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ABSTRACT

Hereditary spastic paraplegia (HSP) is a group of genetic
motor neuron diseases resulting from length-dependent
axonal degeneration of the corticospinal upper motor
neurons. Due to the advancement of next-generation
sequencing, more than 70 novel HSP disease-causing
genes have been identified in the past decade. Despite
this, our understanding of HSP physiopathology and the
development of efficient management and treatment
strategies remain poor. One major challenge in studying
HSP pathogenicity is selective neuronal vulnerability,
characterized by the manifestation of clinical symptoms
that are restricted to specific neuronal populations, despite
the presence of germline disease-causing variants in every
cell of the patient. Furthermore, disease genes may exhibit
ubiquitous expression patterns and involve a myriad of
different pathways to cause motor neuron degeneration. In
the current review, we explore the correlation between
transcriptomic data and clinical manifestations, as well as
the importance of interspecies models by comparing
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tissue-specific transcriptomic profiles of humans and mice,
expression patterns of different genes in the brain during
development, and single-cell transcriptomic data from
related tissues. Furthermore, we discuss the potential of
emerging single-cell RNA sequencing technologies to
resolve unanswered questions related to HSP
pathogenicity.
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INTRODUCTION

Hereditary spastic paraplegia (HSP) refers to a group of
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inheritable neurodegenerative diseases involving corticospinal
motor neurons (CSMNs) in the corticospinal tract (CST) of the
pyramidal tract. The CST constitutes part of the descending
spinal tract that houses CSMN axons, along which movement-
related signals propagate from the cerebral cortex to the
spinal cord, and subsequently to effectors, such as muscles,
to control limb movement. Degeneration of axons in the CST
can lead to failure of the affected CSMNs to deliver
movement-related signals to the corresponding downstream
effectors. In the case of HSP, the long CSMN axons that affect
the lower limbs are particularly prone to degeneration
following length-dependent degradation (dying back), wherein
the axons degenerate from the terminal and propagate
retrogradely towards the cell body (Deluca et al., 2004). As a
result, HSP patients are likely to suffer from progressive lower
limb weakness and spasticity, with difficulty in walking.

Subtypes of HSP vary by age of onset, severity, and
progression course. They can generally be divided into
syndromic ( “complicated” or “complex”) and non-syndromic
( “uncomplicated” or “pure”) subtypes, depending on the
presented symptoms. Symptoms of non-syndromic HSP
subtypes are mostly limited to lower-limb weakness and
spasticity, with possible sensory and bladder disturbances.
Syndromic HSP subtypes are characterized by the
impairments presented in non-syndromic HSP as well as
complications in other systems and/or neurological findings
(Hedera, 1993). In total, 71 subtypes of HSP have been
documented in the spastic paraplegia phenotypic series
(ID:PS303350) from the Online Mendelian Inheritance in Man
(OMIM) database (2021) (last accessed on 14 September
2021). Nevertheless, it is estimated that approximately half of
HSP cases have not been molecularly diagnosed (Ruano
et al., 2014). Despite ongoing research, the disease-causing
mechanisms underlying the defects of this group remain
largely unknown, and patients are primarily managed by
symptomatic treatment with no cure currently available
(Bellofatto et al., 2019).

HSP has been reviewed from different perspectives,
including historical (Walusinski, 2020), clinical and disease
presentation (De Souza etal, 2017; Klebe etal., 2015),
treatment and management (Bellofatto et al., 2019; Gumeni
etal., 2021), and relevance of animal models (Genc etal.,
2019). The emergence of next-generation sequencing (NGS)
in research and clinical diagnosis, as well as transcriptomic
analysis via NGS-based bulk RNA sequencing (RNA-seq) and
single-cell RNA sequencing (scRNA-seq), has provided a
wealth of information regarding expression profiles in various
tissue and cell types. Here, we used data obtained from
16 975 protein-coding genes across 32 normal human tissues
that were sequenced, mapped, and uploaded to an online
platform as part of the Human Protein Atlas portal (Uhlen
etal,, 2015). The EMBL-EBI expression atlas portal was
utilized to analyze available human and mouse expression
datasets of the forebrain and hindbrain along a developmental
timeline  (Cardoso-Moreira etal.,, 2019). ScRNA-seq
transcriptomic data from the human and mouse brain,
documented on the Allen Institute website (Allen Institute,
2021) and Neuroscience Multi-Omic Analytics browser (Orvis
et al., 2021), were also investigated. As HSP genes may also
correlate with other neurological conditions, the potential
implication of HSP genes in Alzheimer's disease was
investigated with reference to the AlzData database (last

accessed on 24 November 2022) (Supplementary Tables S1,
S2) (Xu et al., 2018).

