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Abstract
HNRNPH2-Related Neurodevelopmental Disorder (HNRNPH2-RNDD) is an ultra-rare, X-linked condition characterized by 
motor impairments, intellectual disability, and global developmental delay. HNRNPH2 is a ubiquitously expressed protein, 
and the mechanism by which its mutations cause profound neurodevelopmental and motor dysfunction remains unclear. 
To investigate the cellular basis of these impairments, we performed an integrative single-cell RNA sequencing (scRNA-
seq) analysis of adult human spinal cord datasets. In addition, CellChat, a computational framework for inferring intercellular 
communication networks, was performed to delineate cell-cell communication associated molecular mechanism of motor 
impairment caused by HNRNPH2-RNDD. Using a dataset of 24,190 cells, we identified cell-type-specific expression patterns of 
HNRNPH2 gene and mapped ligand-receptor signaling pathways potentially affected by the gene dysfunction. HNRNPH2 gene 
expression was enriched in non-central nervous system cell populations such as endothelial cells, pericytes, and ependymal 
cells. The CellChat analysis revealed robust outgoing communication from these HNRNPH2-expressing cell types to neurons, 
astrocytes, and oligodendrocytes via key neurodevelopmental pathways, including NRG3, NRXN1, and NCAM1. Correlation 
analyses further demonstrated statistically significant associations between HNRNPH2 gene expression and these signaling 
genes, suggesting a crucial role for HNRNPH2 in maintaining communication networks essential for neuronal maturation, 
synaptic stability, and motor system development. The bulk RNA-seq analysis with HNRNPH2-RNDD models also suggested 
a correlation between HNRNPH2 and the identified neurodevelopmental factors. These findings support a novel model in 
which disruption of HNRNPH2 in non-neuronal spinal cord cells impairs critical intercellular signaling and may contribute to the 
complex motor and developmental phenotypes observed in HNRNPH2-RNDD. This work establishes a foundation for future 
disease-specific scRNA-seq studies and highlights potential therapeutic signaling pathways for targeted intervention. 
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Introduction
The ultra-rare, X-linked, heterogeneous 

nuclear ribonucleoprotein H2 (HNRNPH2)-Related 
Neurodevelopmental Disorder (HNRNPH2-RNDD) is 
caused by de novo pathogenic missense variants in the 
HNRNPH2 gene, which encodes the RNA-binding protein 
HNRNPH2 [1-3]. The disorder arises from pathogenic de 
novo missense variants in the HNRNPH2 gene, located 
on the long arm of the X chromosome at locus Xq22 (1-
3). HNRNPH2 is a member of the large and ubiquitously 
expressed HNRNP family of RNA-binding proteins, the 
fundamental regulators of RNA metabolism that play 

critical roles at multiple stages of a messenger RNA's life 
cycle [2,4]. Recently, several HNRNP family members 
have been implicated in multiple neurodevelopmental 
disorders [4]. HNRNPH2 and its family members are 
primarily localized to the nucleus, playing roles in pre-
messenger RNA (pre-mRNA) transcripts and forming 
large ribonucleoprotein complexes. They act as crucial 
modulators of post-transcriptional gene regulation 
that influence essential processes such as alternative 
splicing, polyadenylation, mRNA stability, and the 
subsequent transport of mature mRNA from the 
nucleus to the cytoplasm for translation [2,4,5]. 
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Likely associated with its ubiquitous expressions 
and multiple functions, the HNRNPH2-RNDD causes 
patients with a broad range of pathological features. 
Patients with HNRNPH2-RNDD are non-ambulatory, 
nonverbal, with dysmorphic craniofacial features 
[3,6,7]. Intellectual disability, epilepsy, autism, and oral 
stimulation are also present in the patients, leading to 
their limited independence [3,6,7]. Nearly all patients 
exhibit global developmental delay and intellectual 
disability [1,3,6]. Language impairment is profound, as 
most individuals are non-verbal or minimally verbal, 
relying on alternative communication devices or basic 
gestures, which severely limit their ability to express 
pain, hunger, or emotion. Motor dysfunction is also 
profound, as hypotonia (low muscle tone) is universal 
in infancy and dystonia as the child ages [1,3,6]. These 
result in delayed motor milestones, as many children 
do not walk until age five and often require orthotics, 
wheelchairs, or gait trainers [3]. In addition, psychiatric 
and behavioral comorbidities are the most distressing 
aspect for families, exhibiting autism spectrum, sensory 
processing disorders, and self-injurious behaviors [8]. 
Moreover, systemic comorbidities such as disorders in 
multiple organ systems, rapidly progressive scoliosis, 
hip dysplasia, and gastrointestinal dysfunction. 
These clinical presentations of HNRNPH2-RNDD are 
characterized by a spectrum of severity that imposes a 
lifelong, 24-hour care burden on families [1,3,8]. 

