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SUMMARY

Spastic paraplegia 4 (SPG4), the most common form of hereditary spastic paraplegia, causes progressive 
gait deficiency due to corticospinal tract degeneration. SPG4 results from mutations in the SPAST gene, 
which encodes spastin, a microtubule-severing AAA-ATPase. To dissect genotype-phenotype relationships, 
we generated isogenic human induced pluripotent stem cell lines carrying either an SPAST missense 
(SPAST WT/C448Y ) or truncation (SPAST WT/S245X ) mutation and differentiated them into corticospinal motor 
neuron-enriched cortical organoids. These models revealed mutation-specific patterns of aberrant neuronal 
activity, microtubule hypoacetylation, and axonal degeneration. We identified mutant M1-spastin-induced 
hyperactivation of histone deacetylase 6 (HDAC6), a major tubulin deacetylase, as the key pathogenic culprit. 
Pharmacological inhibition of HDAC6 with tubastatin A restored microtubule acetylation and rescued axonal 
degeneration in organoids, with corresponding improvements in corticospinal tract integrity and gait defects 
in SPG4 transgenic mice. Our study uncovers HDAC6 hyperactivation as a targetable mechanism for SPG4 
and verifies human organoids as a platform for therapeutic discovery.

INTRODUCTION

Hereditary spastic paraplegia (HSP) is a genetically diverse 

neurodegenerative disorder characterized by progressive lower 

limb spasticity and weakness due to degeneration of the cortico-

spinal tract (CST). The CST comprises a bundle of axons that 

projects from corticospinal motor neurons (CSMNs) in the pri-

mary motor cortex. 1–4 Spastic paraplegia 4 (SPG4), caused by 

mutations in SPAST, is the most prevalent autosomal dominant 

HSP subtype. SPG4 accounts for ∼40% of genetically identified 

cases, with a prevalence of 2–6 per 100,000 individuals. 5,6 Clin-

ically, SPG4 predominantly manifests as pure HSP, although 

complex forms of HSP exhibit additional features such as ataxia, 

cognitive impairment, and peripheral neuropathy. 3,7–10 Disease 

severity and age of onset vary substantially, yet the molecular 

bases underlying this genotype-phenotype variability remain 

poorly understood, hindering targetable therapy. 11,12 SPAST en-

codes spastin, an ATPases associated with diverse cellular ac-

tivities (AAA) family protein important for microtubule dynamics, 

intracellular organelle function, and neuronal integrity. 13–17 

Spastin has two isoforms: the longer ER-targeted M1-spastin,

involved in ER morphology and membrane remodeling, and the 

shorter cytoplasmic M87-spastin, mainly responsible for micro-

tubule severing. 15,18–20 While M87-spastin is more abundant, 

accumulating evidence suggests mutant M1-spastin signifi-

cantly drives SPG4 pathology through toxic gain-of-function 

mechanisms. 21,22 Our prior work suggested that this gain-of-

function toxicity can sufficiently lead to neurodegeneration, 

with SPAST haploinsufficiency further exacerbating the pathol-

ogy. 23,24 However, the isoform-specific contributions to each 

pathogenic mechanism remain undefined. 20,25 SPAST muta-

tions, encompassing missense, truncation, frameshift, and 

splice-site variants, uniformly cause axonal degeneration but 

lead to highly variable clinical presentations. 26 Despite hypothe-

sized roles for genetic modifiers and environmental factors, 

direct molecular insights into genotype-phenotype distinctions 

in SPG4 are missing. Emerging studies implicate microtubule hy-

poacetylation driven by mutant M1-spastin accumulation as a 

consistent pathological phenotype, regardless of the muta-

tion. 20,23,24,27 Interestingly, histone deacetylase 6 (HDAC6), the 

primary cytoplasmic tubulin deacetylase in neurons, 28–31 is 

aberrantly activated in SPG4 transgenic models, though its

Cell Reports 45, 117036, March 24, 2026 © 2026 The Author(s). Published by Elsevier Inc. 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

ll
OPEN ACCESS

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:liumei@ntu.edu.cn
mailto:lq24@drexel.edu
https://doi.org/10.1016/j.celrep.2026.117036
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2026.117036&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


pathological relevance in patients with SPG4 remains unveri-

fied. 24 Indeed, HDAC6 inhibition has demonstrated therapeutic 

efficacy in many preclinical models of neurodegenerative dis-

eases such as Alzheimer’s disease and amyotrophic lateral scle-

rosis. 32–36 However, HDAC6 inhibition has not yet been pursued 

in the context of SPG4. Given the current lack of effective, 

targeted interventions for SPG4, systematically evaluating 

HDAC6 inhibition offers a compelling opportunity to address a 

critical unmet therapeutic need in this disorder.

To address these critical gaps, we established isogenic hu-

man induced pluripotent stem cell (hiPSC) lines carrying either 

a missense (SPAST WT/C448Y ) or truncation (SPAST WT/S245X ) mu-

tation introduced via CRISPR-Cas9 editing. These two muta-

tions, representing distinct SPAST mutation types observed in 

patients with SPG4 were generated from the same control 

line. 37,38 These hiPSCs were differentiated into CSMN-enriched 

cortical organoids (CSMN-COs) as the 3D human SPG4 model. 

Combined with validation in our established SPG4-transgenic 

mice, this novel platform enables precise interrogation of geno-

type-phenotype distinctions and aims to elucidate HDAC6 hy-

peractivity as a unifying mechanism and therapeutic target 

in SPG4.

RESULTS

Derivation of CSMN-enriched COs from isogenic hiPSC 

lines carrying distinct SPAST mutations 

To rigorously investigate genotype-phenotype relationships 

and faithfully recapitulate SPG4 pathology, we generated 

isogenic hiPSC lines harboring either a missense 

(SPAST WT/C448Y ) or a truncation mutation (SPAST WT/S245X ), 

each introduced heterozygously into a single parental hiPSC 

line derived from a healthy 36-year-old male donor, in order 

to accurately reflect the autosomal dominant inheritance 

pattern of SPG4. These lines exhibited normal colony 

morphology, pluripotency expression (Figure 1A), and differ-

entiation capability into all three germ layers (Figure 1B), 

with confirmed stable male karyotype (Figure 1C). The precise 

introduction of SPAST mutations via CRISPR-Cas9 was 

validated by targeted PCR and sequencing for both 

SPAST WT/S245X (Figure 1D) and SPAST WT/C448Y (Figure 1E). 

CSMN-COs were generated from all three hiPSCs using our 

optimized protocol, adapted from previously established 

methods (Figure 1F). 39,40 Briefly, embryoid bodies (EBs) 

derived from hiPSCs underwent neuronal induction with dual 

SMAD inhibition, followed by neuronal patterning in the pres-

ence of growth factors and the sonic hedgehog (SHH) inhibitor 

cyclopamine, which is essential for enriching the CSMN pop-

ulation 41,42 followed by neuronal maturation. 1-month-old 

CSMN-COs from all three hiPSC lines showed robust popula-

tions of neural progenitors marked by Sox2 and postmitotic 

neurons marked by tau and MAP2 (Figures 1G and 1H), with 

significant neuroepithelial loops resembling active neurogene-

sis (Figure 1H). Notably, we did not observe any overt 

differences among the lines in overall neuronal or glial differ-

entiation. At 3 months of differentiation, CSMN-COs exhibited 

substantial enrichment of CSMNs, as confirmed by prominent 

expression of established CSMN-specific markers including

CTIP2, L1CAM, and vGlut1 (Figures 1I–1M). Importantly, 

3-month-old organoids also demonstrated progressive 

neuronal maturation, characterized by extensive expression 

of the mature neuronal marker NeuN and the axonal marker 

phosphorylated neurofilament SMI312. Robust populations 

of astrocytes exhibiting typical astrocytic morphology 

and immunoreactivity for GFAP were observed, indicating 

the establishment of complex neuronal-glial interactions 

(Figures 1K–1M). By 6 months of differentiation, CSMN-COs 

displayed dense networks of synapses, as evidenced by 

widespread expression of synaptophysin (Figure 1N). To 

further validate functional neuronal activity, we utilized a multi-

electrode array (MEA) system, which confirmed spontaneous 

neuronal firing and network activity within organoids 

(Figures 1O–1Q). Additionally, single-cell RNA sequencing 

(scRNA-seq) was performed on 3-month-old healthy hiPSC-

derived organoids, resulting in the identification of 4,819 cells 

expressing a total of 25,052 genes (Figure 2). Unbiased clus-

tering and manual annotation delineated seven distinct cell 

populations characterized by unique marker gene expression 

profiles (Figures 2A–2C). 43 Beyond identifying the clusters, 

we quantified their relative abundance and further resolved 

cluster-specific expression of CSMN-associated markers 

(Figures 2B and 2D–2M). Although direct mapping with avail-

able datasets was not feasible, our CSMN-COs closely repre-

sent heterogeneous cell populations found in the human 

motor cortex, 44 underscoring the fidelity and physiological 

relevance of our organoid model; however, some cell types 

including endothelial cells and microglia are absent from this 

model. This further highlights the validity and region specificity 

of our CSMN-COs model. Quantitative qRT-PCR analysis 

provided further molecular validation of CSMN identity. 