This paper examines the relationship  between
transcriptomic profiles and clinical presentations in HSP, as
well as species-specific transcriptomic profiles and
interspecies differential phenotypic outcomes, with further
exploration of the potential of NGS platforms to study diseases
involving a minor population of cells. By analyzing cell-
specific, tissue-specific, and time-specific gene expression
profiles of HSP genes in humans and mice, this review should
shed light on the pathogenicity of HSP genes and contribute to
our understanding of upper motor neuron degenerative
diseases and other neurological conditions.

MATERIALS AND METHODS

Correlation between HSP gene expression and clinical
presentation

A list of genes associated with various HSP subtypes was
obtained from the OMIM database (Supplementary Table S1,
last accessed on 14 September 2021). Tissue RNA
expression profiles of the HSP-associated genes were
obtained from the v20 Human Protein Atlas portal in
normalized expression (NX) (last accessed on 14 November
2021). In brief, previous studies summarized and aggregated
raw counts of mapped reads over each gene to calculate
transcripts per million (TPM) based on quality-filtered reads
from RNA-seq data. (Robinson & Oshlack, 2010, Van Den
Berg et al., 2006). Except for expression levels in blood, all
normalized datasets were subsequently combined using batch
correction with the “removeBatchEffect” function in the R
package Limma (Uhlen etal.,, 2015). Normalized datasets
marked NX were then retrieved for further analysis. The tissue
expression profiles were tabulated and grouped based on the
earliest reported onset age in their corresponding HSP
subtype patients. For better visualization, the expression in
each tissue class was subsequently averaged and shaded
(Figure 1). Metadata, such as syndromic or non-syndromic
subtypes, earliest reported age of onset, and autosomal
dominant (AD), autosomal recessive (AR), or X-linked
recessive (XLR) modes of inheritance, were also labeled
based on previous literature and database searches
(Bellofatto etal.,, 2019; De Souza etal., 2017; Online
Mendelian Inheritance in Man, 2021; Orphanet Rare Disease
Portal, 2021). Literature search on disease mechanisms of
AD-HSP was performed, and pLI| scores of genes associated
with AD-HSP were obtained from the gnomAD browser
(Karczewski et al., 2020) (last accessed on 20 May 2022).

Interspecies relevance of HSP gene expression profiles

Data on HSP gene expression with respect to developmental
stages were retrieved from the EMBL-EBI expression atlas
portal in TPM (Cardoso-Moreira et al., 2019) (last accessed on
11 December 2021). Pre- and postnatal expression levels of
HSP genes in the forebrain and hindbrain of both humans and
mice were tabulated (Supplementary Figure S1). The relative
fold-change in expression was calculated with reference to the
earliest time point with detectable expression along either the
prenatal and/or postnatal developmental timeline (Figure 2). In
general, expression at 4 weeks post conception (wpc), the
earliest available time point, was defined as the reference
level for calculating relative fold-change in the prenatal human
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Figure 1 Heatmap showing average tissue-specific mMRNA expression levels in transcripts per million (TPM) of HSP genes in normal
human tissues (concise version of Supplementary Figure S5)

Each row specifies a generalized tissue type, and each column specifies the expression level in TPM of one HSP-associated gene. Columns are
grouped with respect to earliest reported onset age of associated subtype. Metadata age of onset (neonatal, infancy, childhood, adolescent,
adulthood), inheritance pattern (AD: Autosomal dominant; AR: Autosomal recessive; XLR: X-linked recessive; Var: Variable), and general
phenotype (S: Syndromic; NS: Non-syndromic; Var: Variable) were based on documented records available in the literature. Tissue expression
profile of each gene was retrieved from the Human Protein Atlas Database (v20) (Supplementary Figure S5) and averaged with respect to tissue
type. Heatmap color intensity is positively correlated with average expression level.

652 www.zoores.ac.cn


www.zoores.ac.cn

Figure 2 Heatmap showing relative mRNA expression profiles (TPM) of HSP genes in human and mouse forebrain and hindbrain

Each column specifies a timepoint and each row specifies the expression of an HSP-associated gene. Rows are grouped with respect to earliest
reported onset. Reference timepoint of expression for each gene was defined as the first timepoint at which expression was detected at pre- and
post-natal stages. Intensity of orange and blue indicates the extent to which expression increased or decreased, respectively.

forebrain and hindbrain; alternatively, the succeeding time
point was referenced if expression was not detectable at this
point. Similarly, neonatal expression, if detectable, was
defined as the reference point for calculating relative fold-
change in the postnatal human forebrain. The same process
was applied for mouse expression data. To determine whether
the profiles correlated with motor involvement in mouse
models, the retrieved gene expression profiles were arranged
based on whether equivalent HSP-gene mutations in mice led
to phenotypic outcomes related to motor involvement as
observed in humans (Figure 3) (Genc et al., 2019).

