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Neuronal function and pathology are deeply influenced by the distinct
molecular profiles of the axon and soma. Traditional studies have
often overlooked these differences due to the technical challenges of
compartment-specific analysis. In this study, we employ a robust RNA-
sequencing approach, using microfluidic devices, to generate high-quality
axonal transcriptomes from induced pluripotent stem cells-derived cortical
neurons (CNs). We achieve high specificity of axonal fractions, ensuring
sample purity without contamination. Comparative analysis revealed a
unique and specific transcriptional landscape in axonal compartments,
characterized by diverse transcript types, including protein-coding
mRNAs, RNAs encoding ribosomal proteins, mitochondrial-encoded RNAs
and long non-coding RNAs. Previous works have reported the existence of
transcription factors (TFs) in the axon. Here, we detect a set of TFs specific
to the axon and indicative of their active participation in transcriptional
regulation. To investigate transcripts and pathways essential for central
motor neuron (MN) degeneration and maintenance we analysed kinesin
family member 1C (KIF1C)-knockout (KO) CNs, modelling hereditary
spastic paraplegia, a disorder associated with prominent length-dependent
degeneration of central MN axons. We found that several key factors crucial
for survival and health were absent in KIF1C-KO axons, highlighting a
possible role of these also in other neurodegenerative diseases. Taken
together, this study underscores the utility of microfluidic devices in
studying compartment-specific transcriptomics in human neuronal models
and reveals complex molecular dynamics of axonal biology. The impact of
KIF1C on the axonal transcriptome not only deepens our understanding
of MN diseases but also presents a promising avenue for exploration of
compartment-specific disease mechanisms.
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1. Introduction
The inaccessibility of the brain makes analysis of homeostatic and disease conditions challenging. However, understanding
these conditions and their pathological mechanisms is a prerequisite for developing targeted therapies for diseases of the
central nervous system (CNS). Even though considerable research goes into the development of novel therapeutic approaches
for common and rare neurodegenerative diseases, many are still without cure. Up to now, it is mostly post-mortem-derived
brain tissue that has been analysed, where preservation of RNA, protein, DNA and lipids is challenging. Therefore, incomplete
understanding of pathomechanism contributes to missing therapeutic solutions. Neurons are highly polarized and display
high morphological complexity. Potent and functional communication between their soma and distal processes (axons) is
necessary for correct functioning [1]. Consequently, correct localization of mRNA and subsequent local protein synthesis
is needed [2–5]. Interestingly, in neurodegenerative conditions like amyotrophic lateral sclerosis (ALS), Alzheimer’s disease
(AD), Huntington’s disease (HD), glaucoma and hereditary spastic paraplegia (HSP), axonal degeneration often precedes and
sometimes is causative of neuronal death [6–11]. Additionally, recent studies provide evidence that mRNAs are present in
large quantities in the axon, implicating local translation as an important factor in axonal health and survival [12–14]. This in
turn indicates that our understanding of local translation and its function needs revision and highlights the necessity for new
methods decrypting the axonal transcriptome. Recent advances in stem cell research enable reprogramming of somatic cells into
induced pluripotent stem cells (iPSCs) and their differentiation into different neuronal subtypes. This poses the chance to better
understand homeostatic and disease conditions of the brain. Along this line, transcriptome profiling has been used as a valuable
tool to investigate changes in the cell body and axonal protrusion of neurons derived from primary embryonic mouse motor
neurons (MNs) and primary embryonic mouse dorsal root ganglia [15,16]. However, these datasets contained high numbers of
proliferative and glial marker sets, suggesting contamination by other cellular components (CC) or non-neuronal cells [15,16].
More recently, Nijssen et al. developed an approach using a microfluidic device to clearly separate the axon from the cell body
with sensitivity similar to single-cell sequencing [14], making it possible to closely examine the axonal transcriptome in healthy
and diseased conditions.

To investigate transcripts and pathways critical for axonal maintenance and degeneration, we investigated kinesin family
member 1C (KIF1C)-dependent changes to the axonal transcriptome. Mutations in KIF1C, a motor protein that is causative
of an autosomal recessive form of HSP (SPG58, #611302), lead to axonal degeneration of central MNs. KIF1C is implicated
in many functions, including maintenance of Golgi morphology, cell migration, formation of podosomes in vascular smooth
muscle cells and macrophages and MHC presentation on the cell [17–23]. Interestingly, KIF1C has also been implicated in
long-range directional transport of APC-dependent mRNAs and RNA-dependent transport of the exon junction complex (EJC)
into neurites, suggesting KIF1C can bind RNA in a direct or indirect manner [24–26]. However, which impact loss of KIF1C has
on the axonal transcriptome remains elusive.

Using microfluidic chambers, we here provide evidence that RNA-sequencing (RNA-seq) of axons of iPSC-derived cortical
neurons (CNs) delivers high-quality, pure and reliable axonal transcriptome profiles. In agreement with previous studies, the
axonal compartment contained only a subpopulation of genes compared to the soma and markers for glial and proliferative
cells were absent. Importantly, we find that axons not only present with a distinct transcriptome that is clearly separated from
the soma but also detected the presence of a set of RNAs coding for transcription factors (TF), previously unknown to be
present in the axon.