Compared to conventional forebrain cortical organoids (COs) 

generated without cyclopamine treatment, our CSMN-COs 

demonstrated significantly higher expression of the canonical 

CSMN markers, including CTIP2, L1CAM, CRYM, and vGlut1 

(Figures 2N–2S; see Table S2 for mean ± SD). 43,45 Despite 

prior reports of UCHL1 labeling CSMNs in mice, 46,47 unlike 

other CSMN markers, our data reveal no difference between 

pan-cortical and CSMN-COs with regard to UCHL1, aligning 

with its broad neuronal expression. 48,49

Distinct genotype-phenotype distinctions in isogenic 

SPG4 organoids highlight accelerated axonal 

degeneration and selective CSMN vulnerability in the 

missense mutation model

SPG4 presents with marked clinical heterogeneity, with mutation 

type strongly influencing disease onset and progression, sug-

gesting underlying genotype-phenotype distinction. 50 To inves-

tigate these differences in our model, we first examined spastin 

mRNA expression in 6-month-old CSMN-COs using qRT-PCR. 

Primers targeting both the N-terminal (exons 1–2) and C-terminal 

(exons 11–12) regions revealed elevated full-length spastin tran-

scripts in both SPAST WT/S245X and SPAST WT/C448Y organoids 

compared to wild-type controls (Figures 3A and 3B). This 

was particularly surprising for SPAST WT/S245X , which might be 

expected to undergo nonsense-mediated mRNA decay, 

yet aligns with previous patient data showing preserved or
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Figure 1. Derivation and characterization of CSMN-COs from isogenic hiPSC lines carrying distinct SPAST mutations

(A) Representative phase-contrast and immunofluorescence images of hiPSC colonies (SPAST WT/WT ) including DAPI and pluripotent markers OCT4, SSEA-4, 

SOX2, and TRA-60.

(B) Representative immunofluorescence images for tri-germ layer differentiation of isogenic hiPSCs (SPAST WT/WT ), including SOX17 and GATA4 (endoderm), 

Brachyury and HAND1 (mesoderm), and SOX1 and Otx2 (ectoderm).

(C) Normal karyotypes were identified across all three isogenic hiPSC lines, represented by SPAST WT/WT .

(D and E) Genomic DNA sequencing confirming the specific genotypes of hiPSC-SPAST WT/S245X , hiPSC-SPAST WT/C448Y and hiPSC-SPAST WT/WT. 

(F) Schematic and timeline of CSMN-CO generation.

(G and H) Representative immunofluorescence images of 1-month CSMN-COs using pan-neuronal (NeuN, Tau, and MAP2) and neural progenitor (SOX2) 

markers. Dashed circles highlight neuroepithelial loops.

(I–M) Representative immunofluorescence images of 3-month CSMN-COs using pan-neuronal (βIII-tubulin and SMI312), astrocytic (GFAP), and CSMN (CTIP2, 

L1CAM, and vGlut1) markers.

(N) Representative immunofluorescence images of 6-month CSMN-COs using the presynaptic marker synaptophysin.

(O) Representative phase image of 3-month CSMN-COs docked on a MEA2100 single-well platform.

(P) Representative image showing electrode setup and spontaneous neuronal firing; green lines indicate spike counts, red bars indicate bursts, and blue highlight 

indicates network burst.

(Q) Raster plot from (P) showing individual spikes from electrode number 13 with a standard deviation of ±6 from baseline recording (+6: blue line, and − 6: red 

line).
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Figure 2. Single-cell RNA sequencing-based characterization and comparative analysis of CSMN-COs

(A) Heatmap representation of cell-type-specific marker genes of scRNA-seq of 3-month-old CSMN-COs: neuroepithelial cells, glial cells, intermediate pro-

genitors, corticospinal motor neurons, deep layer excitatory neurons, GABAergic neurons, and glutamatergic neurons (see Supplementary file for details).

(B) Pie chart representation of cell-type proportions within the CSMN-COs.

(C–M) 2D UMAP plot representing the annotated clusters (C). Expression of selected markers associated with lineage of intermediate progenitors and corti-

cospinal motor neurons (D–M).

(N–S) Experimental design and qRT-PCR analysis of CSMN-specific genes, normalized to RSP18 in 6-month generic cortical organoids (COs) (n = 3) vs. CSMN-

COs (n = 3).

Unpaired t test. **p < 0.05, ***p < 0.001. All data shown as mean ± SD; see Table S1 for details.
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Figure 3. Genotype-phenotype distinctions in isogenic SPG4 CSMN-COs highlight accelerated axonal degeneration and selective CSMN 

vulnerability in SPAST WT/C448Y

(A and B) Characterization of spastin expression in 6-month CSMN-COs derived from the three isogenic genotypes (n = 3 organoids), normalized to RSP18 

revealed by qRT-PCR with N-terminal primers (A) and C-terminal primers (B).

(C–E) Representative western blot (WB) of spastin in 6-month-old MC organoids (C, n = 3). Levels of full-length M1-spastin (D) and M87-spastin (E) in 

SPAST WT/S245X and SPAST WT/C448Y , both normalized to GAPDH relative to SPAST WT/WT . Note that a truncated product of SPAST WT/S245X CSMN-COs has been 

identified with predicted molecular weight.

(legend continued on next page)
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elevated SPAST mRNA levels despite truncating mutations. 51 

No significant difference was observed between the two mutant 

groups at the transcript level. At the protein level, SPAST WT/S245X 

organoids showed modest reduction in full-length M1- and M87-

spastin, whereas SPAST WT/C448Y organoids displayed increased 

levels of both isoforms (Figures 3C–3E). Notably, a truncated M1 

spastin species was detected in the SPAST WT/S245X organoids, 

reinforcing the possibility that aberrant accumulation of mutant 

protein may confer gain-of-function toxicity in SPG4 truncation 

mutants.

Given prior clinical findings linking AAA domain missense mu-

tations to earlier onset and more severe SPG4 pheno-

types 26,50,52 than the truncation mutations, we next sought to 

determine whether our model recapitulates these differential 

degenerative trajectories. We performed a temporal analysis of 

axonal degeneration using SMI32, a dephosphorylated neurofi-

lament marker of axonal degeneration. 53,54 At 1 month, neither 

mutant showed signs of axonal degeneration. However, by

3 months, SPAST WT/C448Y organoids exhibited a significant in-

crease in SMI32 signal, which intensified by 6 months 

(Figure 3F). In contrast, SPAST WT/S245X organoids only showed 

enhanced SMI32 at the 6-month time point (Figures 3F and 

3G), suggesting a delayed degenerative course. Corroborating 

the axonal degeneration phenotype, we observed a marked 

reduction in CSMNs, identified by the expression of CTIP2, in 

3-month-old SPAST WT/C448Y organoids compared to isogenic 

wild-type controls (Figures 3H and 3I). In SPAST WT/C448Y organo-

ids, we observed a subset of CTIP2 + neurons exhibiting mark-

edly enlarged and morphologically disrupted nuclei, confirmed 

by colocalization with DAPI, consistent with early apoptotic 

changes rather than cytoplasmic mislocalization of CTIP2. 

(Figure 3J). 55–58 This nuclear enlargement phenotype was spe-

cific to CTIP2 + neurons, most prominent in SPAST WT/C448Y ,

less frequent in SPAST WT/S245X , and absent in SPAST WT/WT or-

ganoids (Figure 3K). Notably, these phenotypes, including 

CSMN loss and somatic hypertrophy, were absent in 

SPAST WT/S245X organoids, further underscoring the mutation-

specific nature of the SPG4 neurodegenerative progression. To 

further dissect the genotype-phenotype differences, we em-

ployed electrophysiological recordings using a single-well MEA 

platform to record extracellular neuronal activity in mature 

CSMN-COs. 3-month-old SPAST WT/C448Y CSMN-COs dis-

played neuronal hyperactivity denoted by increased spike count 

and rate (Figures 3K–3L), along with increased burst duration 

and number of spikes in bursts (Figures 3M and 3N), whereas 

the SPAST WT/S245X CSMN-COs demonstrated reduced neuronal 

activity. Subsequently, at 6 months, SPAST WT/C448Y CSMN-COs 

exhibit diminished neuronal activity, with the SPAST WT/S245X

CSMN-COs following suit for burst duration and number of 

spikes in bursts; however, spike count and rate show neuronal 

hyperactivity (Figures 3K–3N; see Table S3 for mean ± SD). 