Single-cell transcriptome profiles of HSP genes

Cross-species motor cortex transcriptomic analysis was
performed to identify specific cell types of interest (Bakken
etal., 2021). Specifically, we extracted 10X scRNA-seq HSP-
associated gene expression data in normal human M1 cortex
(Allen Institute, 2021) (last accessed on 28 December 2021)
(Supplementary Figure S2). The gene expression matrix data,
processed into trimmed means, were subjected to dimensional
analyses, including principal component analysis (PCA) and
Uniform Manifold Approximation of Projection (UMAP) using
the R packages “plotly” and “umap”, respectively (Figure 4;
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Figure 3 Heatmap comparing mRNA expression trends of HSP-associated genes in human and mouse forebrain/hindbrain across

developmental stages
Each row specifies a timepoint and each column specifies log2 expression values relative to defined reference point (first detectable timepoint in

Figure 2). Subtypes were grouped regarding whether mouse models showed phenotypes of cortical involvement. Blue indicates reduced expression
and orange color indicates enhanced expression.
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Figure 4 Dimensionality reduction analysis of transcriptomic cell-type-specific RNA-seq data

A: Dimensionality reduction by PCA and B: UMAP of scRNA-seq resulted HSP-gene expression profiles across selected pyramidal excitatory
FEZF2+ neurons. C: Human CSN1S1+ neurons and equivalent populations in marmosets and mice are highlighted in purple, and layer 5
extratelencephalic (ET) populations in humans, marmosets, and mice are highlighted in blue. D: Dimensionality reduction by PCA of HSP-gene
expression profiles in selected ET clusters across human, marmoset, and mouse snRNA-seq data.

Supplementary Figures S3, S4).
RESULTS AND DISCUSSION

Correlation between HSP gene expression and clinical
presentation

Among the 71 reported subtypes (Supplementary Table S1),
tissue-specific mMRNA expression data were available in 58
HSP genes. We found that subtypes with the earliest reported
age of onset during the neonatal period were all syndromic
HSP (100%, 6/6). The syndromic:non-syndromic ratio of HSP
subtypes decreased as the earliest reported onset age

increased, i.e., a larger percentage of earlier onset HSP
subtypes were syndromic. For instance, 80% of infancy
(16/20), 56% of childhood (14/25), 25% of adolescent (1/4),
and 33% of adulthood (1/3) onset HSP subtypes were
syndromic (Figure 1). This may be because genes associated
with neonatal onset HSP are more likely to play a pivotal role
in growth and development than those associated with
adulthood onset HSP, therefore affecting development and
maturation of multiple associated regions in the brain, as
shown in syndromic clinical presentation. For instance, Tlysiiz
et al. (2014) reported similar phenotypes for AP4M1-, AP4E1-,
AP4S1-, and AP4B1-associated neonatal onset symptomatic
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Table 1 Reported disease mechanisms and pLI scores of functionally characterized AD-HSP

HSP subtype SPG3A SPG4 SPG6 SPG10 SPG17 SPG30 SPG31 SPG42 SPG73
HGNC approved gene symbol ATL1 SPAST NIPA1 KIF5A BSCL2 KIF1A REEP1 SLC33A1CPT1C
Inheritance pattern AD AD AD AD AD AD/AR AD AD AD
Phenotype Var Var Var NS S Var S NS NS
pLI score 0.981 0.999 0.006 1 0 1 0.986 0 0
Proposed Dominant In p.del436Np.K388R?, p.T258M 4€.109C>T
.S113R
mechanism negative vitro ! p.L426V? N/A N/A NIA 4 NIA P 2
InvivoN/A  p.KABTR®  N/A P-N256S/0 NA  NA p.5113R3C109C>T
p.Q193*!,
Loss-of-function In p.Q229*', p.T39R?,
(LoF) vitro PR217Q ¢ 1634dei22p.c100rt VA NA NIA -~ N/A NA - NA
1 p.C448Y!
) p.157S3, p.F58S?®,
In vivoN/A N/A N/A N/A N/A N/A p.F62S?, p.F64S? N/A N/A
Gain-of-toxic- In p.N88S?,
function (GoF) vitro N/A N/A N/A N/A 0.S90L2 N/A N/A N/A N/A

Disease-causing variants of AD-HSP subtypes were retrieved from previous literature and tabulated with reference to disease mechanisms. N/A:
Not available. 1: Cells from patients, 2: Multiple cell lines not from patients, 3: Species-specific expression (e.g.: Drosophila Spast and Kif5a in
Drosophila model for SPG4 and SPG10 characterization, mice Reep? in mouse model for SPG31 characterization), 4: Non-species-specific
expression: (e.g.: mouse Nipa1 in Xenopus oocytes for SPG6 characterization, mouse Kiffa in rat hippocampal neurons for SPG30

characterization).

