
2020; Khacho and Slack, 2018). Furthermore, the prolonged overexpression of
nFGFR1 in the cortical layer may have decreased mitochondrial number, network
connectivity, branching, and mitochondrial function by counteracting the effects of
endogenous FGFR1, which has been shown to support mitochondrial fusion (Yan

et al., 2023). Hu et al. (2018) also found that endogenous FGFRI1 regulates
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mitochondrial biogenesis in endothelial cells by upregulating the expression of
fusion-related proteins OPA1 and MFN2 via microRNA let-7b-5p (Hu et al., 2018).
The complex regulation of mitochondrial morphology by nFGFR1 may also be
disrupted in schizophrenia, where the overexpression of endogenous nFGFR1 in
neurons could result in the underdevelopment of mitochondrial networks and
cortical layers.

Together, the findings of this thesis position FGFR1 as a stage-sensitive
regulator of mitophagy and mitochondrial quality control, functioning to meet the
changing metabolic demands and signaling contexts during the development of the

human brain cortex.

6.6. Global hCO proteomic profiling does not reveal a shift in the

expression of mitophagy-related proteins

BNIP3 and Parkin are pro-mitophagy factors that mediate the removal of
damaged mitochondria, particularly under stress or hypoxic conditions (Zhang and
Ney, 2009). The nFGFR1-driven mitophagy may occur through transcriptional
control of the mitophagy regulators, as ChIP-seq revealed that nFGFR1 binds to the
promoters of PINKI and BNIP3 (Narla et al., 2017; Terranova et al., 2015). Such
regulation could occur in selected cells or regions, as global transcript levels of
PINK1, BNIP3, and SOQSTM 1 were not significantly changed by nFGFR1 in whole
hCO RNA. My assay may not have detected cell-restricted PINKI, BNIP3, and
SOSTM1 mRNA upregulation. Harbauer et al. (2022) showed that PINK/ mRNA
is cotransported with mitochondria and translated locally in axons, enabling precise
mitophagy activation at distal sites (Harbauer et al., 2022). Similarly, Lin et al.
(2017) identified that neurons engage early mitochondrial quality control through
vesicle-mediated cargo release and transport, independent of full mitophagic
degradation, underscoring the compartmental nature of mitochondrial maintenance
in neural systems (Lin et al., 2017). Alternatively, the increase in PINK1 and
PARKIN proteins, along with the lysosomal LC3B protein, could reflect region-
specific post-transcriptional regulation driven by nFGFRI1. This regulation
selectively engages the translation and/or degradation of the mitophagy proteins in

areas with high metabolic demand or mitochondrial turnover needs.
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The local translation hypothesis may explain the regional specificity of
nFGFR1-induced mitophagy in cortical organoids. As previously shown, neurons
possess the capacity for localized translation of mitochondrial proteins directly
within axons and dendrites (Harbauer et al., 2022; Kuzniewska et al., 2020; Y ousefi
et al., 2020). These localized translation events, often triggered by synaptic activity
or developmental signals, support rapid mitochondrial remodeling and function
without relying on long-range transport. According to this mechanism, nFGFR1
could enhance the localized translation of mitophagy regulators such as PINK1 and
Parkin, enabling local autophagy of damaged or excessive mitochondria. This study
revealed that nFGFR1 overexpression in hCO leads to a complex modulation of
autophagy and lysosomal pathways. Proteomic analyses demonstrated that while
overall autophagy-related protein expression remained balanced, there was
a distinct upregulation of proteins associated with autophagosome maturation and
lysosomal degradation, such as LAMP2 and CTSB. This indicates an enhancement
of late-stage autophagy and lysosomal function. The autophagy and lysosomal
dynamics are key regulators of neuronal development, supporting stem cell
maintenance, differentiation, and fate decisions through metabolic and translational
regulation (Calatayud-Baselga et al., 2023; Fleming et al., 2022; Zou et al., 2024).
The potential role of nFGFR1 in these processes was indicated by ontological
enrichment of the protein translation controlling genes (Narla et al., 2017,
Terranova et al., 2015).

In summary, my study revealed that nFGFR1 is a key modulator of
mitophagy during early human cortical development. Through the spatially
restricted activation of mitophagy in the cortical plate, nFGFRI induces
mitochondrial turnover via the PINKI-Parkin pathway and promotes LC3B-
mediated autophagosome engagement. This region-specific activation may reflect
a post-transcriptional mode of regulation to meet the varying energy demands of
glycolytic neuronal progenitors and differentiating neurons. In addition, proteomic
data reveal that nFGFR1 promotes late-stage autophagy and lysosomal biogenesis,
suggesting a global role in maintaining organellar homeostasis. These findings
establish nFGFR1 as a central modulator linking mitochondrial processes with
neurodevelopmental transitions from progenitor to post-mitotic neuronal states.