This bi-phasic change in neuronal activity coincides with pro-

gressive axonal degeneration. These data reveal that our novel 

CSMN enriched cortical organoids recapitulate key genotype-

phenotype features of SPG4, including the earlier and more se-

vere neuronal pathology associated with AAA domain missense 

mutations.

Differential yet convergent HDAC6 hyperactivation 

induced microtubule hypoacetylation underlies the 

axonal degeneration in distinct SPAST-mutant 

organoids

Given the distinct yet partially overlapping neurodegenerative 

phenotypes observed in SPAST WT/C448Y and SPAST WT/S245X 

CSMN-COs, we next investigated whether these mutation-spe-

cific outcomes converge on shared downstream mechanisms. 

We focused on dysregulation of microtubule acetylation, previ-

ously implicated as a key pathological feature in SPG4 

models. 23,24 While aberrant HDAC6 activation-induced microtu-

bule hypoacetylation was identified in one SPG4 mouse 

model, 24 its relevance across diverse SPAST mutations remains 

unclear. Thus, we examined microtubule acetylation and the cor-

responding HDAC6 activity at different time points in our mutant 

organoids. At 3 months, SPAST WT/C448Y organoids exhibited a 

marked reduction in microtubule acetylation and elevated 

HDAC6 activity, while SPAST WT/S245X organoids retained near-

normal levels of both (Figures 4A, 4B, and 4G). By 6 months, 

however, both mutant lines displayed significant microtubule hy-

poacetylation and HDAC6 hyperactivation, further highlighting 

delayed pathological onset in SPAST WT/S245X (Figures 4A–4C 

and 4H). Importantly, these changes in HDAC6 activity occurred 

without alterations in total HDAC6 protein levels (Figures 4I and 

4J), suggesting possible posttranslational dysregulation. This 

temporal divergence in HDAC6-microtubule defects mirrors 

the genotype-specific pattern of axonal degeneration, reinforc-

ing a mechanistic link between HDAC6 activation and neurode-

generative progression in SPG4.

To evaluate the therapeutic potential of targeting HDAC6, we 

treated organoids with tubastatin A (Tub A), a selective HDAC6 in-

hibitor. We evaluated the optimal dose of Tub A treatment in orga-

noids in a dose dependent manner (data not shown), in conjunction 

with previously published studies. 59–63 A 100 μM Tub A treatment 

successfully suppressed HDAC6 hyperactivity and normalized 

microtubule acetylation in both genotypes at their respective 

stages of pathology (Figures 4A–4C and 4G–4H). Interestingly, 

Tub A significantly reduced SMI32 accumulation and improved

(F and G) Representative immunofluorescence images of 1-, 3-, and 6-month CSMN-COs from all three genotypes marked by SMI32, the early axonal 

degeneration marker (F), normalized to βIII-tubulin and quantified (G).

(H–K) Representative immunofluorescence images of CSMN populations marked by CTIP2 in 3-month CSMN-COs from all three genotypes (H, n = 3) and 

quantification analyses of the numbers (I) and cell nucleus perimeters (J) of CTIP2 + cells. Stacked bar graph showing the percentage of CTIP2+ cell nuclei for all 

genotypes comparing the ratio of regular and enlarged nuclei. SPAST WT/WT contains 100% regular nuclei, SPAST WT/S245X contains 97.01% regular and 2.98% 

enlarged nuclei, and lastly, SPAST WT/C448Y contains 64.21% regular and 35.79% enlarged nuclei. n = 200 cells from 3 organoids per genotype (K).

(K–N) Spontaneous extracellular neuronal activity over 5-min recording of 3- and 6-month CSMN-COs from all three genotypes (n = 3). The graphs show mean 

spike count that passed the threshold (K), mean spike rate (L), mean burst duration that surpasses a minimum of 50 milliseconds (ms) (M), and mean number of 

spikes to be considered a burst (N).

One-way ANOVA with Tukey post hoc analysis. *p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001. All data shown as mean ± SD; see Table S2 for details.
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Figure 4. HDAC6 hyperactivation induced by mutant M1-spastin drives microtubule hypoacetylation and axonal degeneration in SPAST-

mutant CSMN-COs

(A) Representative immunofluorescence images of 3- and 6-month CSMN-COs derived from SPAST WT/WT , SPAST WT/S245X , and SPAST WT/C448Y lines, untreated 

or treated with the HDAC6 inhibitor Tub A, stained for acetylated tubulin and βIII-tubulin.

(B and C) Quantification of the acetylated tubulin-to-βIII-tubulin ratio in 3-month (B) and 6-month (C) CSMN-COs (n = 3–6). Tub A significantly increased tubulin 

acetylation in mutant CSMN-COs.

(D) Representative immunofluorescence images of 3- and 6-month-old CSMN-COs from SPAST WT/WT , SPAST WT/S245X , and SPAST WT/C448Y lines, untreated or 

treated with Tub A, and stained for SMI32 (a marker of early axonal degeneration) and βIII-tubulin.

(legend continued on next page)
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axonal morphology, indicating structural rescue of degeneration 

(Figures 4D–4F; see Tables S4 and S5 for mean ± SD). These find-

ings establish HDAC6 hyperactivation and microtubule hypoace-

tylation as temporally distinct yet converging mechanisms in 

SPG4 pathogenesis, driven by mutation-specific dynamics. 

Moreover, they validate HDAC6 inhibition as a mechanistically 

grounded, genotype-spanning therapeutic strategy.

HDAC6 selectively interacts with M1-spastin and is 

aberrantly activated by mutant forms

Given that both SPAST WT/S245X and SPAST WT/C448Y organoids 

exhibit HDAC6 hyperactivation and microtubule hypoacetyla-

tion, in addition to our previous findings that mutant M1-spastin 

rather than M87-spastin, irrespective of mutation type, consis-

tently drives this phenotype, next, we sought to determine 

whether these effects arise from a direct, isoform-specific inter-

action between spastin and HDAC6. Co-immunoprecipitation 

(coIP) assays in HEK293T cells expressing mCherry-tagged 

HDAC6 and Flag-tagged spastin isoforms revealed robust inter-

action between HDAC6 and all M1 variants (WT, C448Y, S245X), 

whereas no interaction was observed with wild-type M87-spas-

tin (Figures 5A and 5B). Additionally, coIP examination using 

anti-Flag beads further confirmed this M1-specific association 

with endogenous HDAC6 (Figures 5C and 5D). Quantitative ana-

lyses revealed that both M1-SPAST S245X and M1-SPAST C448Y 

exhibited increased HDAC6 binding relative to wild-type, with 

M1-SPAST C448Y showing the highest level of interaction 

(Figure 5E). Moreover, HDAC6 co-immunoprecipitated with 

M1-SPAST C448Y displayed significantly elevated phosphoryla-

tion, as detected by a phospho-HDAC6-specific antibody, sug-

gesting enhanced enzymatic activation compared to wild-type 

and truncation variants (Figures 5C and 5E). To further validate 

this observation, we performed HDAC6 siRNA knockdown in 

an HEK293T cell line overexpressing M1-C448Y spastin and 

observed rescue of α-tubulin hypoacetylation (Figures 5F and 

5G). To determine whether HDAC6 hyperactivation is a shared 

downstream effector of mutant spastin toxicity and whether 

this effect is isoform specific, we quantified HDAC6 enzymatic 

activity in SH-SY5Y cells expressing wild-type or mutant M1-

or M87-spastin. 22 HDAC6 activity remained unaltered in cells ex-

pressing either wild-type M1-spastin or any form of M87-spastin. 

In contrast, all mutant M1-spastins markedly increased HDAC6 

activity, regardless of mutation type (Figure 5E; see Tables S6 

and S7 for mean ± SD). These findings implicate mutant M1-

spastin, irrespective of mutation type, as a key driver of 

HDAC6 hyperactivation and support a convergent pathological 

mechanism underlying SPG4.

Pharmacological inhibition of HDAC6 ameliorates gait 

deficiency and CST degeneration in SPG4-transgenic 

mice

To validate our organoid-based findings in vivo, we employed a 

novel double heterozygous (dHet) SPG4-transgenic mouse 

model (hSPAST-C448Y +/− ; mSpast − /+ ), which harbors one allele 

of the SPAST C448Y mutation, the same as our missense mutant 

hiPSC line, and one null allele of endogenous mouse Spast. 