We show that loss of KIF1C leads to widespread changes in this composition and unravels transcriptomic changes that
may be relevant for other neurodegenerative diseases. Therefore, this study increases our understanding of homeostatic and
disease-related transcriptome conditions in the soma and axons of iPSC-derived CNs.

2. Results
2.1. Microfluidic devices enable RNA-sequencing of induced pluripotent stem cell-derived human cortical neuron axons
To investigate changes in the axonal in relation to the somatic transcriptome in a human neuronal model, we performed
RNA-seq on axonal and soma samples of iPSC-derived CNs that show characteristics of glutamatergic layer V and VI CNs.
To demonstrate the purity of our iPSC-derived CN culture and ensure expression of cortical markers, immunocytochemical
staining and real-time quantitative polymerase chain reaction (RT-qPCR) was performed (electronic supplementary material,
figures S1 and S2). CN cultures formed complex networks and expressed neuronal markers (β-III-tubulin, TAU and MAP2) and
markers of cortical layer V (CTIP2) and VI (TBR1; electronic supplementary material, figure S1A–C). Staining for the astrocytic
marker glial fibrillary acidic protein (GFAP) was negative, indicating high purity of our culture (electronic supplementary
material, figure S1D). No morphological differences were noted between wild-type (WT) and KIF1C-knockout (KO) CNs.
RT-qPCR analysis revealed that iPSC-derived CNs expressed the cortical layer markers FoxG1 and PAX6, dendritic marker
MAP2 and microtubule-associated marker DXC, while undifferentiated iPSCs were negative for these markers (electronic
supplementary material, figure S2). Therefore, we conclude that a homogenous culture of neurons was generated that can be
used as a cortical in vitro cell model. For RNA-seq, CNs were plated into microfluidic devices, and the axons were recruited to
the empty chamber by using a gradient of glial cell line-derived neurotrophic factor (GDNF), brain-derived neurotrophic factor
(BDNF) and nerve growth factor (NGF; electronic supplementary material, figure S3A,B). Subsequently, each compartment was
individually lysed and subjected to RNA-seq (electronic supplementary material, figure S3A; see §5).

On average, each sample yielded 34.32 million pair-end reads, with a mean read length of 109 base pairs (bp). Quality
assessments via MultiQC indicated that over 92% of these reads had a Phred score above 30 (Q30), pointing to high sequencing
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fidelity. We aligned these fastq reads to reference the genome using STAR, achieving an average mapping rate of 89.1%.
Following alignment, gene expression was measured in transcripts per million (TPM) values via featureCounts.

In total, 20 199 genes were detectable across all datasets, with a TPM >1 in at least three RNA samples. Among the whole
dataset, the soma samples exhibited an average of 16 159 ± 880 detectable genes, whereas the axon samples demonstrated a
significantly lower count, with an average of 5139 ± 1642 genes (figure 1A). An initial principal component analysis (PCA)
highlighted sequencing batch effects, which were corrected using the ComBat method from the preprocessCore package. Three
axon RNA-seq samples (two WT and one KIF1C-KO sample) were removed due to their poor correlation (r < 0.5) with other
samples. The remaining samples passing the final quality control (QC) resulted in 13 soma (WT: 6; KIF1C-KO: 7) and 10 axonal
samples (WT: 5; KIF1C-KO: 5; electronic supplementary material, figure S4 and table S1).

The final PCA after batch correction and sample QC illustrated distinct clustering (figure 1B). Principal component (PC) 1
prominently differentiated the transcriptome of the axon from soma samples, emphasizing their considerable transcriptional
disparities. Concurrently, PC2 separated samples by genetic background—WT versus KIF1C-KO (figure 1B).

To confirm our samples’ cellular composition and purity, we referred to a list of recognized glial, neuronal and proliferative
marker genes (electronic supplementary material, table S2) and visualized their expression in a heatmap (figure 1C). The
analysis revealed that our RNA-seq samples, which passed QC, exhibited strong expression of neuronal markers while showing
a marked absence of glial or proliferative marker expression (figure 1C). Comparison of our data to a recently published dataset,
focusing on human stem cell-derived spinal motor axons [14], revealed a congruent expression pattern (figure 1C).

In summary, we demonstrate that our experimental paradigm, which uses microfluidic devices to separate neuronal axons
from soma, enables RNA-seq of axonal fractions with a high specificity. Intensive QC revealed high purity of both compart-
ments without contamination by either glial components or cell somas in the axonal compartment.