HSP subtypes, with brain imaging of three families affected by
these subtypes revealing shared abnormalities, including
asymmetrical ventriculomegaly, reduction in white matter
volume, and thinning of corpus callosum splenium; however,
these structural abnormalities are not observed in later onset
non-symptomatic HSP subtypes, such as the UBAPT-
associated SPG80 (Fard et al., 2019).

It is difficult to quantify reported phenotypes of each HSP
subtype due to varying assessment methodologies and
documentation. Nevertheless, phenotypic outcomes of HSP
appear to be associated with age. Based on the literature,
100% of neonatal onset HSP subtypes are associated with
intellectual disability (ID) (Gareis etal., 1984; Kaepernick
etal.,, 1994; Winter etal., 1989). While XLR-SPG1 patients
usually present with mild ID, patients of the other 80% (4/5)
neonatal onset AR-HSP subtypes are associated with severe
ID. The degree of severity for the remaining SPG56 subtype
varies. Unlike other forms of neonatal onset HSP (earliest
reported), in which disease phenotypes usually present at
birth (Abdollahpour et al., 2015; Jamra et al.,, 2011; Tlyslz
et al., 2014), the age of onset of SPG56 ranges from birth to 8
years (Pujol et al., 2021; Tesson etal., 2012). In total, 69%
(11/16) of infancy-onset syndromic HSP subtypes are
associated with ID to varying degrees, ranging from mild to
moderate. Only SPG9B (Coutelier et al., 2015), SPG18 (Al-
Saif et al., 2012; Yildinm et al., 2011), SPG49 (Heimer et al.,
2016; Neuser etal., 2021), and SPG82 (Vaz etal.,, 2019)
cause varying levels of severely impaired intellectual
development. Among the childhood-onset HSP subtypes, 54%
(7/13) present with intellectual decline or ID, mostly mild, with
only SPG75 involving mild to moderate ID (Lossos etal.,
2015). Only one adolescent-onset HSP subtype and one
adulthood-onset HSP subtype are syndromic. Notably,
adolescent-onset SPG44  exhibits  mild intellectual
involvement, which is described as mild learning disability
(Orthmann-Murphy etal., 2009), whereas intellectual
involvement in adulthood-onset syndromic SPG76 is not
reported (Gan-Or et al., 2016). While the extent of intellectual
involvement in syndromic HSP appeared to decline with
increasing age of onset, the spectrum of other reported clinical
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features varied the most for infancy- and childhood-onset
HSP, ranging from visual and hearing involvement, loss of
teeth, autonomic dysfunction, testicular hypotrophy to canities.

A much larger percentage of AR-HSP subtypes (~80%,
33/41) are syndromic, in contrast to AD-HSP subtypes (~21%,
3/14). This may be because nearly all AR disorders result from
loss-of-function (LoF) of the disease gene, which renders both
copies of the gene non-functional or reduces/eliminates gene
expression (Veitia et al., 2018). Thus, functional defects in AR
diseases are likely to be more universal compared to AD
disorders, in which only one copy of the gene carries the
deleterious change. As a result, it is feasible that AD-HSP
genes may still function at a lower but adequate level in some
tissues and organs.

Based on literature, eight out of 14 AD-HSP subtypes and
AD/AR-HSP SPG30 have been functionally characterized in
vitro and/or in vivo (Table 1). In general, pathogenicity of the
AD-HSP subtypes result from dominant-negative LoF or gain-
of-function (GoF) disease mechanisms. Disease mechanisms
of certain variants causing SPG10 (Fuger et al., 2012), SPG30
(Cheon et al., 2017), SPG42 (Mao et al., 2015), and SPG73
are identified as dominant-negative, while that of SPG17 is
identified as GoF (lto & Suzuki, 2007). The pathological
mechanisms of SPG6 (Goytain etal.,, 2007) and SPG31
(Beetz etal., 2013) attributes to LoF, while both LoF and
dominant-negative variants are reported for SPG3A (Meijer
etal.,, 2007; Muglia etal., 2002) and SPG4 (Charvin et al.,
2003; Errico etal., 2002; Orso etal., 2005). Although the
functional characterization of disease-causing variants
associated with SPG8 has been explored (Clemen etal.,
2022; Song etal., 2018), no clear conclusion have been
drawn. Furthermore, despite exclusion of the GoF mechanism,
no conclusion have been drawn regarding the pathogenicity of
SPG12 (Montenegro etal.,, 2012). Similarly, no disease
mechanism has been defined for SPG9 (Panza et al., 2016),
SPG13 (Bross & Fernandez-Guerra, 2016), SPG33 (Mannan
etal.,, 2006), or SPG80 (Fard etal.,, 2019; Gu et al., 2020).
The pLI scores for each of the characterized AD-SPG genes
are indicated in Table 1. The pLI score reflects the tolerance
of a given gene to LoF changes by comparing expected
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versus observed LoF variants (Karczewski et al., 2020), with a
higher pLI implying that the gene is less tolerant to LoF
variants, and vice versa. We observed that genes associated
with LoF-induced AD-HSP, i.e., ATL1 (SPG3A), SPAST
(SPG4), and REEP1 (SPG31), showed high pLl scores
(Table 1), while that of NIPA1 (SPG6) was very low
(pLI=0.006). The proposed LoF Nipa? variants have been
evaluated by expressing mouse Nipa? in Xenopus oocytes
and endogenous expression of the Nipa1 protein in the mouse
MDCT cell line (Goytain et al., 2007). The low pLI score of
NIPA1 suggests additional analysis is warranted to define the
LoF mechanism.