Despite the significant healthcare burden of the 
family impacted by HNRNPH2-RNDD, there is no robust 
research and development (R&D) toward developing 
therapeutics for the disease. Identified in 2016, 
HNRNPH2-RNDD is an ultra-rare disease, currently 
affecting between 145 and 200 individuals worldwide. 
The small number of patients places the disease well 
below the commercial threshold required to attract 
traditional pharmaceutical investment or venture 
capital. Unlike other rare diseases, such as Spinal 
Muscular Atrophy (SMA) and Cystic Fibrosis (CF), which 
have multi-billion-dollar markets and transformative 
therapies, HNRNPH2-RNDD exists in a capital vacuum 
[9]. The pharmaceutical industry and institutional 
investors most likely view the patient population as 
insufficient to generate returns on the immense risk-
adjusted costs of R&D, rendering the market unfeasible 
[9]. Consequently, the burden of funding basic science, 
natural history studies, and even the administrative 
costs of clinical trials has shifted entirely to patient 
families and small charitable foundations, such as 
the Yellow Brick Road Project (YBRP) and the HNRNP 
Family Foundation. This aspect further underscores the 
need for innovative research to revolutionize current 
treatment for HNRNPH2-RNDD.

Although there has been promising research 
progress, we still do not have any FDA approved therapies 
available for HNRNPH2-RNDD, except for symptoms 

management [10,11]. Current therapeutic strategies 
in development include allele specific and non-specific 
antisense oligonucleotides (ASOs) - short, double-
stranded DNA or RNA strands designed to selectively 
bind to specific messenger RNA (mRNA) to control 
protein production - to downregulate or knock out the 
mutated HNRNPH2 genes [12,13]. Currently, a pilot 
n-of-3 clinical trial is undergoing at Columbia University 
Irving Medical Center in collaboration with the n-Lorem 
Foundation using non-allele specific ASO. Although the 
ongoing approaches are valid, the remaining challenges 
for developing effective therapeutics include our 
limited understanding of HNRNPH2, especially for the 
specific mechanism of how HNRNPH2 mutations cause 
a wide spectrum of neurodevelopmental disorders [10]. 
Thus, delineating the molecular mechanism associated 
with HNRNPH2-RNDD may support the ongoing efforts 
to develop a highly effective and specific therapy 
[10]. In this study, as motor impairment is a crucial 
aspect of HNRNPH2-RNDD, we explored the potential 
pathomechanisms of HNRNPH2-RNDD-caused motor 
dysfunctions using state-of-the-art single-cell RNA 
sequencing (scRNA-seq). Our central hypothesis is that 
scRNA-seq analysis will lead us to identify the specific 
molecular mechanisms responsible for motor function 
impairments in HNRNPH2-RNDD. Targeting motor 
impairment is essential, as it is one of the hallmarks 
of HNRNPH2-RNDD, manifesting as a complex and 
multifaceted motor impairment disorder rather than 
a singular deficit. Moreover, the molecular mechanism 
underlying the complex spectrum of motor dysfunction 
in HNRNPH2-RNDD remains largely unknown. To 
understand the cellular basis of the profound motor 
deficits in HNRNPH2-RNDD, we selected the healthy 
adult spinal cord single cell atlas, as the anatomical 
structure where motor control is executed and the 
primary information superhighway of the motor system, 
relaying nerve signals between the brain and the rest of 
the body to control movement, sensation (touch, pain, 
temp), and involuntary functions [14].