2.2. Axonal compartments of induced pluripotent stem cell-derived cortical neurons show a unique transcriptional RNA
profile

Next, we aimed to delineate the transcriptomic differences between soma and axonal compartments. For this, we analysed five
WT axon and six WT soma samples. On average, we detected 16 207 ± 981 expressed genes (TPM >1) in WT soma samples and
5075 ± 2080 genes (TPM >1) in axon samples. Of note, we detected a slightly higher number of genes in both compartments
compared to two recently published datasets, investigating human-derived lower MNs or i3 neurons (electronic supplementary
material, figure S5) [14,27], using similar cultivation techniques. In contrast, a significantly higher number of genes detected in
the axonal compartment was described by a paper using different cultivation, lysis and sequencing techniques [28]. Comparing
genes detected in the axonal compartment of human-derived CNs to previously published sequencing data of mouse-derived

Figure 1. QC reveals RNA-seq for axonal compartments is highly specific. (A) Median number of gene counts detected in the soma (blue) and axonal compartment
(red; TPM >1 in at least three samples; across all samples). The number of detected genes in the soma compartment (16 159 ± 880) is approximately threefold higher
than in the axon compartment (5139 ± 1642). Data are presented as medium and interquartile range. (B) Post-QC PCA scatter plot. PC1 distinguishes the soma (blue)
and axonal (red) compartment. PC2 distinguishes WT (circle) and KIF1C-KO (square) samples. (C) Expression log2(TPM) values of glial (green, top row), proliferative
(lavender, middle row) and neuronal marker genes (purple, bottom row) in soma (blue, left columns) and axonal compartments (red, right columns), in the Nijssen
et al. [14] dataset (orange, left) and our dataset (this dataset; yellow, right). As in the samples from Nijssen et al., our samples show low expression of glial and
proliferative marker genes while neural marker genes are highly expressed.
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MNs [14,16], we only detected little overlap between the datasets (electronic supplementary material, figure S6), emphasizing
the need for human-derived cell models in translational research.

Interestingly, the analysis of the top 100 expressed genes within each compartment demonstrated that 57 genes exhibited
compartment-specific expression, and the profile of highly expressed genes varied between compartments: in the soma,
we predominantly detected protein-coding mRNAs, with diverse functional implications, whereas axonal expression was
characterized by a broader spectrum of gene classes, including a notable prevalence of RNAs encoding ribosomal proteins (RP
genes) and mitochondrially encoded RNAs (electronic supplementary material, figure S7A,C). Of note, 43 of the top overall 100
genes were concurrently expressed in both axon and soma, demonstrating a significant convergence (electronic supplementary
material, figure S4B). Among these, two genes encoding microtubule-associated proteins, Stathmin (STMN)1 and STMN2, were
identified. These proteins are pivotal in axonal development and repair [29–31]. Furthermore, we detected GAP43, which plays
a significant role in axonal growth, particularly during development and regeneration [32,33].

Genes with expression levels of TPM >1 in a minimum of three samples in axon and soma were considered for study-
ing transcriptomic differences. Differential expression analysis identified 14 056 genes differentially expressed (false positive
discovery rate (FDR)-adjusted p-value < 0.05) between the compartments: 13 745 genes were enriched in the soma compared
to the axon, and 311 were enriched in the axon compared to the soma (electronic supplementary material, figure S8). PCA,
considering all expressed genes in WT compartments, distinctly separated the axon from the soma, with PC1 accounting for
68.3% of the variance (figure 1B), underscoring the distinct transcriptomic profile of the axonal compartment. Interestingly, the
most significantly enriched genes in the axon, displaying a logFC >2 and an adjusted p-value < 0.05, were involved in ribosomal
subunits (e.g. RPL12, RPL39 and RPL31), respiratory chain complex (e.g. MT-ND1 and MT-CO1), ion transport (e.g. BEST1)
and mRNA splicing (e.g. YBX1; figure 2A). Consequently, Gene Ontology (GO)-term analysis of axon-enriched genes primarily
spotlighted ribosome process functions and mitochondrial processes (figure 2B).

2.3. Axons of induced pluripotent stem cell-derived cortical neurons show a unique transcription factor profile
Recent studies have highlighted that TF mRNAs present in axons can be translated, undergo retrograde transport and alter gene
transcription [34–39]. To explore this further, we evaluated expression of a diverse range of TF mRNAs from various organisms

Figure 2. Axonal transcriptome of WT CNs is distinct from the soma transcriptome. (A) Expression (log2(TPM)) of top genes that are higher expressed in the
axonal (red, right column) compared to the soma compartment (blue, left column; adjusted p‐value < 0.05, logFC > 2). Genes are grouped by gene class (purple:
mitochondrial (Mt)_rRNA; orange: Mt_tRNA; yellow: protein coding; green: RP). (B) GO term enrichment analysis of axon-enriched genes connected to protein coding
or RP genes primarily spotlighted mitochondrial processes and ribosome processes functions. BP, biological process; CC, cellular component; MF, molecular function.
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in our WT dataset [40]. Upon analysing the top 50 expressed TF mRNAs separately in axons and somas, we discovered a
shared set of 25 TF mRNAs between the two compartments, including key factors like YBX1, SOX4, THYN1 and SUB1 (figure
3). In addition to these shared TF mRNAs, each compartment exhibited 25 unique top expressed TF mRNAs, highlighting the
specificity of their transcriptional landscapes. Specifically, GTF3A and ATF4 were identified as the leading axonal TF mRNAs,
both well-known for their roles in the nucleus initiating transcription [41,42] (figure 3). Moreover, CREB3 emerged as the most
prominent TF mRNA in the soma, playing a crucial role in myelination and axonal growth (figure 3) [43,44].