Once disease mechanisms are identified through functional
characterization experiments, the primary targets for
pharmaceutical development can be determined. For GoF
diseases, which exhibit novel functions not present in healthy
cells, a target-based drug design model is effective for
developing management or curative measures (Ségalat,
2007). This approach can also be applied to LoF diseases
when the targets have well-understood physiopathology or are
involved in metabolic diseases (Ségalat, 2007). However, for
dominant-negative diseases, target-based drug development
may be difficult, even after thorough functional
characterization. As illustrated in Table 1, the dominant-
negative disease mechanism is frequently associated with AD-
HSP. Therefore, novel approaches are needed for functional
characterization of gene variants associated with dominant-
negative AD-HSP to facilitate the development of effective
management and treatment strategies.

Inter-species relevance of HSP gene expression profile
Gene expression patterns along developmental stages varied
considerably by gene and species (Figure 2; Supplementary
Figure S1). Examples of HSP genes showing distinct
expression patterns across species included REEP1, SPAST,
HPDL, FA2H, and MAG. In human forebrain tissues, REEP1
and SPAST expression levels enhance prenatally and
decrease postnatally. HPDL expression decreases from 20
TPM to 3 TPM prenatally (4—19 wpc) and from 3 TPM to 0.8-2
TPM postnatally. In contrast, GJC2 expression increases from
0.8 TPM to 19 TPM prenatally (4—19 wpc) and from 4 TPM to
22 TPM postnatally. Some genes, such as FA2H and MAG,
do not express in the forebrain, but are merely detectable after
10 wpc in the hindbrain during prenatal periods. Their
expression in the forebrain and hindbrain, however, is
significantly higher during postnatal periods.

Both the expression trend during development and
differential expression levels between tissue/cell types
contributed to data heterogeneity. In vivo experiments are
often used to aid investigations, with mice being the most
commonly used organism in preclinical studies, including
research on human neurodegenerative diseases (Vandamme,
2014). Focusing on interspecies differences based on genetic
background, Genc et al. (2019) investigated mouse models
that mimic genetic changes in human HSP genes to determine
whether they exhibit similar phenotypes of upper motor neuron
involvement, as observed in human patients. Notably,
however, not all mouse models showed motor involvement. To
investigate whether differential cross-species HSP gene
expression profiles are associated with motor-involvement
phenotypes in mice, the retrieved expression profiles in this
study were arranged according to whether equivalent HSP
gene mutations in mice led to phenotypic outcomes related to

