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DYT1 dystonia is a debilitating neurological movement disorder, and it represents the most frequent and severe form of hereditary
primary dystonia. There is currently no cure for this disease due to its unclear pathogenesis. In our previous study utilizing patient-
specific motor neurons (MNs), we identified distinct cellular deficits associated with the disease, including a deformed nucleus,
disrupted neurodevelopment, and compromised nucleocytoplasmic transport (NCT) functions. However, the precise molecular
mechanisms underlying these cellular impairments have remained elusive. In this study, we revealed the genome-wide changes
in gene expression in DYT1 MNs through transcriptomic analysis. We found that those dysregulated genes are intricately involved
in neurodevelopment and various biological processes. Interestingly, we identified that the expression level of RANBP17, a RAN-
binding protein crucial for NCT regulation, exhibited a significant reduction in DYT1 MNs. By manipulating RANBP17 expression,
we further demonstrated that RANBP17 plays an important role in facilitating the nuclear transport of both protein and transcript
cargos in induced human neurons. Excitingly, the overexpression of RANBP17 emerged as a substantial mitigating factor, effectively
restoring impaired NCT activity and rescuing neurodevelopmental deficits observed in DYT1 MNs. These findings shed light on the
intricate molecular underpinnings of impaired NCT in DYT1 neurons and provide novel insights into the pathophysiology of DYT1
dystonia, potentially leading to the development of innovative treatment strategies.
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Significance Statement

DYT1 dystonia is a debilitating neurological movement disorder, and currently, there is no cure available due to its unclear
pathogenesis. However, the inaccessibility of patient neurons greatly hinders the progress of research on this disease. In this
study, we generated DYT1 patient–specific neurons from induced pluripotent stem cells and examined genome-wide changes
in gene expression. We have identified that Ran-binding protein 17, a nuclear transport regulator, plays a substantial miti-
gating role, effectively rescuing cellular deficits observed in DYT1 neurons. These findings shed light on the intricate molec-
ular underpinnings in DYT1 dystonia and have the potential to lead to the development of innovative treatment strategies.

Introduction
Childhood-onset DYT1 dystonia is themost prevalent and severe
form of hereditary primary dystonia characterized by involun-
tary muscle contractions, causing repetitive and often twisting
movements or abnormal postures (Gonzalez-Alegre, 2019;
Keller Sarmiento and Mencacci, 2021). This condition is notably
recognized as a neurodevelopmental disorder due to its manifes-
tation during childhood and adolescence, a pivotal phase for
significant motor learning (Dauer, 2014; Pappas et al., 2018; Li
et al., 2021). The majority of typical DYT1 dystonia cases arise
from a heterozygous 3-bp deletion (ΔGAG) within exon 5 of
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the TOR1A gene. This genetic alteration results in the elimination
of a single glutamate residue from the C-terminal region of the
Torsin 1A protein (ΔE; Ozelius et al., 1997; Charlesworth et al.,
2013; Keller Sarmiento and Mencacci, 2021).

Torsin proteins belong to the evolutionarily conserved AAA+
(ATPase Associated with diverse cellular Activities) ATPase
superfamily, which plays critical roles in a spectrum of essential
biological processes (BPs), such as membrane trafficking, cyto-
skeleton dynamics, vesicle fusion, and response to stress
(Ogura and Wilkinson, 2001; Hanson and Whiteheart, 2005;
White and Lauring, 2007; Rampello et al., 2020). Most Torsin
1A proteins are embedded in the lumen of the endoplasmic retic-
ulum (ER) and the nuclear envelope (NE; Vander Heyden et al.,
2011). Experimental loss of torsin in various organisms, includ-
ing mice (Goodchild et al., 2005), Caenorhabditis elegans
(VanGompel et al., 2015), Drosophila (Jokhi et al., 2013), and
mammalian cells (Naismith et al., 2004; Laudermilch et al.,
2016; Ding et al., 2021), leads to abnormal NE morphology
and developmental deficits. Despite evidence indicating that
the ΔE mutation response to DYT1 dystonia is a loss-of-function
alteration (Torres et al., 2004; Goodchild et al., 2005; Zhao et al.,
2013), how it causes dystonia remains poorly understood.