2.4. Kinesin family member 1C modulates the axonal transcriptome
KIF1C deficiency causes HSP, a disorder associated with prominent length-dependent degeneration of central MN axons. As
KIF1C has recently been implicated in long-range transport of mRNAs and the EJC [24–26], we studied the axonal transcriptome
of KIF1C-KO iPSC-derived CNs to highlight transcripts and pathways essential for MN degeneration and maintenance. We did
not see gross abnormalities in neuron differentiation, axon growth or axon length in KIF1C-KO compared to control CNs. As
hypothesized, both axonal and soma compartments in the KIF1C-KO cells exhibited markedly reduced KIF1C expression when
compared with WT compartments (figure 4A). Looking at the total gene counts, KIF1C-KO axons exhibited expression of 5099 ±
1642 genes, while WT axon samples displayed 5075 ± 2080 genes. In the soma, we detected 16207 ± 981 genes in KIF1C-KO CNs
and 16118 ± 862 in the WT (electronic supplementary material, table S3). For differential expression analysis, we included genes
with a TPM >1 in at least three samples across combined conditions. Ablation of KIF1C resulted in a statistically significant
differential expression (p-value < 0.001) of 189 genes within the axon compared to WT axons (electronic supplementary material,
figure S9). Intriguingly, this dysregulation was specific to the axon, as only 12 of these also displayed dysregulation in the soma
of KIF1C-KO CNs (electronic supplementary material, figure S8A,B). PAX6, VIM, LGALS1, CCND2, MIR9-1HG, GPR26, NR2F2
and LAMTOR5-AS1 were downregulated in both axon and soma of KIF1C-KO CNs compared to WT, and ZIC2, GNRH1, GNG8
and NOL4L were upregulated in both compartments. In total, 89 genes showed decreased expression in the axon of KIF1C-KO
CNs, while the remaining 100 exhibited increased expression (electronic supplementary material, figure S9A,B). Furthermore,
21 of the 89 downregulated genes were protein coding and were totally absent in KIF1C-KO CNs (figure 4C).

Among the transcripts absent or severely downregulated in KIF1C-KO CN axons are several key transcripts critical for
neuronal and axonal functions (figure 4C). These transcripts include ESYT2, known to play a role in synaptic growth and
neurotransmission, LGI2, involved in inhibitory synapse assembly [45,46], NAB1, a transcriptional repressor with a role in

Figure 3. Axon and soma present with specific TF mRNAs. Top expressed TF mRNAs in the soma compartment (blue, top row), shared compartment (purple, middle
row) and axon compartment (red, bottom row) and expression in soma (blue, left column) and axon compartment (red, right column) of iPSC-derived WT CNs. CREB3
is the top expressed in the soma compartment, while YBX1, SOX4, SUB1 and THYN1 are shared between axon and soma, and GTF3A is top expressed in the axon
compartment.
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synaptic active zone assembly [47,48], PHLDA1, involved in injury response [49], CLCC1, involved in misfolded protein
clearance [50], THAP1, implicated in dystonia (DYT6, # 602629) [51], and SLITRK4, involved in controlling excitatory and
inhibitory synapse formation [52]. Additionally, a sub-group of the downregulated genes in the axons of KIF1C-KO CNs appear
to be involved in axonal pathways. For example, PPP3CB is catalogued under KEGG’s axon guidance pathway, while SLITRK4,
PAX6, MAPK8 and CLCN3 are enshrined within the GO term’s axon-related gene set (table 1).

It has been previously described that KIF1C plays a role in localizing APC-target mRNAs to cytoplasmic protrusion [53].
However, only two known targets of APC, CTNNB1 and HSD17B12, were specifically downregulated in axons of KIF1C-KO
CNs (figure 4C).

Taken together, these data show that KIF1C plays an important role in the axonal and soma transcriptome, and loss of KIF1C
in CNs leads to widespread transcriptional changes with implications in critical neuronal and axonal functions.

3. Discussion
Axonal RNA biology is increasingly implicated in the healthy and diseased CNS. Here, we generated high-quality and pure
axonal transcriptomes from iPSC-derived CNs, using a previously developed RNA-seq approach [14] with adaptations, and
careful application of bioinformatic QC. Our axon samples showed significantly fewer genes than previous datasets from
mouse- or human-derived axons [16,28,54], which were probably contaminated by non-neuronal cells or somata. Interestingly,
our results align with recent, highly specific datasets [14,27], though we observed slightly higher gene numbers likely due to our

Figure 4. KIF1C modulates the axonal transcriptome. (A) KIF1C expression is reduced in the axon and soma compartments of KIF1C-KO (magenta) compared to WT CNs
(teal). Data are presented as medium and interquartile range. (B) Two APC-target genes show decreased expression in the axons of KIF1C-KO compared to WT CNs (WT:
teal, KIF1C-KO: magenta). Data are presented as medium and interquartile range. (C) Heatmap of protein coding that are absent in axons of KIF1C-KO compared to WT
CNs. All indicated genes are differentially expressed between WT and KIF1C-KO axons (p‐value < 0.001).