Single-cell RNA sequencing (scRNA-seq) has become 
a transformative methodology for investigating complex 
biological systems at unprecedented resolution [14-16]. 
By enabling the isolation and transcriptomic profiling 
of individual cells, scRNA-seq offers a detailed view 
of gene expression heterogeneity and supports the 
systematic classification of thousands of cells into 
molecularly distinct populations. Since its introduction 
in 2009, the technology has generated extensive 
insights across diverse organisms, including humans, 
animal models, and plants, facilitating the construction 
of high-resolution cellular atlases that serve as essential 
references for understanding tissue organization, 
cellular interactions, and the molecular basis of health 
and disease [17,18]. The utility of scRNA-seq has 
been particularly evident in neuroscience, where its 
application to the developing and adult human spinal 
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cord has delineated its complex cellular landscape, 
identified numerous neuronal subtypes, and traced 
their developmental trajectories, thereby establishing 
a foundational framework for interpreting spinal 
cord biology [19-22]. Beyond characterizing normal 
tissue architecture, scRNA-seq provides a powerful 
strategy for studying disease mechanisms. By analyzing 
transcriptional profiles across all constituent cell types 
within affected tissues, researchers can identify the 
specific populations most perturbed by pathogenic 
variants, define cell-type-specific vulnerabilities, and 
map the molecular pathways disrupted in those cells 
[19-22]. This level of resolution is especially critical 
for disorders arising from dysfunction in ubiquitously 
expressed genes, such as HNRNPH2-RNDD, where a 
key question concerns why a broadly expressed protein 
leads to selective phenotypic manifestations. scRNA-
seq may elucidate which cell types are particularly 
dependent on the gene’s function and thus more 
susceptible to its disruption. 

In addition, this study implemented an emerging 
analysis tool, CellChat [23,24], integrated with scRNA-
seq. CellChat is a computational framework developed 
to quantitatively infer and analyze intercellular 
communication networks from single-cell transcriptomic 
data. It estimates the probability of signaling between 
cell populations using a mass-action–inspired model 
that accounts for core ligand–receptor interactions, 
including multisubunit complexes, as well as modulation 
by cofactors. The platform predicts primary signaling 
inputs and outputs for each cell type and characterizes 
how these signals coordinate cellular functions through 
network-based analyses and machine-learning-driven 
pattern recognition. CellChat performs systematic and 
comparative analyses of intercellular communication, 
providing a variety of quantitative metrics to assess 
signaling strength, network hierarchy, and information 
flow across cell types. The latest version, CellChat v2, 
expands these functions by adding further-enriched 
ligand-receptor database providing functional 
annotations, additional tools for comparative analysis, 
and an interactive visualization interface. Together, these 
features allow researchers to comprehensively map and 
interpret complex cell-cell communication networks in 
an accessible and reproducible framework. Our scRNA-
seq and CellChat analysis identified the specific cell types 
highly expressing HNRNPH2 gene in healthy adult spinal 
cord and their roles in communication with the primary 
central nervous system (CNS) cells. The discovered 
cell-cell signaling pathway associated with HNRNPH2-
expressing cells are potentially involved in HNRNPH2-
RNDD and the consequent motor function impairments. 
Thus, our findings reported below may have significant 
implications in the development of novel therapeutic 
targets to address the motor function impairments in 
HNRNPH2-RNDD patients. This study also provides a 
strong foundation for understanding the biological roles 

of HNRNPH2 and how HNRNPH2 mutations may lead to 
disrupted cell-cell communication. 