motor involvement, as in human patients (Figure 3). The
presentation of cortical involvement phenotypes was not
correlated with the similarity of expression differences
between humans and mice, both prenatally and postnatally.
For example, ENTPD1-associated SPG64 displays an AR
inheritance, indicating the disease is likely due to ENTPD1
LoF changes, while disruption of ENTPD1 in mice fails to
develop HSP-related phenotypes (Genc etal., 2019).
Although ENTPD1-disrupted models are not initially developed
to model HSP (Enjyoji et al.,, 1999; Friedman et al., 2007), it
should be noted that ENTPD1 expression between humans
and mice showed the opposite trend. The expression trends of
CYP7B1-associated childhood-onset AR-SPG5A also showed
differences. The postnatal expression of CYP7B1 is generally
suppressed in humans but enhanced in mice (Figure 3). While
the AR pattern of inheritance indicates that LoF would likely be
the disease mechanism, no HSP-related symptoms have been
reported in CYP7B1-disrupted mouse models (Genc etal.,
2019). Additionally, although the expression trend of WASHC5
was very similar between humans and mice, according to the
literature, the WASHC5-associated SPG8 mouse model still
fails to display HSP-related phenotypes (Jahic et al., 2015).
The limitations of mouse models in degenerative motor neuron
disease (MND) research are potentially attributed to
differences in the complexity of motor neuron circuitry
between humans and mice (Genc etal., 2019). CSMNs
receive multiple cortical inputs from layer 5 and more
superficial layers along their long apical dendrites via dendritic
spines (Genc etal.,, 2019). Although the synaptic densities
targeting the dendritic shaft of pyramidal cells are relatively
constant across species in layer 2/3, the density of synapses
targeting the dendritic spines of pyramidal cells is significantly
lower in humans than in mice (Loomba etal., 2022).
Furthermore, differential inhibitory/excitatory balance along the
dendritic shafts of pyramidal cells between humans and mice
is reported (Loomba etal, 2022). These differential
connectomic circuitries in the central nervous system (CNS)
between humans and mice may explain the differential
phenotypic outcomes in some documented mouse models
(Genc etal., 2019). In addition, a much higher level of
similarities in terms of cortical circuitry between human and
macaques than with mice has been revealed from
comparative connectomic analyses between macaques,
humans, and mice (Loomba etal.,, 2022). As a result, we
further investigated the expression patterns of HSP genes in
non-human primates based on a study of 547 transcriptomes
from 44 anatomical brain areas of rhesus macaques (Li et al.,
2019). Average expression of HSP genes in the cortical areas
of rhesus macaques were tabulated by age; however, no
significant differences or trends were observed across young
or older subjects (Supplementary Table S2). Additional time
points may be required for more thorough comparison.
Therefore, cross-species similarity in terms of gene
expression during development may not be valuable for
predicting cross-species phenotypic outcomes in HSP.

Potential implications of HSP genes in association with
other neurodegenerative diseases

HSP associated variants in PLP1, HSPD1, and GJC2 cause
different types of hypomyelinating leukodystrophies
(Matsumoto et al., 2019) (Supplementary Table S1), alongside
childhood-onset syndromic SPG2, adolescent-onset non-
syndromic SPG13, and syndromic SPG44, respectively.
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Specifically, PLP1 is associated with X-linked prototypic
hypomyelinating leukodystrophy 1 (HLD1) (Matsumoto et al.,
2019), GJC2 with hypomyelinating leukodystrophy 2 (HLD2)
(Komachali et al., 2022), and HSPD1 with hypomyelinating
leukodystrophy 4 (HLD4) (Comert etal., 2020). Regarding
their expression patterns (Figure 2), prenatal expression of
PLP1 shows a generally decreasing trend in the forebrain and
alternating trends in the hindbrain; postnatal expression of
PLP1 demonstrates an increasing trend in the forebrain, which
peaks between toddler age and adolescence. Prenatal
expression of HSPD1 in both the forebrain and hindbrain
generally decrease with time, while postnatal expression of
HSPD1 in the forebrain also decreases after a peak during
infancy. Prenatal and postnatal expression of GJC2 in both
the forebrain and hindbrain generally follows an increasing
trend. Thus, the expression profiles of these genes were quite
distinct, even though they all lead to HLD. The TFG (Tsai
etal.,, 2014) and SPG11 genes (Montecchiani et al., 2016) are
associated with Charcot-Marie-Tooth (CMT) disease type 2
(Supplementary Table S1), alongside infancy-onset syndromic
SPG57 and SPG11, respectively. The expression profiles of
TFG and SPG11 demonstrated similar trends, variously
decreasing with time during both the pre- and postnatal
periods. The C790RF12 (Deschauer etal, 2012) and
ATP13A2 genes (Kruer et al., 2012), which cause childhood-
onset syndromic SPG43 and SPG78, respectively, are also
causing brain iron accumulation-associated
neurodegeneration  (Supplementary Table S1). The
expression profiles of C190RF12 and ATP13A2 exhibited
similar trends, increasing prenatally and remaining rather
stable postnatally.

CYP7B1, KIF5A, RTN2, and REEP1 are differentially
expressed in the pathological models of Alzheimer’'s diseases
(Supplementary Table S3). They are associated with
childhood-onset SPG5A with variable phenotype, non-
syndromic SPG10 and SPG12, and syndromic SPG31,
respectively. Regarding their expression patterns (Figure 2),
all showed a similar increasing trend during prenatal periods,
except for CYP7B1, which showed a generally decreasing
trend. The postnatal expression levels of CYP7B1 between
humans and mice were markedly different from each other.
Thus, no consistent expression trend could be identified for
genes implicated in Alzheimer’s disease.