Table 1. Pathways or gene sets curated for downregulated genes in KIF1C-KO axon connected to axon guidance or development.

dysregulation gene geneset or pathway

downregulated PPP3CB KEGG_AXON_GUIDANCE GOBP_AXON_DEVELOPMENT

downregulated SLITRK4, PAX6 GOBP_AXON_DEVELOPMENT

downregulated CLCN3 GOCC_AXON, GOCC_DISTAL_AXON

downregulated MAPK8 GOCC_AXON
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improved lysis protocol, longer paired-end reads and deeper sequencing. Importantly, our data lacked glial and proliferative
markers, indicating highly specific neuronal and axonal cultures. When comparing our data to previously published datasets
using mouse-derived cells [14,16], we found only little overlap of axonal genes, emphasizing the necessity for human-specific
research to achieve translational relevance.

Earlier work on human-derived cells focused on axonal transcripts in specific disease contexts, such as ALS in lower MNs
[14] and lysosomal-dependent transport in the context of Parkinson’s disease (PD), AD, HD or ALS using i3 neurons [27].
In contrast, our work provides a broader overview of molecular profiles in iPSC-derived CNs and explores a previously
uncharacterized disease context. Unlike lower MNs, residing in the peripheral nervous system, and i3 neurons, which resemble
cortical-like neurons but do not fully recapitulate all aspects of CNS-resident neurons, our study focuses on human-derived
CNS-resident CNs. Thus, this study offers a broad analysis of axonal and neuronal transcripts relevant to neurodegenerative
diseases. Our specific harvesting and sequencing techniques enabled us to identify transcriptional differences impacting general
neuronal function and pathology.

Our comprehensive transcriptomic analysis revealed distinct transcriptional landscapes in the axon and soma compartments.
While most detected genes specific to the soma compartment represent protein-coding mRNAs, involved in functions essential
for neuronal survival and maintenance, axonal compartments showed a more variable range of gene types, including protein-
coding mRNAs, RNAs encoding RPs, mitochondrial-encoded RNAs and long non-coding RNAs (lncRNAs). Recent work has
provided evidence that local translation of mRNAs in the axons plays an important role in neuronal development, function,
plasticity and disease [55]. Local translation is regulated by various mechanisms: binding of extrinsic cues to their receptors
on the cell surface of axons can trigger local translation [56], or chemical signalling through specific cues can activate kinases
and phosphorylate RNA-binding-proteins resulting in mRNA translation [57]. Interestingly, extrinsic cues like growth factors
and nutrients have been shown to activate mTOR signalling, which in turn increases translation of axonal mRNAs [58,59].
Previous studies have shown that RNAs encoding RPs are enriched in mammalian axons, mouse and Xenopus growth cones,
rat hippocampal dendrites and Aplysia neurites [12,13,60–64]. Similarly, we detected RNAs encoding for RPs in axons of CNs.
While their function remains largely unknown, it is possible that they may be involved in ribosomal repair or renewal of
components in already assembled ribosomes [65]. Strengthening this hypothesis, it has been shown that mRNAs encoding RPs
are present and locally translated in axons and can be incorporated into axonal ribosomes in a nucleolus-independent manner
[66]. Of note, we detected the presence of lncRNAs in the axonal compartment. Recently, a lncRNA has been found to be
actively involved in local axonal translation [67], suggesting that lncRNAs in axons have specific functions. The distinct mRNA
profile in axons, including nuclear-encoded transcripts related to ribosomal subunits, respiratory chain complex, ion transport
and mRNA splicing genes, emphasizes the unique metabolic and synthetic demands of this compartment. This aligns with the
hypothesis that axons, despite their dependence on the soma, maintain a degree of autonomy in protein synthesis and energy
production, which may be crucial for their function and health.

Transcripts found in both compartments were largely consisting of mitochondrially encoded genes related to NADH
metabolism (e.g. MT-ND1,2,4 and NDUFA1), the mitochondrial respiratory chain (e.g. MT-CO1−3 and MT-CYB) or mitochon-
drial ribosomal functions (e.g. MT-RNR1&2 and RPL12). The rest of the shared signatures were related to cytoskeletal or
microtubule organization (TMSB10, STMN1, STMN2 and TUBA1A) and homeostasis/signalling pathways (e.g. FTL, GAPDH
and DAD1). These signatures likely reflect the high energy and organizational demands of axon and soma. Interestingly, only
one shared gene was related to neurite formation, axon growth, regeneration and plasticity (GAP43) [33]. While the role of
GAP43 in the soma is well described, more recently, axonal protein synthesis of GAP43 was shown to promote axon growth
[33,68].