Nucleocytoplasmic transport (NCT) is the process that tightly
regulates the bidirectional communications between the nucleus
and the cytoplasm across the NE (Hetzer, 2010; Ding and
Sepehrimanesh, 2021; Park et al., 2022; Vorlander et al., 2022).
Dysregulation of NCT has been shown to be implicated in devel-
opment (Packard et al., 2015; Parra and Johnston, 2022), aging
(Mertens et al., 2015), and many neurological diseases, including
amyotrophic lateral sclerosis (Freibaum et al., 2015; Jovicic et al.,
2015; Zhang et al., 2015; Kim and Taylor, 2017; Chou et al., 2018;
Burk and Pasterkamp, 2019), Huntington’s disease (Gasset-Rosa
et al., 2017; Grima et al., 2017), Parkinson’s disease (Chen et al.,
2020), Alzheimer’s disease (Eftekharzadeh et al., 2018; Lester and
Parker, 2018), dystonia (Ding et al., 2021; Ding, 2022), and ataxia
(Zhang et al., 2020). Generally, cargos with a mass of <45 kDa
can passively diffuse through the nuclear pore complex (NPC).
However, the transport of larger macromolecules through the
NPC requires receptor-mediated transport pathways (Paci et
al., 2020; Andreu et al., 2022). Each transport pathway typically
involves distinct nuclear transport receptors, the small GTPase
Ran (Ras-related nuclear protein), and its regulatory factors
(Melchior et al., 1995; Moroianu and Blobel, 1995; Grunwald
et al., 2011). Many nuclear transport receptors belong to the kar-
yopherin families, which include importins, exportins, and
biportins (Wing et al., 2022). Importins recognize nuclear local-
ization sequences (NLS) on cargo proteins and facilitate their
import into the nucleus. Exportins, on the other hand, identify
nuclear export sequences (NES) and enable the export of cargo
proteins (Lange et al., 2007; Stewart, 2007). These karyopherins
bind to the NLS or NES of their cargos and the GTPase Ran.
They subsequently mediate the association with phenylalanine
and glycine repeats of nucleoporins (Nups) within the central
channel of NPCs (Moore and Blobel, 1993; Fung and Chook,
2022).

Ran-binding proteins (RanBPs) are large scaffolding proteins
that interact with Ran and Ran-GTPase–activating protein
(RanGAP) to stimulate GTP hydrolysis (Seewald et al., 2002,
2003). In humans, there are >15 RanBPs, some of which overlap
with Nups (e.g., RanBP2 also known as Nup358 (Delphin et al.,
1997; Mahajan et al., 1997), importins (e.g., RanBP8 also known
as importin 8 (Gorlich et al., 1997), or exportins (e.g., RanBP16
also known as exportin 7 (Kutay et al., 2000). Due to their

anchoring on the cytoplasmic side of the nuclear membrane,
RanBPs efficiently facilitate the conversion of RanGTP to
RanGDP only within the cytoplasm. This leads to a
nuclear-to-cytoplasmic ratio of RanGTP ∼200:1 (Barbato et al.,
2020; Ding et al., 2020). The Ran cycle and the RanGTP–
RanGDP gradient across the NE generate a propulsive force
that drives directional NCT processes (Becskei and Mattaj,
2003; Kopito and Elbaum, 2007; Terry and Wente, 2009; Ding
et al., 2020; Kalita et al., 2021). Thus, RanBPs are essential for
maintaining the proper compartmentalization of cellular compo-
nents (CCs) and ensuring efficient cellular processes.

Previously, we modeled DYT1 dystonia using patient-derived
motor neurons (MNs). These patient-specific neurons retain the
donor’s heterozygous TOR1A mutation (ΔE) and show disease-
dependent cellular deficits, including a deformed nucleus, dis-
rupted neurodevelopment, and impaired NCT activities (Ding
et al., 2021; Ding, 2022). These results suggested that torsin muta-
tion (ΔE) may lead to widespread cellular dysregulation in
DYT1 dystonia. To understand the genome-wide changes, we
conducted a transcriptomic analysis to identify dysregulated
genes using human MNs derived from DYT1-induced pluripo-
tent stem cells (iPSCs). The dysregulated genes identified are
extensively involved in neurodevelopment and various BPs.
Intriguingly, we observed a significant decrease in the expression
level of Ran-binding protein 17 (RANBP17) in DYT1 MNs com-
pared with healthy controls. Through the manipulation of
RANBP17 expression using shRNAs, we further demonstrated
that RANBP17 plays a crucial role in the nuclear transport of
both protein and transcript cargos in induced human neurons.
Overexpression of RANBP17 substantially ameliorated the
impaired NCT activity and rescued the neurodevelopmental
deficits of DYT1 MNs. These findings elucidate the molecular
mechanisms underlying the impaired NCT activities in DYT1
cells and provide novel insights into the pathophysiology of
DYT1 dystonia.