Study limitations - A key strength of this study is the use of

a developmentally relevant 3D organoid model that reliably represents early
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cortical development and the selective use of a nuclear form of FGFR1. Moreover,
a combination of reporter assays, high-resolution imaging, and biochemical assays
enables tracking of mitophagy in live cells and determining the region-specific
effects of nFGFR1 on mitochondrial turnover. However, several limitations should
be noted. First, the mitophagy markers used in this study (PINKI1, Parkin, and
mitochondrial LC3B colocalization) provide a snapshot of ongoing mitophagy,
rather than evaluating the dynamics of this process. It remains possible that
nFGFR1 accelerates the completion of mitophagy or increases the initiation rate.
Long-term live-cell time-lapse imaging with mitophagy reporters (e.g., mito-QC or
mito-Keima) could facilitate the evaluation of dynamic changes in mitophagy
during hCO development following nFGFR1 activation. Additionally, while we
determine mitochondrial function using a broad array of assays (increased
PINK1/Parkin targeting presumably to damaged organelles), we primarily focused
on the effect of nFGFR1 on specific regions of hCO (cortical and subcortical
regions and the ventricular zone) or bulk samples (for proteomics and RNA
analyses) rather than assessing mitochondrial processes at a single-cell level. Future
studies could employ functional mitochondrial assays in FACS-sorted specific
neuronal populations. Future work should examine the effect of nFGFR1 across
multiple stages of hCO development to evaluate stage-specific effects of nFGFR1

on mitochondrial dynamics.

6.7. nFGFR1 reprograms mitochondrial functions without affecting

mitochondrial biogenesis

Contrary to the initial hypothesis, we found no evidence that nFGFRI
activates mitochondrial biogenesis. In hCOs, which lack vascular cells, nFGFR1
produced no significant change in mtDNA copy number or in PGCla activity, and
thus, does not appear to activate mitochondrial biogenesis. In contrast, Wang et al.
(2016) demonstrated that FGF21-FGFR1 signaling enhances mitochondrial
biogenesis in brain vascular smooth muscle cells while alleviating oxidative stress
(Wang et al., 2016). The doxycycline-induced expression of nFGFR1 led to its
accumulation in the nuclei and mitochondria. In the mitochondrial genome,
nFGFR1 significantly increased MT7-ATP6 mRNA, and a similar trend was
observed in M7-ND2 and MT-ND5 mRNA, which showed a tendency to be

191



upregulated. Given nFGFR1's binding to the mtDNA, it could activate mitogenome
genes directly in the mitochondrial matrix. Additionally, nFGFR1 may control
mitochondrial genes indirectly by controlling the expression of the nuclear DNA-
encoded transcription factors, which translocate to the mitochondrial DNA.

The proteomics analysis of nFGFR1-regulated human cortical organoids
(hCOs) revealed coordinated alterations in neuronal development, along with
significant mitochondrial adaptations. Among the proteins upregulated by elevated
nFGFR1 levels, I identified key neuronal developmental regulators, including
FGFRI1, the receptor tyrosine kinase whose nuclear form drives transcriptional
programs in neurogenesis, and TBR1, a T-box transcription factor that plays
a crucial role in defining deep-layer cortical neurons in layer 5 and 6 (Crespo et al.,
2022); SLIT2 serves as an axon guidance cue that helps direct developing neuron
axons to their correct targets (Gohrig et al., 2014); ECE1 is an endopeptidase that
contributes to the contraction and relaxation of blood in the brain's vessels (Palmer
et al., 2013); BAIAP2, a scaffold protein that regulates the formation of dendritic
spines (Kang et al., 2016); CUXI1 is essential for dendrite development and the
integration of layers II and III neurons in the human brain (Cubelos et al., 2015).
Together, these proteins underscore coordinated regulation of neuronal
differentiation, migration, and synaptic maturation in response to nFGFRI
upregulation. These upregulated proteins were enriched in Gene Ontology (GO)
terms associated with crucial neurodevelopmental processes, including forebrain
development (GO:0030900), cerebral cortex formation (GO:0021987), pallium
(GO:0021543), and telencephalon development (GO:0021537). Furthermore, these
proteins participated in pathways essential for axonal guidance (GO:1902667),
axonogenesis (G0O:0007409), regulation of neuronal differentiation (GO:0051960),
and actin cytoskeletal dynamics (GO:0030833).

In contrast, I noted a significant downregulation of various proteins essential
for cortical neuron identity, neuronal migration, synaptic organization, and
function. Notably, these included BCL11B (CTIP2), a transcription factor vital for
the development and axonal targeting of cortical layer V projection neurons (Du et
al., 2022); SOXS is a crucial regulator that facilitates the exit of neural progenitors
from the cell cycle (Stevanovic et al., 2021); NCAM?2, which plays a role in
synaptic stabilization and neurite outgrowth (Parcerisas et al., 2020; Sheng et al.,

2019); and FOXG1 are critical for forebrain patterning and progenitor cell
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proliferation. Furthermore, downregulated proteins such as EPHA4, PARD3,
FOXC1, GRIA2, SYN2, CPLX2, SNCA, and SEZ6 collectively support essential
processes in synaptic vesicle trafficking, neurotransmitter release, postsynaptic
organization, and synaptic plasticity (Corradi et al., 2014; Lu et al., 2009; Vargas
et al., 2014; Voglewede et al., 2024). This downregulation correlated with enriched
GO terms indicating reduced synaptic vesicle cycling (GO:0099504), diminished
vesicle-mediated synaptic transport (GO:0099003), impaired synaptic signaling
(GO:0099643), and altered neurotransmitter transport (GO:0006836), collectively
emphasizing a broad attenuation of synaptic functions.