Single-cell transcriptome profiles of HSP genes

According to the brain tissue mRNA expression data
presented in Supplementary Figure S5, most HSP genes
exhibited low brain specificity in expression profiles,
suggesting that many HSP genes are ubiquitously expressed
in the brain. However, based on clinical presentation in non-
syndromic HSP subtypes, only CSMNs appear to be affected.
Therefore, using bulk mRNA expression measured across
each tissue type may not be sufficient to accurately depict
molecular pathogenicity restricted to a very specific cellular
population. For example, projection neurons alone contain
hundreds of transcriptomically differentiable cellular subtypes,
each with a distinct gene expression profile (Yao et al., 2021).
Although bulk RNA-seq permits general transcriptomic
analysis, it only produces average expression data, which may
obscure the expression profiles of specific cell populations of
interest (Hwang etal.,, 2018). HSP involves upper motor
neurons in the pyramidal tract, primarily FEZF2+ layer 5
glutamatergic motor neurons (Deng et al., 2021). Analysis of
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single-nucleus RNA-seq (snRNA-seq)/scRNA-seq data from
postmortem human primary motor cortex and mouse isocortex
and hippocampal specimens (Allen Institute, 2021), as well as
Patch-seq data, i.e., patch-clamp and scRNA sequencing to
obtain electrophysiological and transcriptomic information from
the same individual neuron, from mouse motor cortex samples
(Scala et al., 2021), revealed the presence of a wide range of
transcriptomic cell types, even within the FEZF2+
glutamatergic population. Thus, the emergence of scRNA-seq
technology allows researchers to refine the resolution of gene
expression data from the tissue to cellular level via single-cell
transcriptomic profiles.

We extracted 10X scRNA-seq HSP-associated gene
expression data from all characterized cell types in normal
human M1 cortex (Allen Institute, 2021) (last accessed on 28
December 2021) (Supplementary Figure S2). To refine the
populations for further analysis, PCA was performed on HSP
gene expression levels in all human pyramidal tract (PT)
excitatory neurons, followed by clustering based on disease-
related characteristics (Supplementary Figure S3A). The
weightings of each transcriptomic cell type contributing to
variance across the two PCA dimensions were then subjected
to cos2 analysis (Supplementary Figure S3B). Results showed
that FEZF2+ excitatory neurons that were also PROKR2+,
OR1L8+, LPO+, ASGR2+, or CSN1S1+ were the top five
contributing neuronal cell types. Interestingly, previous
research has shown that the FEZF2+ ASGR2+ and FEZF2+
CSN1S1+ excitatory neurons exhibit CSMN signatures
(Bakken et al., 2021). The HSP-gene transcriptomic profiles in
the five selected FEZF2+ excitatory neurons were subjected
to dimensionality reduction analysis by PCA and UMAP. After
PCA (Figure 4A), no clustering based on general phenotype,
inheritance pattern, or earliest reported age of onset was
identified. Similarly, no clustering was observed among
expression profiles of HSP genes in selected mouse
isocortical pyramidal tract (PT.CTX) neurons (Supplementary
Figure S4A). However, UMAP analysis revealed that while
gene expression profiles did not cluster by HSP phenotypic
characteristics, they formed into three distinct clusters in
human postmortem motor cortex specimens (Figure 4B) and
mouse isocortex and hippocampal specimens (Supplementary
Figure S4B). This may be due to the non-linear nature of
UMAP, which can reveal the structure beyond the linear
relationship considered by PCA. However, the non-linear
nature of UMAP disconnects the data point from linear
algebra, and the weighting of components in each axis cannot
be computed. The clustering observed in our study may be
due to similarity in expression patterns across selected
transcriptomic cell types. Similar dimensionality reduction
analysis was conducted for various neuronal populations,
however no significant results were identified (data not
shown). We speculate that currently available scRNA-
seg/snRNA-seq data from healthy subjects do not meet the
requirements for the delineation of molecular pathology in
diseases involving very specific cell type(s), such as
degeneration of CSMN in HSP. Thus, scRNA-seq and snRNA-
seq analyses of more restricted brain regions from diseased
subjects are integral for future HSP mechanistic studies.

To further investigate the reason why motor defects as in
HSP patients may not present in a certain mouse models
(Genc et al., 2019), the expression profiles of HSP genes in a
subset of transcriptomic neuronal populations from humans
and mice were subjected to PCA. Normalized cross-species
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single-cell expression levels in human, mouse, and marmoset
brains were generated from online repositories, including the
Allen Brain Institute cell type database (Allen Institute, 2021),
Neuroscience Multi-Omic Analytics browser (Orvis et al.,
2021), and other sources indicated below (Bakken etal.,
2021; Scala etal., 2021). HSP gene expression profiles in
human L5 excitatory ET populations, which encompass
FEZF2+ CSN1S1+ and FEZF2+ ASGR2+ neurons, together
with their equivalent populations in mice and marmosets
(Bakken etal.,, 2021) (Figure 4C) were obtained via
Cytosplore (Supplementary Table S4) for PCA (Figure 4D). No
distinct species-specific clustering of HSP gene expression
profiles was identified. The expression of HSP genes during
development, as well as their transcriptomic-specific
expression across species, did not distinguish the HSP mouse
models in terms of whether or not they exhibited motor
defects. This may be due to divergent neuronal networking
between humans and mice. While some upper motor neurons
in humans allow signal propagation directly onto spinal motor
neurons, these signals in rodents propagate indirectly via
spinal interneurons (Lemon, 2008). Therefore, rodents may
not be suitable species for constructing preclinical models for
some HSP genes.