This recently developed mouse model recapitulates some key 

aspects of human SPG4 by combining gain-of-function toxicity 

and haploinsufficiency, exhibiting pathological phenotypes 

including progressive gait impairment, CST degeneration, and 

axonal swelling. 24 Consistent with our organoid data, dHet 

mice also exhibit reduced microtubule acetylation and aberrant 

HDAC6 hyperactivation. 24 We treated 3-month-old male dHet 

mice, corresponding to symptom onset, with Tub A via daily 

intraperitoneal injection for 21 days (Figure 6A). Serum chemistry 

confirmed no hepatotoxicity, indicating favorable tolerability 

(Table S8). Gait analysis using the CatWalk XT system revealed 

significant hindlimb deficits in dHet mice, including decreased 

print width, length, area, and altered paw placement, consistent 

with motor phenotypes reported in individuals with SPG4 which 

were significantly ameliorated following Tub A treatment 

(Figures 6B–6F). As expected, no forelimb differences were de-

tected, in line with previous observations. 24 Furthermore, Tub 

A effectively suppressed hyperactivated HDAC6 and restored 

microtubule acetylation without altering overall neuronal micro-

tubule mass (Figures 6G–6J). Anatomical evaluation of CST 

axons via toluidine blue staining of semi-thin spinal cord sections 

revealed reduced axonal density and increased swelling in the 

ventral portion of the lumbar dorsal column of dHet mice, as 

previously reported, 24 which were partially rescued by Tub A 

treatment (Figures 6K–6N; see Table S9 for mean ± SD). No sig-

nificant changes were detected at the cervical level. Together, 

these in vivo results substantiate HDAC6 hyperactivation as a 

disease-relevant, therapeutically modifiable mechanism in 

SPG4. The convergence between organoid and animal model 

findings strongly supports selective HDAC6 inhibition as a viable 

strategy for mitigating CST degeneration and motor deficits in 

patients with SPG4.

DISCUSSION

Our study establishes an innovative, physiologically relevant 

platform for modeling SPG4 using CSMN-COs from isogenic 

hiPSCs. Unlike generic cortical organoids, our CSMN-COs 

uniquely replicate cellular populations specific to the motor

(E–F) Quantification of the SMI32-to-βIII-tubulin ratio in individual axons from 3-month (n = 8, (E)) and 6-month (n = 10, (F)) CSMN-COs. Tub A treatment 

significantly reduced SMI32 levels in mutant organoids.

(G–H) Quantification of HDAC6 enzymatic activity in 3-month (n = 3, (G)) and 6-month (n = 3, (H)) CSMN-COs from SPAST WT/WT , SPAST WT/S245X , and 

SPAST WT/C448Y lines, with or without Tub A treatment. HDAC6 activity is expressed as units (U) per mg of total protein, where one unit is defined as the amount of 

enzyme required to deacetylate 1 pmol of a synthetic acetylated peptide substrate per minute. Elevated HDAC6 activity in mutant organoids is significantly 

reduced by Tub A treatment at both time points.

(I–J) WB (I) and quantification (J) of HDAC6 (black arrow) protein levels in 3-month CSMN-COs derived from SPAST WT/WT , SPAST WT/S245X , and SPAST WT/C448Y 

lines. HDAC6 expression, normalized to GAPDH and shown relative to SPAST WT/WT , revealed no significant differences across genotypes (n = 4).

One-way ANOVA with Tukey post hoc analysis. *p < 0.05, **p < 0.002, ***p < 0.001, ****p < 0.0001, and unpaired t test. ##p < 0.005, ###p < 0.001. All data shown 

as mean ± SD; see Tables S3 and S4 for details.
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Figure 5. HDAC6 selectively interacts with M1-spastin and is aberrantly activated by mutant forms

(A and B) Co-immunoprecipitation (coIP) in HEK293T cells co-expressing HDAC6-mCherry and Flag-tagged spastin isoforms revealed that HDAC6 binds 

selectively to M1-spastin, but not M87-spastin (A). Quantification confirmed robust enrichment of M1-spastin isoforms in the HDAC6-containing immunopre-

cipitated complex, with significantly increased interaction observed for mutant forms (B).

(C–E) Reciprocal coIP using anti-Flag antibody was performed to isolate spastin isoforms, followed by WB with anti-HDAC6 and anti-phospho-HDAC6 anti-

bodies, showing that M1-spastin C448Y -Flag immunoprecipitated more phosphorylated HDAC6 (C). Quantification also confirmed that mutant M1-spastin iso-

forms pulled down greater amounts of HDAC6 compared to controls (D) and that M1-spastinC448Y-Flag immunoprecipitated more phosphorylated HDAC6 (E). 

(F and G) Western blot analysis of 293T lysates showing levels of acetylated tubulin and GAPDH in Con255- and M1-C448Y-overexpressing cells treated with 

HDAC6 siRNA (siHDAC6) or control siRNA (siCtrl) (F). C448Y overexpression results in a notable decrease in acetylated tubulin, while siHDAC6 treatment 

significantly increases acetylated tubulin levels in C448Y-overexpressing cells (G). GAPDH levels remain unchanged across groups and serve as a loading control 

(n = 3 per group).

(H) HDAC6 activity assays in SH-SY5Y cells expressing various M1- and M87-spastin mutants showed that only M1 mutations led to significantly elevated HDAC6 

enzymatic activity, indicating an isoform-specific gain-of-function effect (n = 3).

One-way ANOVA with Tukey post hoc analysis. *p < 0.05, **p < 0.002, ***p < 0.001, ****p < 0.0001. All data shown as mean ± SD; see Tables S5 and S6 for details.
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Figure 6. HDAC6 inhibition with Tub A improves gait deficiency and restores CST integrity in dHet mice

(A) Experimental timeline of daily Tub A or vehicle treatment and CatWalk analysis in WT and dHet mice.

(B) Representative CatWalk print view showing paw positioning and parameters analyzed, including print length, width, area, and position.

(C–F) Quantitative gait metrics across experimental groups: print length (C), print width (D), print area (E), and print position (F) (hind paw placement relative to the 

ipsilateral front paw). Data represent classified runs from 6 animals per group.

(G) HDAC6 enzymatic activity measured from spinal cord lysates across groups (n = 3 mice per group).

(H–J) WB analysis of lumbar spinal cord lysates showing levels of acetylated tubulin and βIII-tubulin in WT and dHet mice treated with Tub A or vehicle. Tub A 

treatment significantly increases acetylated tubulin levels in dHet mice. βIII-tubulin levels remain unchanged across groups and serve as a loading control (n = 3 

per group).

(legend continued on next page)
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cortex, particularly CSMNs, the primary neuronal subtype 

affected in SPG4. 37,64,65 Utilizing an isogenic background, this 

system enables precise interrogation of genotype-phenotype 

correlations for missense (SPAST WT/C448Y ) and truncation 

(SPAST WT/S245X ) mutations, addressing the previously elusive 

molecular underpinnings of clinical variability observed in 

SPG4. 50 Clinically, missense SPAST mutations generally cause 

earlier onset and more severe phenotypes compared to trunca-

tion mutations. Our findings align closely with these clinical 

discoveries, revealing accelerated and selective CSMN degen-

eration in SPAST WT/C448Y organoids. Although our CSMN-COs 

(1–6 months) model an early developmental stage, pathogenic 

SPAST mutations exert effects from the outset of neuronal differ-

entiation. While clinical manifestations of SPG4 often appear in 

adulthood, this delay likely reflects compensatory mechanisms 

that operate in vivo across interconnected neuronal and non-

neuronal systems. In contrast, our organoid model isolates 

cell-intrinsic processes, thereby revealing early molecular and 

structural abnormalities that may precede overt degeneration. 

The increased SMI32 immunoreactivity observed in mutant or-

ganoids reflects early axonal stress rather than neurite loss, 

consistent with a pre-degenerative state. Importantly, we did 

not observe axonal degeneration in 1-month-old organoids, indi-

cating an age-dependent trajectory within this model. Moreover, 

several de novo SPAST mutations—particularly missense vari-

ants—are associated with childhood or infantile onset. Given 

that our mutations were introduced via CRISPR-Cas9, the 

observed early phenotypes may reflect such early-onset forms 

of the disease. Together, these considerations support the rele-

vance of our organoid platform as a tractable model for early 

pathogenic mechanisms underlying SPG4.