Alongside these neuronal changes, my analysis uncovered substantial
mitochondrial adaptations. Specifically, I observed an increased expression of the
oxidative stress protectors OXR1, which are essential for protecting against
oxidative stress and suppressing oxidative DNA damage (Matsui et al., 2019), as
well as mitochondrial thioredoxin TXN2, a critical regulator of intramitochondrial
redox balance during neuronal development (Holzerova et al., 2016). Additionally,
the upregulation of nFGFR1 led to in increased levels of mitochondrial ribosomal
proteins (MRP), including MRPL24, MRPS26, MRPS23, MRPS7, and MRPS25.
These proteins are subunits of the mitochondrial ribosome (mitoribosome), crucial
for translating proteins encoded by mitochondrial DNA (Di Nottia et al., 2020); the
mitochondrial aminoacyl-tRNA synthetase YARS2 is involved in the proper
mitochondrial translation and assembly of respiratory chain complexes in the
mitochondria (Jiang et al., 2016).

I also observed coordinated upregulation of metabolic enzymes that support
enhanced glycolytic flux and glucose metabolism, including pyruvate kinase M2
(PKM2), a glycolytic enzyme that plays a key role in facilitating the conversion of
phosphoenolpyruvate to pyruvate, leading to ATP production (Christofk et al.,
2008), and monocarboxylate transporter SLC16A3 (MCT4), which regulates
lactate export to maintain redox balance in highly glycolytic cells (Silagi et al.,
2020). Furthermore, following increased nFGFR1 expression, I noted an increased
expression of proteins involved in intracellular carbohydrate metabolism : acid a-
glucosidase (GAA), a lysosomal enzyme that breaks down glycogen (Lee et al.,
2018), and dicarbonyl/L-xylulose reductase (DCXR), which is a key enzyme in the
pentose metabolism pathway (Yang et al., 2018).
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Finally, nFGFR1 induction led to upregulation of lysosomal hydrolases and
associated proteins - including glucocerebrosidase (GBA), which regulates
glycosphingolipid balance by breaking down glucosylceramide into glucose and
ceramide (Smith and Schapira, 2022); galactocerebrosidase (GALC), a lysosomal
enzyme that breaks down lipids such as galactosylceramide and
galactosylsphingosine (Santambrogio et al., 2012); GM2 activator (GM2A),
a lysosomal co-factor essential for the breakdown of GM2 gangliosides (Yoldas
Celik et al., 2025); and B-glucuronidase (GUSB), a hydrolase involved in the
degrading glycosaminoglycans containing glucuronic acid residues (Naz et al.,
2013). I also observed an increased expression of other lysosomal proteins
following nFGFR1 induction, such as cathepsin B (CTSB), a cysteine protease that
is crucial for protein degradation and the regulation of cell death (Xie et al., 2023);
progranulin (GRN) is a secreted growth factor involved in regulating lysosome
function, including proteolysis and lipid degradation (Simon et al., 2023);
lysosome-associated membrane protein 2 (LAMP2) is a lysosomal membrane
protein that is crucial for macroautophagy (MA) and chaperone-mediated
autophagy (Rothaug et al., 2015); and TGFBRAP1 (TGF-B receptor—associated
protein 1), a subunit of the CORVET complex that mediates endosome—lysosome
vesicle fusion and facilitates protein trafficking to lysosomes (S6th et al., 2024).
That suggests that nFGFR1 promotes a widespread activation of lysosomal
degradation and recycling pathways to address the increased metabolic demands
during neuronal development.

GO enrichment highlighted enhanced mitochondrial gene expression
(GO:0140053), mitochondrial translation (GO:0032543), mitochondrial RNA
metabolism  (GO:0000959), and broader mitochondrial organization
(GO:0007005), as well as amino acid catabolism (GO:0009063), glycolytic process
(GO:0006096), pyruvate metabolism (GO:0006090), ADP catabolism
(GO:0046032), glucose metabolism (GO:0006006), sphingolipid and glycolipid
catabolism (GO:0006689; GO:0046475), macroautophagy (GO:0016236), vacuole
and lysosome organization (GO:0007033; GO:0007040), and “response to reactive
oxygen species” (GO:0000302).

In contrast, I identified a downregulation of the electron-transport chain
components NDUFA7, NDUFB3, and NDUFV1 (complex I subunits essential for
NADH dehydrogenase activity), as well as COX6C and MT-CO2 (complex IV
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subunits critical for cytochrome c¢ oxidase function). I also identified noted
a downregulation of lipid-transporting proteins such as VPS13A, which mediates
interorganelle lipid trafficking (Lees and Reinisch, 2020), and FABPS (fatty acid-
binding protein 5), which maintains lipid signaling and metabolism by binding and
transporting long-chain fatty acids within the cytoplasm (Yu et al., 2014).
Furthermore, signaling proteins were also suppressed following the upregulation of
nFGFR1. This included NEDD4L (HECT-domain E3 ubiquitin ligase), which tags
membrane proteins and receptors with ubiquitin, directing them for proteasomal
degradation and playing a crucial role in clearing misfolded and damaged proteins
(Kim et al., 2021). Meanwhile, PRKCA (Protein kinase C alpha) is a calcium-
dependent serine/threonine kinase that regulates neuronal differentiation,
maturation, and survival by phosphorylating various substrates (Hapak et al., 2019;
Van et al., 2021).