Recent work has shown that TF mRNAs are not only involved in defining neuronal identity in early development and
during survival but also function outside the soma. They can be locally synthesized and retrogradely transported back to
the nucleus, where they can influence gene transcription and be involved in plasticity, axon pathfinding and neuroprotection
[34–37,69–72]. Therefore, we performed in-depth analysis of enriched TF mRNAs specific to either compartment or common
between them. We found that highly expressed TF mRNAs in the soma were related to neural differentiation, morphogenesis,
maturation and survival. Of note, two TF mRNAs have been found to be involved in myelination and axonal growth (RXRG
and CREB3 [43,44,73]), probably reflecting the ongoing growth of axons in vitro. In contrast, many TF mRNAs detected in
the axonal compartment were related to axon guidance and/or axonal/neuronal regeneration. This is not surprising as several
studies have demonstrated that local translation in axons can promote cytoskeletal and membranous growth [74–76]. We further
detected YBX1 in the axon and soma. Ybx1 has been found to be enriched specifically in distal motor axons of mice [14].
YBX1 plays an important role in binding and stabilizing cytoplasmic mRNAs, regulating translation and mediating anterograde
axonal transport [77,78]. Therefore, it is plausible that it can act as an important mediator between axon and soma. Additionally,
we found GTF3A and ATF4 enriched in the axonal compartment. These TFs are traditionally linked to transcription initiation
and stress response in the nucleus [41,42]. Importantly, ATF4 has previously been shown to be locally synthesized in the axon
and retrogradely transported to the soma [79–81], suggesting that other TF mRNAs traditionally viewed as nuclear may be,
too. In line with this, we detected a substantial number of TF mRNAs with unknown (e.g. ZNF429, ZNF800 and ZSCAN9) or
nucleus-related functions, like transcription, cell cycle progression and cell proliferation (e.g. ATMIN, NFX1, THAP1, E2F5 and
NR2F2) in the axon. The discovery of these TF mRNAs signifies a major advancement in our understanding of the molecular
mechanisms underpinning axonal functions. These findings not only challenge conventional views of axons as mere passive
conduits but also highlight their role as active sites of complex regulatory activities. The potential intra-axonal translation and
retrograde transport of translated TFs unveils a dynamic aspect of axons, where they adaptively respond to both internal and
external stimuli. This novel paradigm in neuronal biology raises critical questions about the functional roles of TFs within
axonal compartments, diverging from their established nuclear functions.
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To further investigate changes of the axonal compartment in diseased conditions and thus gain an understanding of axonal
transcripts essential for axon maintenance, we investigated KIF1C-KO CNs. KIF1C, a kinesin family member, is implicated in
HSP, a group of heterogeneous genetic disorder resulting in degeneration of upper MN axons [82–87]. Indeed, loss of KIF1C
led to widespread changes of the transcriptome, showing axon-specific effects. This may be explained, as KIF1C is the fastest
human cargo transporter and is implicated in long-range and highly dynamic transport [88]. It has long been appreciated that
axonal transport is important for survival and health of neurons, and disturbance in axonal transport is a key pathological event
that contributes to diverse neurodegenerative diseases like AD, polyglutamine diseases, HSPs, ALS, PD and Charcot–Marie–
Tooth disease [89,90]. Additionally, mutations in motor proteins like KIF5A, dynein and dynactin have been shown to cause
neurodegeneration [91–95], strongly supporting the view that defective axonal transport can directly trigger neurodegeneration.
Therefore, spatial dysregulation of transcription due to KIF1C loss may uncover transcriptional changes also relevant in other
neurodegenerative diseases.

KIF1C has previously been shown to transport APC-dependent mRNAs to cell protrusion, and it is implicated in the
transport of the EJC in neuronal SH-SY5Y cells [24,25]. Therefore, it is not surprising that we see the near complete absence of
several key transcripts critical for neuronal and axonal function in axons of KIF1C-KO CNs. Interestingly, even though KIF1C
has been shown to transport mRNAs in an APC-dependent manner, only a subset of the detected missing factors was connected
to APC-dependent transport. One explanation for this may be that different motors can be used in different cell types: the
transport of β-actin mRNA, which accumulates at the leading edge of migrating cells, involves several motors that display
cell type and compartment specificity, differing between neurons and fibroblasts [96–104]. Interestingly, in mouse fibroblasts,
APC-dependent RNAs were involved in pathways functionally relevant to cell movement [105]. However, in this study, genes
related to APC-dependent transport did not display functional relevance for movement. Instead, most downregulated RNAs
in KIF1C-KO axons were related to neurotransmission, the synaptic zone and misfolded protein clearance. Since the previously
mentioned investigations regarding KIF1C have been performed in other cell types [24–26,105], it is possible that KIF1C-depend-
ent transport in CNs uses different motors, independent of APC. However, by which mechanism transport in CNs is conduc-
ted needs to be subject of future investigations. Our study has certain limitations, notably the absence of validation of key
transcripts in KIF1C-KO CNs. Future research should address these limitations to provide a more comprehensive mechanistic
understanding.

Taken together, our findings regarding KIF1C provide novel insights into the role of motor proteins in axonal transcriptome
modulation. Importantly, genes and TFs dysregulated due to KIF1C loss may also be implicated in other neurodegenerative
diseases.