Mechanistically, elevated SPAST mRNA levels were observed in 

both mutant organoids, confirming previous reports that SPAST 

mutations can escape nonsense-mediated decay. 51 The detection 

of the S245X truncated protein in our organoids, together with prior 

evidence that truncated M1-spastin is unusually stable, 22 

suggests that truncation mutations may have effects beyond 

simple haploinsufficiency. Notably, both SPAST WT/C448Y and 

SPAST WT/S245X organoids show HDAC6 hyperactivation and 

microtubule hypoacetylation, features not observed in spastin-

haploinsufficient models, further supporting the possibility of addi-

tional gain-of-function components. However, direct evidence re-

mains limited, and additional studies will be needed to define the 

functional impact of these mutant isoforms. Furthermore, our 

coIP studies revealed that while both M1-SPAST WT/S245X and 

M1-SPAST WT/C448Y isoforms interact with HDAC6, the missense 

mutant M1-SPAST WT/C448Y exhibits markedly stronger binding, 

correlating with greater HDAC6 hyperactivation. This differential 

interaction suggests that distinct SPAST mutations may drive 

varying degrees of HDAC6 dysregulation which contributes to mu-

tation-specific pathogenic severity in SPG4. Mutant M1-spastin

may promote HDAC6 hyperactivation through two upstream 

mechanisms: by altering the stability or composition of the spas-

tin-HDAC6 complex, which could enhance HDAC6 activity, or by 

inducing hyperactivation of casein kinase 2 (CK2), as previously 

identified in our studies, 27 which is suggested as an upstream 

enzyme that phosphorylates and further activates HDAC6. 66,67 

Moreover, HDAC6 is not the only tubulin deacetylase; Sirtuin 2 

and HDAC5 have also been shown to regulate microtubule acety-

lation 68,69 and exploring these upstream components may be valu-

able in uncovering the molecular underpinnings of SPG4 etiology. 

Furthermore, including more patient-derived hiPSC lines and addi-

tional SPAST mutations in our organoid models will be important 

for fully capturing SPG4’s genetic and phenotypic diversity and 

advancing mechanistic and therapeutic insights. Our analysis us-

ing both CSMN-COs and transgenic mice revealed microtubule 

hypoacetylation as a key pathological feature in SPG4. This defect 

was significantly more pronounced in the missense mutant and 

closely correlated with greater neurodegenerative severity in pa-

tients with SPG4. 50,70 A prior study using a single, non-isogenic 

hiPSC line harboring an intronic splice-site SPAST mutation re-

ported increased microtubule acetylation in 2D-cultured neurons, 

a result that differs from our findings. 71 Notably, this outcome phe-

nocopies findings from spastin-depletion models, suggesting a 

phenotype driven predominantly by the haploinsufficiency mech-

anism in that context. 24,72,73 Indeed, both our isogenic organoid 

and transgenic mouse models consistently demonstrate HDAC6 

hyperactivation, microtubule hypoacetylation, and axonal degen-

eration, supporting a shared pathogenic mechanism across 

SPG4 mutations. The use of complementary in vitro human and 

in vivo mouse systems is a key strength of this study, allowing vali-

dation of mechanistic findings across distinct yet biologically rele-

vant contexts. Model-dependent features, such as aberrant 

neuronal activity in CSMN-COs and corticospinal tract or gait ab-

normalities in mice, reflect the distinct strengths and readouts of 

each system, thereby providing complementary and translational 

insights. Finally, our findings highlight HDAC6 hyperactivation, 

driven by mutant M1-spastin, as a convergent and therapeutically 

relevant mechanism in SPG4 pathogenesis. The ability of Tubasta-

tin A to restore microtubule acetylation and ameliorate neurode-

generative phenotypes across both organoid and animal models 

underscores the translational potential of HDAC6 inhibition, offer-

ing a new avenue for therapeutic intervention for SPG4. The partial 

rescue achieved with HDAC6 inhibition in adult mice highlights 

promising avenues for future studies, including exploring combi-

nation therapies that could enhance therapeutic efficacy, espe-

cially in advanced stages of disease progression. Taken together, 

our study unveils corticospinal motor neuron enriched cortical or-

ganoids as a groundbreaking platform to decode the elusive corti-

cospinal neuron vulnerability and advance targeted therapy devel-

opment for SPG4 and other CSMN-related neurodegenerative 

diseases.

(K) Representative toluidine blue-stained cross-sections of the dorsal column in lumbar spinal cords from treated and untreated WT and dHet mice.

(L) Quantitative analyses of CST axons: total axon count per μm 2 (L), average axonal perimeter (M), and number of morphologically normal versus swollen axons 

(based on shape classification as normal: regular, swollen: irregular (N). Axons with a perimeter of ≥10 μm were considered swollen. Data represent cumulative 

axon counts (n = 120–500) from 3 mice per group.

One-way ANOVA with Tukey post hoc analysis. *p < 0.05, **p < 0.002, ***p < 0.001, ****p < 0.0001, and unpaired t test. #p < 0.05, ##p < 0.005. All data shown as 

mean ± SD; see Table S8 for details.
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Limitations of the study

While our study provides significant insights into SPG4 pathol-

ogy and therapeutic potential, several opportunities remain for 

future exploration. First, although our study modeled two SPAST 

variants (missense C448Y and truncation S245X) representing 

distinct mutation classes, inclusion of additional mutation types 

such as splice-site or frameshift variants will be necessary to fully 

capture the genetic and phenotypic diversity of SPG4. While our 

findings establish HDAC6 hyperactivation as a key mechanism in 

SPG4, the precise link between mutant M1-spastin and HDAC6 

activation remains unclear. Additionally, HDAC6 acts on sub-

strates beyond tubulin, which may also contribute to disease 

and merit further investigation. The partial rescue achieved 

with HDAC6 inhibition in adult mice highlights promising avenues 

for future studies, including exploring combination therapies that 

could enhance therapeutic efficacy, especially in advanced 

stages of disease progression. Lastly, while the present 

scRNA-seq analysis focused on validating cell-type composition 

and corticofugal neuron enrichment in control CSMN-COs, 

future work will extend this approach to mutant organoids. 

Comparative single-cell profiling will enable identification of 

cell type-specific transcriptional changes and pathway alter-

ations underlying SPAST-related pathology. These forthcoming 

analyses will deepen mechanistic insight into early cellular 

vulnerability and network dysfunction in SPG4.
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Anti-Flag Proteintech Cat# 20543-1-AP; RRID:AB_11232216

Anti-Phosphoserine/threonine PhosphoSolutions Cat# PP2551; RRID:AB_1184778

Anti-HDAC6 Affinity Biosciences Cat# AF6485; RRID:AB_2835165

Anti-mCherry Abcam Cat# ab205402; RRID:AB_2722769

Chemicals, peptides, and recombinant proteins

MTeSR TM Plus Stem Cell Technologies 100–0276

DMEM-F12 Gibco 11330032

ReLeSR TM Stem Cell Technologies 100–0483

ROCK inhibitor Y-27632 Tocris 1254

Dorsomorphin Sigma C956T21

SB431542 Tocris 1614

Neurobasal A Thermo Fisher 10-888- 022

B-27 without Vitamin A Thermo Fisher 12587010

Glutamax Thermo Fisher 35- 050-061

EGF PeproTech AF-100-15

bFGF Peprotech 100-18B

Cyclopamine Fisher Scientific AAJ61528MB

B-27 Plus Thermo Fisher Scientific A3582801

Normocin InvivoGen ant-nr-05

BDNF PeproTech 450–02

NT3 PeproTech 450–03

StemPro Accutase TM Cell Dissociation Reagent Thermo Fisher Scientific A1110501

DNAase I Thermo Fisher Scientific EN0521

BrainPhys Neuronal Medium Stem Cell Technologies 05790

Tubastatin A Selleckchem S8049

Paraformaldehyde Electron Microscopy Sciences 19202

Fetal bovine serum Novus Biologicals S11150

(Continued on next page)

16 Cell Reports 45, 117036, March 24, 2026

Report
ll

OPEN ACCESS



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Lipofectamine 2000 Invitrogen 11668–019

1X RIPA Buffer Thermo Fisher Scientific 89900

Halt TM Protease and Phosphatase Inhibitor Cocktail Thermo Fisher Scientific 78446

IP cell lysis buffer Thermo Fisher 87787

Protease inhibitor NCM Biotech P001

Phosphatase inhibitor NCM Biotech P003

Critical commercial assays

HDAC6 Fluorogenic Assay BPS Biosciences 50076–1

PureLink TM RNA Mini Kit Thermo Fisher Scientific 12183018A

High-Capacity cDNA Reverse Transcription Kit Thermo Fisher Scientific 4368813

BCA Protein Assay Kit Thermo Fisher Scientific 23227

Deposited Data

scRNAseq data NCBI GEO GEO: GSE316534

Experimental models: Cell lines

Isogenic Spastin hiPSCs Generated in Lab from a control hiPSC. 