Methods
Single-cell RNA sequencing (scRNA-seq) dataset from 

healthy, adult human spinal cord tissues were obtained 
from the Chan–Zuckerberg Foundation’s CELLxGENE 
database, yielding a dataset of 24,190 cells for analysis 
[25,26]. The dataset includes the integrated single cell 
transcriptomic atlas of spinal cords from 20 human 
donors (age: 30 - 75; 10 males and 10 females) [27]. 
All computational processing and visualization were 
performed using ICARUS version 3.0, an interactive web-
based R analysis platform [28], together with RStudio 
version 5.1. The cell count matrix and annotation 
data were loaded from an h5ad file, from which the 
Seurat objects were generated using Seurat (version 
5.2.1). Quality control steps entailed filtering out cells 
with fewer than 200 or more than 6,000 detected 
features and with greater than 20% mitochondrial gene 
expression. Gene expression data were then globally 
normalized, and the top 2,000 variable genes were 
identified using a variance‐stabilizing transformation. 
Scaled data were subjected to principal component 
analysis (PCA). The number of principal components 
used in downstream analyses was determined via the 
elbow plot by identifying the inflection point at which 
additional principal components contributed only 
marginally to the variance. Doublet detection was 
performed using DoubletFinder (version 2.0.4) with an 
estimated doublet rate of approximately 7.5%, and only 
cells classified as singlets were retained.

Following normalization and filtering, clustering 
was performed using the optimal number of PCA 
components, which was determined from the elbow 
plot. Uniform Manifold Approximation and Projection 
(UMAP) was used to identify transcriptionally distinct 
cell clusters across the dataset. The labeling of identified 
cell clusters was conducted utilizing the annotation 
data from CELLxGENE. Following cluster identification, 
gene expression profiling was conducted to determine 
which cell populations expressed HNRNPH2 at high 
levels. To investigate potential mechanisms of cellular 
interaction associated with HNRNPH2, we performed 
CellChat analysis, a computational framework that 
infers intercellular communication networks by 
predicting ligand–receptor signaling pathways between 
cell types. A dedicated Seurat object was constructed 
for CellChat analysis using CellChat (version 1.6.1) and 
associated packages (circlize version 0.4.16, grid version 
4.4.2, and Matrix version 1.7.3), with a human-specific 
CellChat database. Custom visualization functions were 
developed to generate two types of plots: a circular 
network plot and a chord diagram. The circular network 
plot displays the global cell-cell communication 
landscape, where vertex sizes indicate cell population 
sizes and edge weights reflect the strength of 
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communication probabilities. The chord diagram is 
designed to illustrate specific signaling interactions, 
highlighting the top pathways based on interaction 
scores or selected pathways of interest. In these chord 
diagrams, chord thickness denotes the communication 
strength between cell types, offering insights into the key 
ligand–receptor mediated interactions. Heatmaps were 
generated to quantify incoming and outgoing signaling 
strengths across these cell populations. Additionally, 
correlation analyses were conducted to assess the 
relationship between HNRNPH2 expression and key 
communication-related genes associated with neuronal 
development and motor function, including neuregulin 
3 (NRG3), neurexin-1 (NRXN1), neural cell adhesion 
molecule 1 (NCAM1), and neuronal growth regulator 
1 (NEGR1). These combined approaches enabled a 
comprehensive examination of cell types expressing 
HNRNPH2 and their potential communication with 
neural populations within the human spinal cord.

To evaluate the identified correlation between 
the neuronal factors and HNRNPH2, we performed 
a comparative analysis for those gene expressions 
between wild-type and HNRNPH2 knockout (KO) and 
HNRNPH2 mutation inserted into human induced 
pluripotent stem cell-derived neurons or Hnrnph2 
mutations into mouse [10]. Bulk RNA-seq data of human 
iPSC (GSE226525) and mouse cortex (GSE226526) were 
examined for quantitative transcriptomics per million 
(TPM), followed by quantitative comparison between 
wild-type (WT), KO, and mutations at R206W, P209L, or 
R206Q (human iPSC only). 

Results
Specific cell types highly expressing HNRNPH2

Our scRNA-seq analysis identified multiple 
transcriptionally distinct cell clusters within human spinal 
cord tissue, spanning both neuronal and non-neuronal 
lineages (Figure 1A). The identified cell clusters included 
oligodendrocyte, astrocyte, oligodendrocyte precursor 
cell, central nervous system macrophage, neuron, 
leukocyte, endothelial cell, pericyte, and ependymal 
cell (Figure 1A). Gene expression profiling revealed 
that HNRNPH2 expression was enriched primarily in 
non-neuronal populations, including endothelial cells, 
pericytes, and ependymal cells (Figure 1B), confirming 
the localization of HNRNPH2 within specific supportive 
and vascular-associated cell types. The gene expression 
assay showed that over 25% of endothelial cells, 
pericytes, and ependymal cells highly express HNRNPH2 
(Figure 1B). 