Corresponding GO terms indicated suppression of oxidative
phosphorylation (GO:0006119), ATP synthesis—coupled electron transport
(GO:0042775), aerobic electron transport (GO:0019646), purine triphosphate
biosynthesis (G0O:0009145), and regulatory pathways governing autophagy
(GO:0010506), macroautophagy (GO:0016241), and mitophagy (GO:1901524).
Collectively, these changes suggest that nFGFR1 drives both enhanced
mitochondrial biogenesis and a metabolic shift toward glycolysis and lysosomal
turnover, while diminishing classical respiratory functions and selective protein-
quality control pathways. These alterations imply that nFGFR1 reprograms
mitochondrial function, energy metabolism, and protein synthesis to accommodate
elevated energetic and biosynthetic demands triggered by enhanced neuronal
differentiation driven by nFGFRI1 signaling.

Study limitations - Since my TMT-based proteomics analysis was

conducted using whole-organoid lysates, these averaged measurements cannot
accurately reflect the region- and cell-type-specific dynamics observed in high-
resolution imaging studies. As a result, subtle yet biologically significant changes
in protein expression within specific neuronal subpopulations or localized areas
may have been overlooked. Future analyses employing spatially resolved
proteomics or single-cell approaches will be essential to thoroughly elucidate the
intricate and localized effects of nFGFR1 signaling. For instance, high-resolution

imaging revealed that nuclear FGFR1 (nFGFRI1) upregulation specifically
195



decreased progenitor proliferation within the periluminal region of the ventricular
zone, accompanied by structural remodeling of neuronal rosettes. In contrast,
proteomics analysis, due to its resolution limits, failed to differentiate these region-
specific phenomena, thereby underestimating the localized impact of nFGFRI
signaling. Additionally, microscopy analysis revealed region-specific activation of
the PINKI1/Parkin mitophagy pathway and increased mitochondrial LC3B
localization specifically in the cortical zone after nFGFR1 upregulation. However,
global proteomics analysis did not display significant changes in overall
mitophagy-related protein levels. This discrepancy emphasizes the limitations of
bulk proteomics in capturing spatially restricted mitophagy responses, highlighting
the need for complementary spatial analyses.

To address these limitations, I enhanced the global proteomics approach
with various functional assays and region-specific analyses. This included
a morphometric analysis of mitochondrial morphology and network connectivity
using high-resolution confocal microscopy, combined with semi-automated
analysis through the Mitochondria Analyzer plugin, which allowed for detailed
quantification of mitochondrial structure and connectivity. Additionally, the
mitoKeima reporter live imaging assay enabled precise assessment of mitophagy
flux on the surface of cortical organoids through ratiometric imaging of healthy
mitochondria in the cytoplasm and those engulfed by lysosomes.

These region-specific analyses revealed distinct responses; for example,
mitochondrial networks exhibited reduced connectivity and increased
fragmentation specifically in the cortical zone upon nFGFR1 induction, while
mitochondria in the ventricular zone demonstrated increased branching and
elongation. Furthermore, the mitoKeima reporter assay showed a robust increase in
mitophagic flux specifically on the surface of hCOs, reinforcing the need for
approaches that can dissect these spatially discrete effects.

In summary, high-resolution immunofluorescence analyses of synaptic and
neuronal markers provided a cellular-level resolution of neuronal differentiation
and synaptic maturation. These techniques facilitated a direct correlation between

proteomic signatures and spatially resolved phenotypes.
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6.8. How does nucleus-targeted nFGFR1 interact with the mitochondrial

genome?

The present study provides further support for the intracellular localization
of FGFR1 within the cell nucleus as well as the mitochondria. Additionally, our
analysis of earlier ChiPseq data (Narla et al., 2017) shows that, similar to the cell
nucleus, FGFR1 binds to DNA in the mitochondria, and that nFGFR1 DNA binding
at both sites is upregulated in schizophrenia NSPC, where the endogenous nFGFR1
is also upregulated. This parallel regulation was modeled by transfecting the
nucleus-targeted FGFRI1(SP-/NLS), which leads to increased receptor
accumulation in both the cell nucleus and mitochondria. FGFR1(SP-/NLS) lacks
a membrane targeting signal peptide and, like the endogenous nFGFRI,
translocates from the cytosol into the nucleus via NLS-mediated nuclear transfer.
nFGFR1 has been shown to be actively exported from the nucleus to the cytosol
(Lee et al. 2013). The cytosolic nFGFR1 could then translocate through the
translocase complexes of the outer membrane (TOM) and the inner mitochondrial
membrane (TIM), entering at their adhesion sites (Mértensson et al., 2019).
nFGFR1 could move from the nucleus to the mitochondria's genome alongside its
partners, estrogen, retinoic acid receptors, Nur receptors (Baron et al., 2012;
Formisano et al., 2017; Lee et al., 2012), as well as CREB Binding Protein (CBP)
(X. Fang et al., 2005), CREB, and TFAM, all of which are known to be imported
by the TOM complex in a membrane-dependent process (De Rasmo et al., 2009;
Lionaki et al., 2016). Lacking a specific mitochondrial targeting sequence, nFGFR
could also translocate to mitochondrial DNA through its interaction with heat shock
protein 90 (HSP90), similar to connexin-43 or PKCe (Laederich et al., 2011).
HSP90 regulates nuclear export and plays a crucial role in nuclear-mitochondrial

transport (Lotz et al., 2008).