This paper

N/A

SH-SY5Y neuroblastoma cell line ATCC CRL-2266

293T cells Chinese Academy of Science (National 

Collection of Authenticated Cell Cultures)

GNHu17

Experimental models: Organisms/strains

Mouse: hSPAST-C448Y +/− ; mSPAST Δ/+ ). Piermarini et al., 24 

Generated in Lab

N/A

Oligonucleotides

CTIP2FWD: ATGTCCCGCCGCAAACA REV: 

TCGTCTTCTTCGAGGATGG

Integrated DNA Technologies, Inc. N/A

L1CAMFWD: GTCCACTACACCTTTAGGGTTAC 

REV: CTTCACATCCACAGGGTTCTT

Integrated DNA Technologies, Inc. N/A

CRYMFWD: GAGCTGGGAGAAGTGATTAAGG 

REV: TGGCTGCAACTGTGTCTT

Integrated DNA Technologies, Inc. N/A

vGlut1FWD: CACTCAGATTCCAGGAGGATTT 

REV: CGAAGATGACACAGCCATAGT

Integrated DNA Technologies, Inc. N/A

UCLH1FWD: CCAATGTCGGGTAGATGACAAG 

REV: AGGCATTCGTCCATCAAGTTC

Integrated DNA Technologies, Inc. N/A

N-terminal SpastinFWD: CAGAAGGAGCAAGCTGT 

GGAREV: GTAAGCGGTCCTTGGCCATA

Integrated DNA Technologies, Inc. N/A

C-terminal Spastin FWD: AGAAGAGAAGGGGA 

GCACGA REV: AAACGCCTGAGAACAGCCTC

Integrated DNA Technologies, Inc. N/A

GAPDHFWD: TCGGAGTCAACGGATTTGGT 

REV: TTCCCGTTCTCAGCCTTGAC

Integrated DNA Technologies, Inc. N/A

HDAC6 siRNAGUGUUGGAUGAGCAGUUAAAUTT 

AUUUAACUGCUCAUCCAACACTT

Integrated DNA Technologies, Inc. N/A

Recombinant DNA

Wildtype M87 Solowska et al. 22 Addgene, 89322

M87 184X Solowska et al. 22 Addgene, 92367

M87 C448Y Solowska et al. 22 Addgene, 89320

M87 S245X Solowska et al. 22 Addgene, 92368

Wildtype M1 Solowska et al. 22 Addgene, 89321

M1 184X Solowska et al. 22 Addgene, 92365

M1 C448Y Solowska et al. 22 Addgene, 89319

M1 S245X Solowska et al. 22 Addgene, 92366

M1 L195V-Myc tagged Solowska et al. 22 Addgene, 87716

(Continued on next page)

Cell Reports 45, 117036, March 24, 2026 17

Report
ll

OPEN ACCESS



EXPERIMENTAL MODEL AND STUDY PARCITIPATION DETAILS

Isogenic SPG4-hiPSC generation, validation and maintenance

Isogenic human induced pluripotent stem cells (hiPSCs) were derived from a control hiPSC line (FA0000010) which was gener-

ated from a healthy 36-year-old male donor using previously established protocols obtained from the Columbia Stem Cell Initia-

tive Stem Cell Core facility. 74 CRISPR (Clustered regularly interspaced short palindromic repeat) – Cas9 (CRISPR-associated 

protein 9) genome editing was employed to generate isogenic hiPSC lines harboring two distinct disease-associated mutations 

in the SPAST gene. Highly specific single-guide RNAs (sgRNAs) were designed to target defined loci within SPAST, enabling 

precise introduction of pathogenic variants via homology-directed repair, while preserving genomic integrity at off-target sites. 

All hiPSC lines and subcolonies were authenticated as described below and tested negative for mycoplasma contamination. 

The lines were validated for their pluripotency by immunostaining for OCT4, SSEA-4, SOX2, and TRA1-60 (Thermo Fisher Sci-

entific, A24881). Germ layer differentiation was conducted using the Human Pluripotent Stem Cell Functional Identification Kit 

(R&D Systems, SC027B) and G-banded karyotype and mutation analysis was also carried out to confirm CRISPR-Cas9 based 

mutation. All hiPSC lines were cultured in 5% CO 2 at 37 ◦ C in mTeSR Plus (Stem Cell Technologies, 100–0276) on Matrigel GFR 

Basement Membrane Matrix (Corning, 356231) as previously reported. 40 Briefly, 6- well plate (Thermo Scientific, 140675) was 

coated with Matrigel diluted in ice-cold DMEM-F12 (Gibco, 11330032) for 1 h at 37 ◦ C. Once all hiPSCs reach 70% confluence, 

they are passaged using ReLeSR (Stem Cell Technologies, 100–0483), incubated for 4 min and subsequently plated on coated 

dishes with 10μM ROCK inhibitor Y-27632 (Tocris, 1254). 3mL Medium changes with mTeSR Plus was performed every 

other day.

Corticospinal motor neurons enriched cortical organoid development and maintenance

Organoids were generated using a modified version of the previously reported publication. 39,40 Briefly, on day 0, pure and 90% 

confluent hiPSCs were lifted using ReLeSR for 4 min and plated onto ultra-low attachment 6- well plate (Corning, 3471) in mTeSR 

Plus with 10μM ROCK inhibitor Y-27632, 5μM Dorsomorphin (Sigma, C956T21), and 10μM SB431542 (Tocris, 1614) to promote 

embryoid bodies (EBs) formation. From day 3–6, a half medium changes with Dorsomorphin and SB431542 in mTeSR Plus was per-

formed every other day. From days 7–23, half medium change was performed using neuronal differentiation media I which consist of 

Neurobasal A (Thermo Fisher, 10-888- 022), B-27 without Vitamin A (Thermo Fisher, 12587010), Glutamax (Thermo Fisher, 35- 050– 

061), 20ng/mL EGF (PeproTech, AF-100-15), 20ng/mL bFGF (Peprotech, 100-18B), particularly with 5μM cyclopamine (Fisher Sci-

entific, AAJ61528MB). On day 23, organoids were placed on an orbital shaker (60 rpm) and the medium was switched to neuronal 

differentiation media II which consists of Neurobasal A (Thermo Fisher, 10-888- 022), B-27 Plus (Thermo Fisher Scientific, A3582801), 

Glutamax (Thermo Fisher, 35- 050–061), Normocin (InvivoGen, ant-nr-05), 20 ng/mL BDNF (PeproTech, 450-02) and 20 ng/mL NT3 

(PeproTech, 450-03). All organoids were cultured in 5% CO2 at 37 ◦ C on an orbital shaker. Medium changes were performed every 

3–4 days.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

M1 E112K-Myc tagged Solowska et al. 22 Addgene, 87715

mcherry-HDAC6 This paper N/A

CON255-Flag This paper N/A

M1-Spastin WT -Flag This paper N/A

M87-Spastin WT -Flag This paper N/A

M1-Spastin C448Y -Flag This paper N/A

M1-Spastin S245X -Flag This paper N/A

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/

Cell Ranger Count v7.0.1 10X Genomics, Cloud analysis N/A

Partek Flow software with scRNAseq toolkit Illumina N/A

GraphPad Prism version 10 N/A N/A

Adobe Photoshop 2024 Adobe Creative Cloud

EndNote 21 N/A N/A

BioRender N/A N/A
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SPG4-dHet transgenic mouse colony maintenance

All the transgenic mouse experiments were performed in compliance with the NIH’s Guide for the Care and Use of Laboratory An-

imals and were reviewed and approved by the Institutional Animal Care and Use Committee at Drexel University. Five mice were 

housed per cage under a 12-h light/dark cycle, temperature and humidity were kept constant, and mice had free access to drinking 

water and food. Colony generation, breeding strategies, and genotyping are all previously described in detail. 23,24 For this study, we 

used our novel male double-heterozygous mice (dHet) that contains one copy of human mutant SPAST C448Y at Rosa26 locus and one 

copy of endogenous mouse Spast (hSPAST-C448Y +/− ; mSpast − /+ ) which depicts both CST dieback and adult-onset gait defi-

ciencies that are remarkably reminiscent of human patients. 24

METHOD DETAILS

Organoid fixation, section and immunohistochemistry (IHC)

Organoids were washed once with PBS (Gibco, 10010023) and fixed in 4% PFA overnight at 4 ◦ C followed by dehydration in 30% 

sucrose until fully saturated. Organoids were then embedded in M1 Embedding Matrix (Epredia, 1310) and cryosectioned at 

25μm thickness and placed on charged slides (Fisher Scientific, 1255016). The slides were dried at room temperature overnight. Or-

ganoid mounted slides were then hydrated and washed in 1X PBS 3 times for 5 min followed by quenching (70% PBS, 30% methanol, 

0.5% hydrogen peroxide) for 1 h at room temperature. Subsequently, the slides were washed in PBS to remove the quenching buffer 

and incubated in either donkey (Jackson ImmunoResearch, 017-000-121) or goat (Jackson ImmunoResearch, 005-000-121) serum 

blocking buffer diluted in PBS for 1 h at room temperature. Then primary antibodies listed in key resource table diluted in PBS and 

0.1% Triton X-100 was incubated overnight at 4 ◦ C followed by PBS washes and corresponding secondary antibodies conjugated to 

Alexa Fluor 488, 555, or 647 incubated for 2 h at room temperature. Lastly, the slides were washed in PBS and incubated with DAPI at 

1:20,000 dilution (Fisher Scientific, D1306) and mounted using Fluoro-Gel with Tris Buffer (Electron Microscopy Sciences 1798510). 