CellChat elucidated cell-cell communications 
between HNRNPH2-expressing cells and other CNS 
cells

CellChat analysis revealed active cell-cell 
communications spinal cord cell populations, with 
particularly strong signaling connections between the 

HNRNPH2-expressing non-neuronal cells and central 
nervous system (CNS) cell types (Figure 2A and 2B). 

Heatmaps showed the intensities of outgoing signal 
and incoming signal for each type of cell (Figure 3). The 
strong outgoing signaling pathway from endothelial 
cells, pericytes, and ependymal cells include but not 
limited to NEGR, NCAM, NRG, NRXN, TAG, PROS, and 
GAS (Figure 3). From the strong outgoing signal, we 
identified several pathways, NEGR, NCAM, NRG, and 
NRXN, showing notable strength both in outgoing and 
incoming signals (Figure 3). We selected these four 
signaling pathways for the further analyses given their 
robust outgoing signals from endothelial cells, pericytes, 
and ependymal cells, targeting a range of CNS cell 
populations (Figure 3), and their reported functions in 
neurodevelopment and motor function in spinal cords 
[29,30]. 

HNRNPH2-expressing cells may regulate neuronal 
development, function, and homeostasis via cell-cell 
communications 

A bubble plot of the selected ligand-receptor pairs 
in NEGR, NCAM, NRG, and NRXN signaling pathways 
confirmed the statistically significant, robust signaling 
emanating from endothelial, pericytes, and ependymal 
cells to oligodendrocytes, astrocytes, and neurons 
(Figure 4A). In particular, NRXN1 signal was robust in 
communication from endothelial cells, pericytes, and 
ependymal cells to neurons (Figure 4A). NRG3 signaling 
was highly expressed in cell-cell communication of 
endothelial cell-to-astrocyte & neuron, pericyte-to-
astrocyte & neuron, and ependymal cell-to-astrocyte 
& neuron (Figure 4A). Similarly, robust NEGR1 signaling 
was identified in endothelial cell & pericyte-to-
oligodendrocyte and ependymal cell-to-oligodendrocyte 
(Figure 4A). Strong NCAM1 signal was observed in the 
communication of endothelial cell-to-oligodendrocyte 
& astrocyte and pericyte-to-oligodendrocyte & 
astrocyte (Figure 4A). In summary, the CellChat analysis 
suggests that HNRNPH2-expressing non-neuronal cells 
communicate to CNS cells through NEGR, NCAM, NRG, 
NRXN signaling pathways (Figure 4B).

Pearson correlation analysis showed the statistically 
significant correlation between HNRNPH2 expression 
and NRG3, NRXN1, and NCAM1 expression (p < 0.0001). 
This finding strongly suggests the role of HNRNPH2 in 
cell-cell communication mediated by NRG3, NRXN1, 
and NCAM1 signaling (Figure 5A-5C). However, NEGR1 
signal showed no statistically significant correlation 
with HNRNPH2 expression (Figure 5D). Together, these 
results suggest that HNRNPH2-expressing cell types 
participate in communication pathways to CNS cells 
essential for neural development, maintenance, and 
motor system function.

Bulk RNA-seq analysis for mouse cortex showed 
that Hnrnph2 KO or mutation at R206W do not alter 
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Figure 1: (A): UMAP identified multiple cell clusters in human spinal cords; (B): Gene expression profiles show cells types 
highly expressing HNRNPH2.