6.9. FGFR1 affects the expression of RNA and mitochondrial proteins

involved in energy metabolism

The nFGFR1 induces FGFRI1 protein accumulation within perinuclear
mitochondria, as demonstrated by immunofluorescence analysis in EBs. I also
observed that nFGFR1 binds to the promoter of the nuclear-coded TFAM gene,

a master regulator of mtDNA transcription (not shown in this study). By targeting
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TFAM and mtDNA, nFGFR1 could enhance local mitochondrial transcription and
energy production to support proper neuronal development. Such mechanisms are
supported by studies where TFAM silencing in NSPC resulted in mitochondrial
dysfunction, activation of ISR, and impaired neurogenesis (Kuroda et al., 2021),
while TFAM overexpression alleviated oxidative stress in motor neurons of ALS
model mice (Morimoto et al., 2012).

nFGFR1 upregulation increased the levels of MT-ATP6 mRNA, a mtDNA-
encoded subunit of ATP synthase in Complex V, coinciding with elevated ATP
levels and mitochondrial membrane potential in NSPCs and EBs. I also observed
a similar trend in the expression of M7-ND2 and MT-ND5 mtDNA genes. Thus,
nFGFR1 may enhance mitochondrial function through the upregulation of
mitochondrial DNA genes and their protein products translated within the organelle
(Kabala et al., 2022). This aligns with Yousefi et al. (2020), who showed that
mitochondria within axons and dendrites can autonomously translate their own
genome mRNASs in a compartment-specific manner, independent of nuclear-driven
biogenesis (Yousefi et al., 2020). Similarly, Kuzniewska et al. (2020) demonstrated
that mitochondrial proteins are synthesized locally at synapses in response to
neuronal activity and are incorporated directly into the respiratory chain. Together,
these studies support the idea that nFGFR1 may enhance mitochondrial function by
promoting the expression of both nuclear and mitochondrial DNA genes. This
localized mitochondrial RNA translation may facilitate efficient energy production
in metabolically demanding subcellular regions without activating mitochondrial
biogenesis.

The proteomic analysis revealed that many electron transport chain subunits
were significantly downregulated, including complex I proteins (NDUFA7,
NDUFB3, NDUFV1) and complex IV proteins (COX6C, MT-CO?2). In line with
this, gene ontology (GO) analysis showed an enrichment of downregulated proteins
in oxidative phosphorylation and ATP synthesis-coupled electron transport.
Upregulated proteins were enriched in categories such as mitochondrial gene
expression and mitochondrial translation, along with amino acid catabolism and
redox homeostasis. I observed a consistent upregulation of glycolytic enzymes
(e.g., PKM, the pyruvate kinase; and SLC16A3, a lactate transporter), known to be
associated with the Warburg effect. Moreover, glycolipid proteins were upregulated

following nFGFR1 overexpression. Taken together, nFGFR1 drives a metabolic
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shift toward glycolysis and lipid metabolism at the expense of OXPHOS, creating
a Warburg-like effect to meet the energy demands of developing neurons in hCO.
A shift toward glycolysis and away from oxidative phosphorylation may support
the biosynthetic needs of proliferative growth and early differentiation by
maintaining a less oxidative stress-prone environment. Glycolysis also provides
rapid ATP and intermediates for nucleotides, which might be crucial as neural
progenitors differentiate. These results align with the findings reported by Lo et al.
(2020), who demonstrated that FGFR1 activation in vitro promotes aerobic
glycolysis to meet biosynthetic demands (Lo et al., 2015). FGFRI1 signaling has
also been shown to modulate lipid turnover, maintain lipid droplet dynamics, and
support phospholipid homeostasis in adipose tissue to accommodate changing
energy requirements during cell growth (Yang et al., 2012; Ye et al., 2016). My
studies suggest that this effect may be produced by nFGFR1 acting directly in the
cell nucleus and mitochondria.

Finally, nFGFR1 overexpression promotes a shift toward glycolysis and
lipid metabolism at the expense of OXPHOS during early neuronal differentiation.
The nFGFRI1 appears to program a transient metabolic state in which the
differentiating NSPC progeny relies on rapid, glycolysis- and lipid-driven ATP
production to support cell migration and neurite outgrowth. Localized glycolysis
near synaptic or neuritic compartments enables rapid and localized ATP synthesis
and could thus supplement mitochondrial ATP production (Jang et al., 2016, 2021;
Wolfe et al., 2024). However, the nFGFR1-induced metabolic programming toward
glycolytic ATP production may not be sufficient to support energy-intensive
processes such as synaptic formation and function.

In conclusion, my results indicate that nFGFR1 exerts a context- and
compartment-specific influence on human cortical development, regulating
proteins that support mitochondrial structure and energetics. The dual regulatory
nature of nFGFRI1 provides new insight into the molecular balance of neurogenesis
and synaptic connectivity.