4. Conclusion
Collectively, our study not only affirms the transcriptional distinctiveness of axonal and soma compartments in iPSC-derived
CNs but also sheds light on the intricate molecular machinery governing these compartments. The identification of not only
compartment-specific gene expression patterns but also compartment-specific TF mRNAs, as well as the role of KIF1C in
modulating these, have significant implications for our understanding of neuronal biology and the pathophysiology of MN
diseases. Future research focusing on the functional implications of these transcriptional differences and the potential of
targeting specific pathways within axons could pave the way for novel therapeutic approaches in neurodegenerative diseases.

5. Methods
5.1. Differentiation of induced pluripotent stem cells to cortical neurons
Human iPSCs were approved for use by the Institutional Review Boards, University of Tübingen Medical School, Germany
(approval number: 423/2019BO1). The KIF1C-KO line (homozygous KO [106]) and isogenic control line were grown in essential
8 (E8) medium on diluted Matrigel solution (1 : 60, Corning) coated six-well plates at 37°C, 5% CO2 and 100% relative humidity.
Medium was changed daily. Cells were differentiated into CNs of layers V and VI. The differentiation followed previously
established protocols [106–108]. Briefly, iPSCs were seeded at a density of 3 × 105 cells cm−2 on Matrigel-coated plates (Corning),
in E8 medium supplemented with 10 µM SB431542 (Sigma-Aldrich) and 500 nM LDN-193189 (Sigma-Aldrich). The cells
underwent neural induction over 9 days. Post-induction, on day 9, the cells were split at a 1 : 3 ratio and then cultured in
3N medium with 20 ng ml−1 FGF-2 for an additional 2 days. From day 11 to day 26 after induction (DAI 11−26), cells were
maintained in 3N medium, with medium changes occurring bi-daily. On DAI 26, the cells were transferred to microfluidic
chambers (XC950, Xona Microfluidics) for cultivation.

5.2. Immunocytochemistry
Characterization of CNs was performed by immunostaining. Neuronal markers (β-III-tubulin and TAU), markers of the cortical
layer V (CTIP2) and IV (TBR1) and a dendritic marker (MAP2) were used for characterization (table 2). Additionally, the
astrocyte marker GFAP was used to ensure culture purity (table 2). On DAI37, CNs were washed twice with phosphate-buf-
fered saline (PBS) and fixed using 4% (w/v) paraformaldehyde (Merck) for 15 min at room temperature (RT). Following, cells
were washed three times with PBS and incubated with 5% BSA in 0.1% Triton X/PBS (PBS-T) or 10% NGS in 0.3% PBS-T for
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1 h at RT (table 2). The primary antibodies in blocking solution were applied and incubated at 4°C overnight. After washing
three times with PBS-T, the secondary antibody (AF488 (Thermo Fisher Scientific, A11001) or AF568 (Thermo Fisher Scientific,
A11004)), diluted in blocking solution, was applied for 1 h at RT in the dark. For nuclear staining, cells were washed three times
with PBS-T and incubated with DAPI (1 : 10 000; Thermo Fisher Scientific, 62248) for 5 min at RT. The coverslips were mounted
with fluorescence mounting solution (DAKO; Agilent, S3023) on objective slides. Images were acquired using a Zeiss inverted
fluorescence microscope Axio Observer 7.

5.3. Real-time quantitative polymerase chain reaction analysis
RNA of CNs was reverse transcribed using the Transcriptor High Fidelity cDNA Synthesis Kit (Roche) following the manufac-
turer’s instructions. Briefly, 500 ng RNA was reverse transcribed to cDNA by incubating the RNA with random hexamer
primers for 10 min at 65°C followed by reverse transcription with the Transcriptor High Fidelity Reverse Transcriptase.
RT-qPCR was performed to characterize CNs. cDNA (1 : 10) was mixed with Light Cycler 480 SYBR Green I Master (Roche) and
the respective qPCR primers (10 µM) for the housekeeping gene GAPDH and for the dendritic marker MAP2, cortical markers
FoxG1 and Pax and microtubule-associated marker DCX. Transcription level quantification was performed on a LightCycler 480
with a touch down qPCR program in three technical replicates. Expression level quantification was carried out with LightCycler
480 software tool ‘relative quantification’ by normalizing CP values to the housekeeping gene. Undifferentiated iPSCs were
used as a negative control for cortical markers.

5.4. Culturing of cortical neurons in microfluidic devices
Microfluidic devices were set-up following the procedure outlined by Nijssen et al. [14] with modifications regarding the cultivation
and lysis protocol (electronic supplementary material, figure S3). Briefly, both compartments of the device were precoated with XC
Pre-Coat (Xona Microfluidics), with one compartment receiving a 1 min incubation and the other a 5 min incubation. Following the
coating, the chambers were washed twice with PBS, coated with polyornithine, incubated at RT for 1 h and subsequently coated with a
diluted Matrigel solution (1 : 45; Corning), followed by a 1 h incubation at 37°C. After two washes with 3N Medium, the compartments
were filled with 3N Medium supplemented with Rock inhibitor (RI, 1 : 1000) and maintained at 37°C until neuron loading. DAI26
neurons were washed with PBS, incubated with Accutase + RI for 20 min at 37°C, strained through a 70 µm cell strainer and suspended
in 5.5 ml 3N + RI medium. A total of 2 × 105 neurons were loaded into each microfluidic chamber. The next day, 10 µM PD0325901
(Tocris) and 10 µM DAPT (Sigma-Aldrich) were added to the soma compartment. Cells were kept in this media for 4 days with media
change every 2 days, followed by incubation with 3N media. In total, 10 ng ml−1 of NGF, BDNF and GDNF were added to the axonal
compartment to attract axons. Media changes were implemented three times per week, and fluid volumes were adjusted to ensure
cross-chamber flow and to establish a trophic factor gradient from axonal to somatic compartments. Of note, the soma compartment
contains not only cell bodies but also corresponding axonal fractions. For simplicity purposes, we will refer to this compartment as
soma compartment throughout this paper.