Organoid sections were imaged using Leica SP8 inverted confocal microscope and Leica Thunder microscope. ImageJ was used to 

measure average fluorescence intensity of each organoid section and individual neuronal processes.

Single-cell RNA sequencing (scRNA-seq)

10X Chromium Next GEM single cell 3 ′ Gene expression kit V3.1 dual index kit and 10X Chromium Controller system was used to 

generate single cell data. Briefly, 3-month-old organoids were dissociated using 4 mL StemPro Accutase Cell Dissociation Reagent 

(Thermo Fisher Scientific, A1110501) for 12 min at 37 ◦ C. Subsequently, the organoids were quenched and treated briefly with 

DNAase I (Thermo Fisher Scientific, EN0521) and gently triturated using 2mL serological pipettes to generate single cell suspension 

in PBS with 1% BSA. Cell viability and count were assessed using trypan blue staining and a hemocytometer. The cell suspension 

was then loaded onto Chromium next GEM Chip G (10x Genomics, 2000177) per manufacturer instructions, with a targeted cell re-

covery of 5000–10000 cells. Post GEM formation, the samples were subjected to reverse transcription, amplification, fragmentation 

and clean-ups, as recommended by the manufacturer. We then performed Illumina library preparation using the Dual Index plate TT 

Set A (10X Genomics, 3000431; Plate, 15535894). The subsequent library was then sequenced using NovaSeq6000 at a depth of 

25000–30000 paired end reads per cell.

Raw sequencing data were initially processed and aligned to GRCh38 (human) using Cell Ranger Count v7.0.1 (10X Genomics, 

Cloud analysis) and HDF5 files were generated. The HDF5 files were then uploaded to the Partek Flow software with scRNAseq tool-

kit (Illumina). Using a single cell QA/QC and a noise-reduction pipeline, the cells were further filtered to exclude low quality cells and 

features. The filtered set was then normalized using the recommended counts per million, add 1, log 2 transformation workflow. Prin-

cipal component analysis (PCA) was performed on the filtered cells and further clustered using Louvain graph-based clustering al-

gorithm using the top 20 PCAs and visualized using uniform manifold approximation and projection (UMAP). We then extracted the 

biomarkers for these clusters and used them to manually annotate the clusters. Panglao database, Human protein atlas and exten-

sive literature review were used to annotate the seven clusters as neuroepithelial cells, glial cells, intermediate progenitor cells, cor-

ticospinal motor neurons, deep layer excitatory neurons, GABAergic neurons and glutamatergic neurons. A heatmap was generated 

using the marker genes of each cell cluster. Gene expression profile of various marker genes was generated using the same 2D 

UMAP as cluster annotations.

RNA Isolation and qRT-PCR

RNA was isolated from various organoid samples using the PureLink RNA Mini Kit (Thermo Fisher Scientific, 12183018A) and sub-

sequently reverse transcription was performed using the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, 

4368813) to synthesize cDNA. Quality control and quantification was performed using the NanoDrop Spectrophotometer. qRT-

PCR was performed using the 2X Universal SYBR Green Fast qPCR Mix (ABclonal, RK21203) on the StepOnePlus Real-Time 

PCR System (Applied Biosystems). RNA primers were acquired from Integrated DNA Technologies and listed in key resource table.

Multielectrode array (MEA) recording and analysis

Single-wells containing 60 electrodes (Multi Channel Systems, MEA2100-Systems), were coated with Poly-L-Ornithine (Sigma Al-

drich, P4957) overnight at room temperature then washed 3–5 times with sterile ddH 2 O. The wells were fully dried, and organoids
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were placed centrally covering all the electrodes and cultured in BrainPhys Neuronal Medium (Stem Cell Technologies, 05790) sup-

plemented with BDNF and NT3. Two days after organoid placement, extracellular spontaneous neuronal activity was recorded for a 

duration of 5 min using the Multi-Channel Experimenter software as previously described. 75 The recording parameter was acquired at 

20 kHz and filtered with a 3500 Hz fourth-order high-pass Butterworth filter and neuronal spikes were detected when the signals sur-

passed a threshold of 6 standard deviations from the baseline noise. Bursts were detected when ≥4 spikes with a duration of 50 

milliseconds (ms) and an interval of 100ms between bursts occurred. Network bursts were detected when a minimum of 10 elec-

trodes were active with 5 of them simultaneously participating. Acquired data was processed using Multi Channel Analyzer and orga-

nized in Microsoft Excel.

Preparation and systemic delivery of tubastatin a in mice

Tubastatin A (Selleckchem, S8049, Batch: S804913) was prepared according to manufacturer’s instructions. Animals were admin-

istrated Tub A in 5% DMSO and 95% corn oil at a dose of 16mg/kg with a dosing volume of 10mL/kg daily for 21 days intraperito-

neally. A mixture of DMSO and corn oil was used as a vehicle. After 21 days of treatment, animals were euthanized for biochemical 

analysis. For organoid studies, 100μM Tub A in DMSO was added to the culture media daily for 72 h and collected for downstream 

analysis.

Catwalk assay

The Noldus Catwalk XT is an automated gait analysis system for assessing locomotion in rats and mice. The behavioral 

platform and procedure were previously described in great detail. 23,24 Briefly, mice were isolated in the behavior 

room 30 min prior to testing to acclimate them to the new environment. Each mouse underwent a week of training where 

they learned the task following a week of recording for the various gait parameter analysis. Animals were individually placed 

on the catwalk to freely move in both directions. After 15 min, the animal was removed from the walkway and returned to its 

home cage. The camera gain was set to 20dB and the detection threshold was set to 0.10. Compliant runs were classified 

as run with a duration between 0.50 and 5.00 s with a maximum speed variation of 60%. For each animal, 5–6 compliant 

runs per group were used for analysis. For consistency and rigor, both training and recording were conducted by the same 

person. Five to 6 animals per group were used for behavioral studies. Clinically relevant parameters were chosen for analysis 

for this study. 24,76

Spinal cord tissue processing and quantitative axonal analysis

Spinal cord tissue collection, processing, and anatomical analysis were performed as previously described. 23,24 For anatomical anal-

ysis in this study, three mice per group were sacrificed by intraperitoneal injection of 150 mg/kg Euthasol solution (VEDCO, 

50989056912). Transcardial perfusion was performed using a buffered 0.9% NaCl rinse followed by tissue fixation in a mixture of 

4% paraformaldehyde (PFA; Electron Microscopy Sciences, 19202) and 1% Glutaraldehyde in 0.1M phosphate buffer. Spinal cords 

were dissected out and were post-fixed overnight at 4 ◦ C in the same fixative solution. Cords were then washed in 0.1M phosphate 

buffer overnight at 4 ◦ C and cervical and lumbar blocks of spinal cord were sectioned at 200μm using a Vibratome. Sectioned cords 

were further post-fixed in cold buffered 2% osmium tetroxide for 1 h followed by sequential dehydration in 70, 95 and 100% ethanol 

followed by two rinses in propylene oxide (PO). The cords were then incubated in a 1:1 mixture of Epon -Araldite and PO for 1 h fol-

lowed by a 2:1 mixture of Epon-Araldite and PO overnight and lastly incubated in 100% Epon-Araldite with 2% DMP-30 hardener for

2 h. The spinal cord sections were finally embedded in fresh Epon-Araldite with 2% DMP-30 hardener in silicone molds and allowed 

to polymerize for 72 h in a 60 ◦ C oven. 1μm sections were cut from each block using a glass knife mounted on an ultramicrotome and 

sections were stained with toluidine blue to visualize cross-sections of axons. The corticospinal tract located in the most ventral part 

of the dorsal column was imaged using Axio Observer 7 Zeiss microscope with a 100X objective. Axonal count and perimeter were 

quantified using ImageJ.