Study limitations - The quantitative TMT proteomics approach provided us

with unbiased insight into how nFGFR1 reshapes metabolism, revealing
unexpected trends such as OXPHOS downregulation alongside the upregulation of
mitochondrial translation and glycolysis. It allowed us to link functional outputs

(ATP, MMP, ROS levels) with global proteome changes. I must emphasize that my
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proteomic data represent average protein changes across the entire hCO. Given the
region-specific effects of nFGFR1 on mitochondrial morphology, some spatially
restricted changes in protein content may occur without detection.

Single-cell or spatial proteomics could help differentiate nFGFR1-induced
protein changes in NSPC versus differentiating and mature neurons. Another
limitation lies in interpreting metabolic flux based on the proteomics data. While
I observed a shift toward glycolysis and a reduction in OXPHOS proteins, it did not
directly measure the actual metabolic rates of OXPHOS and glycolysis. An analysis
of oxygen consumption rate (OCR) and glycolytic flux using Seahorse XF on
FACS-sorted progenitor and post-mitotic neuron populations from dissociated
hCOs would provide a quantitative, cell-type-specific assessment of metabolic
function. Future studies should also explore global transcriptomic changes upon
nFGFR1 upregulation. This would complement our proteomics data and determine
whether OXPHOS subunit mRNAs are regulated at the transcriptional or post-
transcriptional levels.

In summary, nFGFR1 reprograms cell metabolism to maximize energy
production by promoting ATP production and mitochondrial protein synthesis
while shifting cellular metabolism toward glycolysis and lipid metabolism. This
ensures that developing neurons meet the local energy demands of ongoing
processes, such as synapse formation and axonal pruning. Our recent findings that
nFGFR1 coordinates the mitochondrial and nuclear genomes (M. Liput, submitted

for publication) further support the nFGFR1 pan-mitochondrial function.

6.10. nFGFR1 regulates cellular redox balance without triggering

apoptosis

In this study, I investigated whether nFGFR1 modulates cellular redox
homeostasis and apoptosis during early human corticogenesis. My findings indicate
that overexpression of nFGFR1 enhances oxidative stress response mechanisms,
elevates reactive oxygen species (ROS) levels, and supports mitochondrial function
without triggering apoptosis in neural progenitor cells and human cortical organoids
(hCOs). These data confirm the hypothesis that nFGFR1 regulates redox balance
rather than promoting cell death. Previous literature has highlighted the protective

role of FGFRI1 in neurodegeneration and oxidative stress. A recent study showed
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that FGFR1 activation via the B-Klotho axis suppresses iron-dependent lipid
peroxidation and neuronal ferroptosis, reduces apoptosis, and decreases iron
deposition in spinal cord injury models (Xu et al., 2023). Similarly, activation of
FGFR1-ERK-AKT pathways protects neurons from oxidative stress-induced
apoptosis (Chuang et al., 2015). Yan et al. (2025) confirmed the neuroprotective
role of FGFR1 by showing that its activation via FGF21 suppresses apoptosis
through the MEK—ERK signaling pathway. In line with previous studies, our results
showed an increased level of ROS in NES cells upon nFGFR1 activation (Yan et
al., 2025). However, no significant changes in the density of cleaved caspase-3 in
the cortical layer of hCOs were observed, which coincided with the unchanged
expression of apoptotic gene expression, such as the BCL2/BAX ratio. Together,
these observations indicated that cells were not undergoing stress-induced
programmed death. My functional assays showed elevated cell viability and MMP
upon nFGFR1 activation, suggesting a beneficial effect of nFGFRI on
mitochondrial function and viability. In line with these findings, I observed an
induction of antioxidant and stress response proteins following the increased
expression of nFGFR1, including PRDX3 and PRDXS5 proteins (mitochondrial
antioxidant enzymes), OXR1 (oxidation resistance 1), and TXN2 (thioredoxin-2).
Additionally, gene ontology analysis revealed enrichment in cellular redox
homeostasis among upregulated processes.

Despite the metabolic and redox changes, nFGFR1 did not induce the
integrated stress response (ISR). The ISR is a highly conserved pathway that
modulates protein synthesis in reaction to stressors, such as hypoxia, amino acid
scarcity, and glucose deprivation (Pakos-Zebrucka et al., 2016). A recent study
indicated that FGFR1-FGF21 signaling activates the mitochondrial integrated stress
response (mitoISR) specifically during mild-to-moderate cardiac OXPHOS
dysfunction (Croon et al., 2022). However, we observed no increase in the levels
of ATF4 (an ISR activation marker) protein and mRNA, indicating that the ISR
pathway was not activated. This implies that the mitochondrial stress level was
inadequate to activate canonical ISR. Mechanistically, our findings suggest that
nFGFR1 may induce a state of hormetic stress - mild oxidative stress that activates
adaptive protective pathways (Hofbrucker-MacKenzie et al., 2019). Moderate ROS
function as signaling molecules that can promote differentiation and adaptive gene

expression (Bigarella et al., 2014; Le Belle et al., 2011). Additionally, a transient
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elevation of ROS has driven neural stem cells out of quiescence toward
differentiation (Adusumilli et al., 2021). By moderately increasing ROS, nFGFR1
could facilitate the transition of neural progenitors into neurons, as observed in our
developing hCO.