To date, the molecular complexity of HSP remains poorly
understood and no research on this inheritable MND has yet
been conducted using single-cell transcriptomic analysis.
Furthermore, the neuropathic mechanism of CSMN in HSP
remains largely unknown. However, several transcriptomic
studies using scRNA-seq have been conducted to delineate
the molecular mechanisms underlying amyotrophic lateral
sclerosis (ALS), which involves degeneration of both the upper
and lower motor neurons (Ho etal., 2021; Liu etal., 2020;
Namboori et al., 2021; Saez-Atienzar et al., 2021). Based on a
PubMed literature search, no other MND appears to have
been investigated using single-cell techniques.

Studies on ALS have conducted scRNA-seq and snRNA-
seq based on a widely used ALS-SOD7T transgenic mouse
model (Cohen etal., 2021; Liu et al.,, 2020; MacLean et al.,
2022; Mifflin et al., 2021; Yim et al., 2022). Other studies have
performed scRNA-seq on patient-derived organoids (Ho et al.,
2021; Namboori et al., 2021; Szebényi et al., 2021) and spatial
transcriptomic analysis of patient-derived postmortem cortical
tissues (Gregory etal., 2020). ScRNA-seq/snRNA-seq
analysis of specimens from various CNS regions in SOD1-
ALS mice reveals transcriptomic alterations in most cell types
in the brainstem (Liu et al., 2020) and involvement of distinct
inflammatory responses in the spinal cord (Cohen et al., 2021;
Mifflin etal., 2021), which may associate with disturbed
neuronal-glial  communication (MacLean etal.,, 2022). In
addition, the identification of the inflammatory microglial
subclass associated with ALS motor neuron degeneration has
led to the discovery that its suppression can provide
therapeutic benefit in SOD7-ALS-diseased mice (Mifflin et al.,
2021). As investigations into MND pathology in humans are
limited by the availability of patient specimens, scRNA-seq of
human patient cell-derived motor nerve organoids has
revealed unified and reproducible early motor neuron-resolved
ALS signatures (Ho etal., 2021; Namboori et al., 2021), as
well as rescuable involvement of astroglia-mediated disease
pathways (Szebényi etal., 2021). These transcriptomic
studies have laid the foundation for understanding the
pathogenesis of ALS in terms of spatial and molecular
specificity, enabling further improvement in ALS management.

Similar strategies may benefit HSP research and treatment in
the future, more specifically, in cases where rodent models
may not be able to recapitulate human HSP phenotypic
outcomes.

Limitations

As the expression profiles of HSP genes were obtained from
heterogeneous sources, this study has several limitations. For
instance, although normalized bulk RNA-seq data from the
Human Protein Atlas v20 were analyzed, they were acquired
from different cohorts with unknown genetic background.
Furthermore, while this review article interpreted and
summarized the clinical and molecular features of HSP in
terms of mode of inheritance, HSP gene expression, potential
mechanisms, and reported onset ages of various HSP
subtypes, additional extrinsic and intrinsic factors related to
patient lives may contribute to disease onset, progression, and
severity, which are beyond the scope of our analysis.

CONCLUSIONS

Based on our HSP gene expression profile analysis, HSP
subtypes with earlier onset age were more likely to result in
clinical presentation of syndromic HSP. In addition, HSP-
associated genes inherited in an AR manner were more likely
to cause syndromic HSP than AD subtypes. Differential gene
expression patterns of HSP genes in the normal primary motor
cortex of the human brain were not correlated with general
phenotype, inheritance pattern, or age of onset of HSP
subtype. Differential transcriptomic subtype-specific
expression and expression trends with development did not
serve as indicators of cross-species HSP phenotypic outcome.
Therefore, although numerous HSP genes have been
identified, our understanding of the molecular mechanisms
underlying disease presentation and progression is still
extremely limited. Current research obstacles include the lack
of patient transcriptomic data and molecular
complexity/transcriptomic diversity of cell types in the brain. As
demonstrated by recent advancements in ALS
characterization, coupling patient cell-derived organoid
cultures or diseased mouse models with scRNA-seq
technologies may be the key to decoding HSP pathogenicity
at cellular resolution.
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