Whole blood collection and serum preparation

Whole blood was collected from 3 mice per group. Whole blood was collected through a transcardial puncture and processed in 

Vacutainer Serum Tubes (Becton Dickinson, 366668) following a previously published protocol. 77 To isolate the serum from whole 

blood, the blood was incubated at room temperature for 15 min to clot and centrifuged for 10 min at 4 ◦ C at 3000g. The resulting su-

pernatant was collected and sent to the Animal Diagnostic Laboratory at the University of Michigan Medical School- Pathology Core 

for biochemical analysis to assess hepatotoxicity.

HDAC6 activity analysis

HDAC6 activity assays were performed according to the manufacturer’s instructions (BPS Biosciences, 50076-1) and as previously 

described. 23,24 Briefly, treated and untreated organoid samples, as well as spinal cord tissue samples, were lysed in HDCA6 lysis 

buffer and centrifuged at 16,000g for 10 min at 4 ◦ C. The protein content resulting from the supernatant was quantified using the 

Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, 23227). Samples were then incubated at 37 ◦ C for 30 min with HDAC6 sub-

strate followed by incubating the developer for 10 min at 37 ◦ C to stop the reaction. The fluorescence was measured on a Tecan spec-

tral plate reader at 380/490nm (excitation/emission). The analysis was conducted per the manufacturer’s instructions where the
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results are expressed as U per mg of protein, where U stands for the amount of HDAC6 required to deacetylate 1pmol of HDAC6 

substrate per min.

Spastin isoform overexpression in SH-SY5Y cells

SH-SY5Y neuroblastoma cell line was used to overexpress either wild-type or mutant forms of M1-spastin or M87-spastin as listed 

in key resource table. Cells were cultured in DMEM/F12 medium (Thermo Fisher Scientific, 11320033) supplemented with 10% 

fetal bovine serum (Novus Biologicals, S11150) and 1% penicillin-streptomycin (Pen/Strep, 100 IU/mL and 100 μg/mL), and plated 

in 100mm culture dishes (BD Falcon, 353003). At 60–70% confluency, cells were transfected with 2μg of wildtype or mutant 

M1/M87 constructs using Lipofectamine 2000 (Invitrogen, 11668-019) according to the manufacturer’s instructions. 72 h post 

transfection, cells were harvested in ice-cold PBS and centrifuged at 1500 rpm × 5 min at room temperature. The resulting 

cell pellets were further lysed and used for HDAC6 activity assays (see above). Non-transfected (naive) SH-SY5Y cells were 

included as control.

Protein extraction and western blotting

Organoid samples were lysed in 1X RIPA Buffer (Thermo Fisher Scientific, 89900) supplemented with Halt Protease and Phosphatase 

Inhibitor Cocktail (Thermo Fisher Scientific, 78446). For animal studies, the mice are euthanized as described above and the motor 

cortex and spinal cords were dissected and homogenized in the same RIPA buffer with inhibitors. All samples were sonicated on ice 

with two 30-s on/off pulses, then centrifuged at 15,000 × g for 30 min at 4 ◦ C. The supernatant was collected and total protein con-

centration determined using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, 23227). Equal amounts of protein (25 μg per 

sample) from both organoid and mouse tissue lysates were combined with 4X LDS sample buffer (Thermo Fisher Scientific, B0007) 

and 10X Sample Reducing Agent (Thermo Fisher Scientific, B0009), and then subjected to SDS-PAGE on 4–12% Bis-Tris Plus gels 

(Thermo Fisher Scientific, NW04120BOX). Proteins were transferred onto PVDF membranes (Thermo Fisher Scientific, 88518) using 

either a 0.34 A constant current for 2 h (instant transfer) or 0.1 A overnight on ice. Following transfer, membranes were blocked at 

room temperature for 1 h in LI-COR blocking buffer (Li-co Bioscience, 927–60010), then incubated overnight at 4 ◦ C with primary an-

tibodies as listed in key resource table. The next day, membranes were incubated with fluorescent secondary antibodies (LI-COR 

IRDye 680RD or IRDye 800CW)) for 2 h at room temperature on a shaker. Protein bands were visualized using the Odyssey DLx 

Infrared Imaging System (LI-COR), and band intensities quantified using Fiji (ImageJ).

Co-immunoprecipitation (Co-IP) and western blotting

Co-immunoprecipitation was performed to investigate potential interactions between HDAC6 and spastin isoforms. Due to the lack 

of suitable antibodies for immunoprecipitating endogenous spastin and HDAC6, epitope-tagged expression constructs were em-

ployed. HEK293T cells were co-transfected with mcherry-HDAC6 and one of the following Tet-on, FLAG-tagged spastin constructs: 

control vector (CON255-FLAG), M1-Spastin WT -FLAG, M87-Spastin WT -FLAG, M1-Spastin C448Y -FLAG, M1-Spastin S245X -FLAG as 

listed in key resource table. The CON255-FLAG plasmid was included as a negative control. After 48 h of induction with doxycycline 

(5 μg/mL), total protein was extracted using IP lysis buffer (Thermo Fisher Scientific, 87787) supplemented with protease (NCM 

Biotech, P001) and phosphatase inhibitors (NCM Biotech, P003). For FLAG immunoprecipitation, 500 μL of lysate was incubated 

with 50 μL of anti-FLAG magnetic agarose beads (Thermo Fisher Scientific, A36797) at room temperature for 20 min with continuous 

rotation. Beads were then washed three times with PBS to remove nonspecific proteins. Bound complexes were eluted by boiling the 

beads in 50 μL of 1× SDS loading buffer for 5 min, followed by SDS-PAGE and western blot analysis. For reverse Co-IP, lysates were 

processed similarly but incubated with RFP-Trap agarose beads (NanoTag Biotechnologies, N0410) to immunoprecipitate mcherry-

HDAC6 and examine potential association with spastin isoforms. Eluates were resolved and analyzed by western blotting as 

described above. Briefly, 5μg input control samples and 15μL IP protein samples were separated using SDS-PAGE and transferred 

to PVDF membrane. The membrane was blocked at room temperature for 2 h in 5% non-fat dried milk (BioFroxx, 1172GR500) in Tris-

buffered saline (TBS, pH 7.4). The samples were then incubated with anti-Flag (1: 2000, Proteintech, 20543-1-AP), anti-Phosphoser-

ine/threonine (1:1000, Amyjet Scientific, PPS-PP2551), anti-HDAC6 (1:1000, Affinity Biosciences, AF6485) or anti-mCherry (1:2000, 

Abcam, ab205402) at 4 ◦ C overnight as listed in key resource table. After washing with TBST (TBS with 0.1% Tween 20), goat anti-

Rabbit-IgG (1:2000, Jackson ImmunoResarch Laboratories) or goat anti-chicken-IgG (1:2000, Jackson ImmunoResarch Labora-

tories) antibodies were applied at room temperature for 2 h. The blot was covered with ECL solution (Tanon, 180–5001) and visualized 

with Chemiluminescence imaging system (Tanon).

HDAC6 knockdown

HDAC6 siRNA and Con255, M1-C448Y-Flag were transfected into 293T cells, with Con255 serving as the negative control group. 

After adding 5μg/μL Doxycycline hydrochloride to culture for 48h, total proteins were extracted by using RIPA lysis buffer (Protein-

tech, PR20035) with protease inhibitor (NCM Biotech, P001) and phosphatase inhibitor (NCM Biotech, P003). 10 μg of protein sample 

was used for western blotting as aforementioned using anti-Flag (1: 2000; Rabbit; Proteintech; 20543-1-AP),anti-HDAC6 (1:1000; 

Rabbit;Affinity;AF6485), anti-Acetylated Tubulin (1:1000; Rabbit;Affinity; AF4351) and anti-GAPDH (1:1000; Rabbit, Proteintech; 

10494-1-AP).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis and data visualization

All control and experimental groups were processed in parallel and analyzed blindly to minimize variability and enhance reproduc-

ibility. Data was organized in Microsoft Excel and statistical analysis and graph preparations were carried out using GraphPad Prism 

version 10. All datasets were subjected to the Shapiro-Wilk’s test for normality and outliers were eliminated using the ‘‘Identify out-

liers’’ program in GraphPad Prism version 10. Statistical comparisons were performed using one-way ANOVA followed by Tukey’s 

post hoc test or unpaired t-tests, with p < 0.05 considered statistically significant. Details regarding sample number and statistical 

analysis can be found in the figure legends and supplementary tables. Figures, graphs, and schematics were assembled using Adobe 

Photoshop 2024.
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