Study limitations - While our findings indicate that nFGFR1 enhances

antioxidant responses and modulates apoptotic signaling without inducing cell
death, several limitations should be acknowledged. First, the study focuses on a
single developmental time point in cortical organoids (day 60), which limits the
ability to determine the balance between oxidative stress resistance and apoptosis
modulation throughout neurodevelopment. Long-term analysis at multiple stages
would be necessary to determine whether these effects are transient, cumulative, or
stage-specific. Second, my functional assays were conducted across different model
systems - ROS levels, ATP production, and mitochondrial membrane potential
(MMP) were evaluated in NSPC cells and embryoid bodies, while cleaved caspase-
3 expression, apoptotic gene expression, and proteomics were carried out on hCOs.
This cross-model approach, although valuable for broad biological validation, may
introduce variability due to intrinsic differences among the various in vitro
platforms. Consequently, direct comparisons between oxidative stress responses
and apoptosis outcomes across models should be interpreted with caution.
Furthermore, despite the observed upregulation of antioxidant proteins like OXR1
and PRDX3, the relationship between redox changes and cell survival remains
correlative rather than functionally defined. Future studies should incorporate
pharmacological and genetic manipulation of redox regulators to modulate
antioxidant capacity and clarify the contribution of redox balance to nFGFR1-
mediated neuroprotection. Notably, human iPSC-derived NRF2 knockout models
have already been established using CRISPR/Cas9 technology, enabling the in vitro
assays of oxidative stress responses and redox regulation (Merkert et al., 2023;
Zhang et al., 2021).

In conclusion, this thesis demonstrates that nFGFR1 plays a key role in
maintaining redox balance during early neuronal development by promoting
oxidative stress response mechanisms, elevating reactive oxygen species (ROS)
levels, and supporting mitochondrial function without triggering apoptosis.
I propose that, through a hormetic mechanism, nFGFR1 modestly elevates ROS
levels while activating stress-response pathways, including PRDX3, OXR1, and
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TXN2, allowing cells to adapt and differentiate without triggering an integrated
stress response or apoptotic signaling. These findings designate nFGFRI1 as a
metabolic and redox modulator that supports neuronal viability and maturation
under physiological stress. Future studies across developmental time points and
using functional redox perturbation strategies are essential to decipher the effect of
nFGFR1 on redox homeostasis and cell fate regulation. In summary, the nFGFR1
upregulation simultaneously elevates ROS generation (likely due to metabolic
shifts) and activates neuroprotective mechanisms, establishing a new equilibrium.
nFGFR1 overexpression supports neuronal survival through antioxidant and pro-

survival pathways rather than by directly suppressing apoptotic signaling.

6.11. The role of nFGFR1 in regulating cytoplasmic and

mitochondrial translation

In this study, I aimed to elucidate the role of nFGFR1 in governing protein
translation during early human corticogenesis, using a hCO model. In whole hCO,
FGFR1 downregulated cytoplasmic ribosomal proteins, including RPL24 and
RPL34, while upregulating levels of mitochondrial translation proteins (MRPS26,
MRPS23, MRPL24). This dichotomy suggests that nFGFR1 may differentially
influence the translation of cytoplasmic (nDNA-encoded) proteins and
mitochondrial (mtDNA-encoded) proteins, enhancing the mitochondrial translation
while suppressing cytoplasmic translation. These results support the hypothesis that
nFGFR1 contributes to metabolic adaptation and proteostatic remodeling during
neurodevelopment. Recent studies have shown the crucial role of protein translation
in modulating neuronal identity and function. Borisova et al. (2024) identified
increased protein synthesis in neuronal progenitors of later-born Satb2+ neurons,
demonstrating that different cortical neuron subpopulations exhibit distinct
translation rates (Borisova et al., 2024). Importantly, they identified Irela as a key
regulator of translation and neuronal polarity, which controls translation through
the helicase activity of eI[F4A1. This finding is complemented by Pekkurnaz et al.
(2022), who demonstrated that the local translation of nuclear-encoded
mitochondrial proteins at synapses allows developing neurons to quickly adjust
their mitochondrial function to meet local energy demands (Pekkurnaz and Wang,

2022). Thus, regulation of protein turnover (synthesis and degradation) during
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corticogenesis could be essential for both defining neuronal identity and
maintaining the metabolic flexibility required for neuronal differentiation and
maturation. My findings align with previous studies demonstrating the significance
of mitochondrial translation in neuronal maturation and synaptic function. Previous
studies demonstrated that mitochondrial ribosomal components and RNA
processing pathways are upregulated during early brain development, enabling
localized translation and energy optimization in neuroepithelial tissues (Agrawal et
al., 2018; Bruce et al., 2024). My investigation demonstrated a downregulation of
cytoplasmic ribosomal proteins, including RPL24 and RPL34, while mitochondrial
translation proteins (MRPS26, MRPS23, MRPL24) were upregulated. This
dichotomy suggests a shift in translational capacity to mitochondria at the expense
of the cytoplasm and may represent a proteostatic strategy to meet rising energy
demands during neuronal differentiation. Similar dynamics have been observed in
models where FGFR1 signaling mitigates translational repression during oxidative
stress to protect against neuronal cell death (Ito et al., 2025). Mechanistically, the
upregulation of mitochondrial translation proteins MRPS26, MRPS23, MRPL24,
and YARS2 suggests that nFGFR1 may directly modulate mitochondrial gene
expression and ribosome assembly. This possibility aligns with earlier reports
indicating that FGFR1 translocates into mitochondria and modulates mitochondrial
transcription and biogenesis (Kuzniewska et al., 2020; Srisakuldee et al., 2021; Yan
et al., 2023). Additionally, this thesis demonstrates that nFGFRI1 targets the
mitogenome directly.