Figure 2: CellChat analysis shows active interactions between different cell types: (A): A Circle plot for the intensity of cell-cell 
communication; (B): and a Chord plot for signaling involved in cell-cell communication between specific cell type pairs. Strong 
cell-cell communications are observed between non-neuronal cells and CNS cells.

expressions of Nrg3, Nrxn1 or Ncam1 (Figure 6A-6C). 
In contrast, Nrg3, Nrxn1 and Ncam1 expressions were 
significantly reduced in the mouse cortex with Hnrnph2 
mutation at P209L (Figure 6A-6C). In mouse Hnrnph2 
disease model, both R206W and P209L mutations 
cause neurodevelopmental disorders, but P209L 
generally exhibit more severe neurological and motor 
impairments [10]. Thus, the significant reduction in Nrg3, 
Nrxn1, and Ncam1 in P209L mutation is suggested to be 
associated with Hnrnph2-related disorders. In human 

iPSC-derived neurons, HNRNPH2 KO and mutations 
significantly increased NRG3, NRXN1, and NCAM1 
expressions, with dramatic increases with mutations 
at R206W and P209L (Figure 6D-6F). In addition, 
Pearson’s correlation analysis confirmed the statistically 
significant correlation between HNRNPH2/Hnrnph2 and 
the NRG3/Nrg3, NRNX1/Nrnx1, and NCAM1/Ncam1 (p < 
0.001) (Figure 6G,6H). Although the results of mutations 
appear to be toward different direction in mouse and 
human models, these data likely confirm the close link 
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Figure 3: Heatmaps showing the strength of outgoing and incoming signals per cell type. Robust outgoing signals are observed 
in non-neuronal cells, with strong incoming signals to CNS cells. 

Figure 4: (A): Bubble plot shows signaling ligand-receptor pairs significantly activated between HNRNPH2-expressing cells 
(endothelial cells, pericytes, and ependymal cells) and other types of cells in the spinal cord; (B): CellChat analysis data 
collectively suggest that HNRNPH2-expressing cells send out signals to CNS cells, associated with motor system development 
and protection.

between HNRNPH2/Hnrnph2 and the neuronal factors 
identified as cell-cell communication mediator from our 
CellChat analysis.

Discussion
The findings from this study support a model in 

which HNRNPH2-expressing endothelial cells, pericytes, 
and ependymal cells influence neuronal development, 
homeostasis and motor system function through 

communication signals mediated by pathways, such as 
NRG, NRXN, and NCAM. These signaling systems are 
well established as essential regulators of neuronal 
maturation, synaptic stability, and axon guidance 
(29-31), thus aligning with the types of motor and 
developmental impairments observed in HNRNPH2-
RNDD. The strong correlations identified between 
HNRNPH2 expression and NRG3, NRXN1, and NCAM1 
expressions further support the hypothesis that 
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Figure 5: (A-C): HNRNPH2 expression is statistically correlated with the expression of the NRG3, NRXN1, and NCAM1 
involved in neuronal functions and development (r: Pearson correlation coefficient, p<0.0001). NEGR1 shows no statistically 
significant correlation with HNRNPH2 expression (D) (p = 0.1165).

Figure 6: Bulk RNA-seq analysis for mouse cortex (A-C) and human iPSC-derived neurons (D - F) with KO or mutations at 
R206Q, R206W, or P209L (n = 3 biological replicates per group. *: p < 0.0001, different letters indicate statistical significance). 
Pearson’s correlation was performed for mouse (G) and human data (H) (r: Pearson’s correlation coefficient, p < 0.001).
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HNRNPH2 plays a functional role in maintaining or 
modulating these communication networks. Disruption 
of HNRNPH2 could therefore impair key developmental 
signaling pathways, contributing to the broad 
neurological and motor phenotypes characteristic of 
HNRNPH2-RNDD (Figure 7). 