5.5. Harvesting
At DAI 58, the RNA was extracted (electronic supplementary material, figure S3). DAI 58 was chosen for harvesting, because
the axonal chamber was adequately overgrown to ensure a high RNA yield for the sequencing approach. No gross morpholog-
ical differences between WT and KIF1C-KO neurons were observed at this time point. The compartments were washed with
PBS. For the axonal compartment, 5 µl of NEBNext Cell Lysis Buffer (NEB, Massachusetts, US) was added directly into the
corresponding microgroove. After 3 min, the solution was mixed and snap-frozen on dry ice. The soma compartment was lysed
using 50 µl RLT buffer (Qiagen, Venlo, Netherlands) and then collected and snap-frozen using dry ice. Soma RNA was purified
using the RNeasy Mini Kit (Qiagen, Venlo, Netherlands) following the manufacturer’s instructions.

5.6. RNA-sequencing library construction
Due to the low amount of RNA available in the axon fraction, lysate from approximately 500 cells was prepared in 5 µl of
NEBNext Cell Lysis Buffer and used for library preparation with the NEBNext Single Cell/Low Input RNA Library Prep Kit,

Table 2. Antibodies, dilution, and corresponding blocking solution/dilutant used for characterization of iCNs.

primary antibody dilution blocking

β-III-tubulin (Sigma-Aldrich, T8660) 1 : 750 5% BSA/0.1% Triton X/PBS

CTIP2 (Abcam, ab18465) 1 : 500 5% BSA/0.1% Triton X/PBS

MAP2 (Proteintech, 17490-1-AP) 1 : 250 5% BSA/0.1% Triton X/PBS

TAU (CST, #46687) 1 : 1000 5% BSA/0.1% Triton X/PBS

GFAP (CST, CSIG 80788T) 1 : 200 5% BSA/0.1% Triton X/PBS

TBR1 (Proteintech, 2093-1-AP) 1 : 200 10% NGS/0.3% Triton X/PBS
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following the protocol for low-input cells. The library molarity was determined by measuring the library size (approx. 330
bp) using the Fragment Analyzer 5300 and the Fragment Analyzer DNA HS NGS fragment kit (Agilent Technologies) and
the library concentration (>2 ng µl−1) using Qubit Fluorometric Quantitation and dsDNA high sensitivity assay (Thermo Fisher
Scientific). The libraries were denaturated according to the manufacturer’s instructions, diluted to 270 pM and sequenced as
paired-end 100 bp reads on an Illumina NovaSeq 6000 (Illumina). The sequencing aimed to achieve a depth of >15 million
clusters per sample.

5.7. Short reads RNA-sequencing processing and differential gene expression analysis
Our RNA-seq pipeline encompassed read QC, RNA-seq mapping and gene quantification. Raw RNA-seq data were processed
using the megSAP pipeline, which includes QC and adapter removal of fastq files. The reads were then aligned to the reference
genome using STAR (v. 2.7.10a) [109]. Gene and transcript expression quantification was performed using featureCounts
(subread-2.0.2) [110]. Transcript and gene abundances were expressed as TPM values.

To identify differentially expressed genes between soma and axon compartments of control lines, we first filtered out
lowly expressed genes by keeping only those with at least 1 TPM value in at least three samples in each compartment. The
filtered TPM matrix was taken as a log2 transformation. Differential expression analysis was performed using the Limma-Voom
module. For the enrichment analysis of GO terms, we utilized the ReactomePA package in R (v. 4.3). This analysis encompassed
the evaluation of significantly enriched pathways within the categories of biological processes (BP), CC and molecular functions
(MF). The most significantly enriched pathways were meticulously assessed, and the top distinguished functional pathways
were selected for visualization.

To compare our data with previously published datasets, we implemented the following procedures: for the dataset by
Nijssen et al. [14], we first converted their counts per million values to TPM values. Subsequently, we required at least two WT
samples for both soma and axon to have TPM values greater than 1. For the datasets of De Pace et al. [27] and Maciel et al. [28],
which contained only two and three WT soma and axon samples in each dataset, we similarly converted the data to TPM values
and included genes with TPM values greater than 1 in both samples.

Ethics. The use of human iPSCs in this study was approved by the Institutional Review Boards of the University of Tübingen Medical School,
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