Together, these findings implicate nFGFR1 as a central modulator
connecting metabolic remodeling and selective mitochondrial turnover to its role in
supporting the neurodevelopmental transitions from progenitor to post-mitotic

neurons.
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7. Summary
e Generation of inducible hiPSC line

A human inducible pluripotent stem cell (hiPSC) line was successfully
engineered to allow doxycycline-regulated expression of nuclear FGFRI1
(nFGFR1). The modified cells maintained pluripotency and the capacity for
trilineage differentiation. Conditional overexpression of nFGFR1 was succesfully
activated in embryoid bodies (EBs), neuroepithelial stem cells (NES), and cortical
organoids (hCOs), indicating stable transgene expression at the CLYBL safe harbor

locus without evidence of gene silencing or DNA methylation.

e Neural progenitor proliferation and rosette morphology

In cortical organoids, nFGFR1 induction increased the proliferation of
neural progenitors (Ki67*) and enlarged the ventricular rosettes. However, the
density of progenitor markers SOX2 and PAX6 remained unchanged, suggesting

expansion without altering overall progenitor identity.

e Neuronal differentiation and synaptic maturation

nFGFR1 promoted differentiation into deep-layer cortical neurons (CTIP2*,
TBR1*) while reducing intermediate progenitor populations (TBR2*). Despite
enhanced neurogenesis, nFGFR1 impaired synaptic maturation, as shown by

decreased Synapsin-1 puncta and lower SYP gene expression.

e Mitochondrial structure and network dynamics

In cortical zone, enriched in cortical neurons mostly relying in OXPHOS,
nFGFR1 caused mitochondrial fragmentation and reduced network complexity,
indicating a shift away from oxidative phosphorylation. In ventricular zone,
enriched in glycolytic progenitor cell population, it induced modest mitochondrial

elongation, suggesting region-specific effects on mitochondrial morphology.

e Mitophagy

nFGFRI significantly increased mitophagy activity through the PINK1-
Parkin pathway and enhanced autophagosome recruitment to mitochondria. These

effects were predominantly restricted to the cortical plate and occurred without
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significant changes in mitophagy-related gene or protein expression, suggesting
a region-specific effect of nFGFRI1 or regulation through post-transcriptional

mechanisms.

e Mitochondrial biogenesis and function

While nFGFR1 did not activate classical mitochondrial biogenesis pathways
(PGCla, mtDNA replication), it increased expression of mt-DNA-coded MT-ATP6
gene, indicating enhanced energy production without increasing mitochondrial

content.

e Redox Balance and apoptosis

nFGFR1 increased mitochondrial membrane potential, ATP production, and overall
cell viability, despite higher ROS levels. No signs of apoptosis or stress pathway
activation were observed, suggesting a role in promoting metabolic adaptation and

neuroprotection.

¢ Dual genomic targeting

nFGFR1 localized both to the nucleus and mitochondria. It directly bound promoter
regions of nuclear-encoded mitochondrial genes (e.g., TFAM, PINKI1) and
associated with mitochondrial DNA (mtDNA), suggesting a dual role in regulating

both genomes.

¢ Global proteomic remodeling
Proteomic profiling revealed that nFGFR1 overexpression caused broad
remodeling of the hCOs proteome. Upregulated pathways included mitochondrial
translation, lysosomal-related proteins and neurodevelopment, while synaptic,
OXPHOS proteins were downregulated, confirming its broad impact on cellular

homeostasis.
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Conclusions

The following conclusions summarize the main points and restate my thesis:
nFGFR1 acts as a regulator of early cortical development, promoting
progenitor proliferation, neuronal differentiation, and morphogenesis of

neural rosettes.

nFGFR1 modulates mitochondrial network morphology in a region-specific
manner, promoting fragmentation and less complex mitochondrial networks
in the cortical plate zone and more elongated and interconnected

mitochondria in the ventricular zone.

nFGFR1 enhances mitophagy in a region-specific manner and selectively
modulates mitochondrial function, supporting efficient energy production

and mitochondrial quality control.

nFGFR1 promotes metabolic adaptation and cell survival by increasing

ATP production and mitochondrial activity without triggering apoptosis.

nFGFR1 functions as a dual genome regulator, targeting nuclear and

mitochondrial DNA, linking transcriptional control to organelle regulation.

nFGFR1 induces extensive changes in the proteome of hCO, affecting
neural development, energy metabolism, autophagy, and synaptic signaling

pathways.

nFGFR1 serves as a master coordinator of neurodevelopmental and

metabolic programs in human cortical organoids.
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