Previous studies investigating the molecular 
mechanisms underlying neurodevelopmental disorders 
associated with HNRNPH2 mutations have relied mainly 
on bulk RNA sequencing or on genetically modified 
animal models [4,10,32]. Previous bulk RNA-seq and a 
murine model of HNRNPH2 suggested that HNRNPH2 
mutations lead to impaired nuclear transport, 
cytoplasmic accumulation, altered RNA splicing, and 
inhibition of genetic compensation [4,10,32]. However, 
a gene expression profile from bulk RNA-seq represents 
the average of thousands or millions of diverse 
cells in the dissected tissue sample and is unable to 
identify cell-type-specific transcriptional signatures 
that define the function of distinct neuronal and glial 
populations. As related, the previous findings on the 
potential mechanism underlying neurodevelopmental 
disorders caused by HNRNPH2 mutations are focused 
on general cellular functions, rather than cell-type-
specific dysfunction. Thus, our data may represent a 
novel finding on the cell types and signaling pathways 
specific to HNRNPH2-RNDD. Moreover, our findings, 
for the first time, identified the potential roles of 
non-CNS cells in the spinal cord, such as endothelial 
cells, pericytes, and ependymal cells, in the cell-cell 
communication associated with HNRNPH2-RNDD. Given 

our limited knowledge of the functions of these cells 
in neurodevelopment, our study may lead to follow-
up studies to investigate biology of these cells for the 
development and function of the spinal cords. 

Despite the novel findings, this study has several 
limitations. All data analyzed in this study were derived 
from healthy adult human spinal cord samples, and no 
spinal cord scRNA-seq datasets are currently available 
from pediatric tissue or from individuals with HNRNPH2 
mutations. Because HNRNPH2-RNDD symptoms emerge 
in infancy and involve developmental processes, adult 
tissue data may not fully reflect disease-relevant 
signaling states. Additionally, the absence of patient-
derived scRNA-seq datasets significantly limits the 
ability to determine how these communication 
pathways are altered in affected individuals. To address 
the limitations, we performed a comparative analysis 
using previously established bulk RNA-seq data of 
mouse cortex and human iPSCs with inserted mutations 
of HNRNPH2, which likely confirm the link between 
HNRNPH2 mutations and expressions of NRG3, NRXN1, 
and NCAM1. These validation data with the available 
disease models strongly suggests potential therapeutic 
targets for HNRNPH2-RNDD. 

However, bulk RNA-seq cannot validate cell-cell 
communication identified in the scRNA-seq analysis, 
resulting in another limitation of this study, the 
paucity of in vitro validation for the identified cell-cell 
communication signaling in disease models. As the 
cell-cell signaling interactions likely occur as a part of 

Figure 7: In this study, scRNA-seq and CellChat analysis using human spinal cord dataset revealed a potential mechanism 
responsible for motor function impairment caused by HNRNPH2 mutations through cell-cell communications between non-
CNS cells and CNS cells. Strong NRG3, NRXN1, and NCAM1 signal from endothelial cells, pericytes, and ependymal cells to 
neurons, astrocytes, and oligodendrocytes, discovered in healthy spinal cords suggest that HNRNPH2 mutations in the disease 
may lead to disruption of the key signals, playing essential roles in neural and motor function development and maintenance.
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the systemic communication network in vivo, there 
is no in vitro model applicable to replicate complex 
in vivo systemic factors. Emerging technologies such 
as brain cortical organoids, organ-on-a-chip (OoC) 
and other types of microphysiological systems (MPS) 
may have the potential to develop an in vitro human 
model successfully replicating the complex in vivo cell-
cell interactions from human iPSCs with HNRNPH2-
RNDD [33-35]. However, the existing OoC and MPS 
are at an early developmental stage, with limited 
capacity. To address these limitations, future research 
will focus on comparing these healthy adult datasets 
with developing human spinal cord scRNA-seq and 
patient-derived data, when they become available, 
to determine whether the patterns identified here 
are conserved during development or altered in the 
disease state. This study is also limited by sole analysis 
of spinal cord, not brain. While motor planning and 
ambulatory symptoms in HNRNPH2-RNDD patients may 
result in spinal cord differences between neurotypical 
patients, investigating cellular differences via scRNA-
seq in brain regions should enhance our understanding 
of cellular communication networks necessary for both 
development and homeostasis. 

Conclusion
Our integrative scRNA-seq and CellChat analyses 

provide a strong foundation for understanding the 
biological roles of HNRNPH2 and how HNRNPH2 
mutations may lead to disrupted cell-cell communication, 
potentially explaining the diverse motor, sensory, and 
developmental impairments observed in individuals 
with HNRNPH2-RNDD.
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