Materials and Methods
Cell lines and culture condition. HEK 293T cells (CRL-11268) were

purchased from ATCC and cultured in DMEM supplemented with
10% fetal bovine serum (FBS, Corning) and 1% penicillin/streptomycin.
Human-induced pluripotent stem cell (hiPSC) lines have been generated
in our previous studies, including a DYT1 patient–derived hiPSC and
age-matched healthy control hiPSC line (Ding et al., 2021), a set of
hiPSC lines carrying a heterozygous or homozygous GAG deletion in
the TOR1A gene and their isogenic wild-type controls (Akter et al.,
2021), and a set of gene-corrected isogenic control lines that were gener-
ated from a DYT1 patient hiPSC line (Akter et al., 2022a). All hiPSCs
were maintained in complete mTeSR1 medium (STEMCELL
Technologies) on Matrigel (Corning)-coated dishes at 37°C and 5%
CO2 with saturating humidity, and the medium was replaced daily.

The recipes of other culture media used in this study are:

1. Neuronal maturation medium: DMEM:F12:neurobasal (2:2:1), 0.8%
N2 (Invitrogen), 0.8% B27 (Invitrogen), and 1% penicillin/strepto-
mycin, supplemented with 5 mM FSK and 10 ng/ml each of
BDNF, GDNF, and NT3 (PeproTech).

2. KOSR medium: DMEM/F12 medium with 20% KnockOut Serum
Replacement (KOSR; Thermo Fisher Scientific), 1% GlutaMax, 1%
nonessential amino acid (NEAA), 50 µM β-mercaptoethanol
(β-ME), 1% P/S, and 10 ng/ml basic fibroblast growth factor
(bFGF; PeproTech).

3. Neurosphere medium (NSP medium): DMEM/F12 medium con-
taining 1% N2, 1% GlutaMax, 1% NEAA, 50 µM β-ME, 1% P/S,
8 µg/ml heparin, 20 ng/ml bFGF, and 20 ng/ml epidermal growth
factor (EGF; PeproTech).
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4. Neural progenitor cell medium: DMEM/F12 and neurobasal
medium (1:1) containing 0.5% N2 (Invitrogen), 1% B27 (Invitrogen),
1% GlutaMax, 1% NEAA, 50 µM β-ME, 1% P/S, 10 ng/ml EGF, and
10 ng/ml bFGF.

Plasmid construction and lentivirus production. A third-generation
lentiviral vector (pCSC-SP-PW-IRES-GFP) was used to express GFP
and RFP reporters. PCR-amplified GFP-NES, GFP-NLS, RFP-NES,
and RFP-NLS sequences were ligated into the lentiviral vector between
the BamHI (5′) and XhoI (3′) restriction sites. The cDNA of
RANBP17 was purchased from GenScript. The same lentiviral vector
was used to express GFP-tagged RANBP17. The PCR-amplified GFP
sequence and the full-length RANBP17 sequence were ligated into the
lentiviral vector via Gibson assembly (New England Biolabs). Another
third-generation lentiviral vector (LV-CAG-mCherry-miRE-Luc) was
used to express TOR1A-shRNAs and RANBP17-shRNAs as described
in the previous report (Pelossof et al., 2017; Ding et al., 2021). Briefly,
shRNA oligos targeting the gene coding regions were synthesized
(Integrated DNA Technologies), PCR-amplified with flanking miR-30
sequences, and ligated into the above lentiviral vector at the XhoI and
EcoRI restriction sites. The targeting sequences are AACGGTGTT
CACCAAGTTAGAT (TOR1A-shRNA-1), CAGCAAGATCATCGCA
GAGAATA (TOR1A-shRNA-2), GTAGGAGGAAGATTAACATATA
(RANBP17-shRNA-1), and AAACAGTATTACAAATATTCAA (RA
NBP17-shRNA-2). All plasmids were verified by restriction enzyme
digestions and DNA sequencing.

Each of these vectors was cotransfected with packaging plasmids
(Addgene #12251, #12253, and #12259) into HEK293T cells for virus
production (Dull et al., 1998; Zufferey et al., 1998). Replication-incompetent
lentiviruses were produced, and viral supernatants were collected at 48 and
72 h post-transfection as previously described (Ding and Kilpatrick, 2013;
Sepehrimanesh et al., 2021). The viral supernatants were filtered using
0.45 µm syringe filters and stored at 4°C prior to cell transduction.

Generation of hiPSC-derived MNs. MNs were prepared from hiPSCs
as previously described (Sepehrimanesh and Ding, 2020; Ding, 2021;
Akter et al., 2022b). Briefly, hiPSCs were cultured in mTeSR1 medium
with 10 µM all-trans retinoic acid (Sigma-Aldrich) and 0.5 mM VPA
in Matrigel-coated six-well plates for 7 d. Cells were then digested with
Versene and gently resuspended as small aggregates in KOSR medium
with 10 µM Y-27632 (STEMCELL Technologies). Cell clumps were cul-
tured in KOSR medium for 4 d, followed by the culture in NSP medium
for another week. The NSPs were then dissociated into single cells with
Accutase (Innovative Cell Technologies) andmaintained in a neural pro-
genitor cell medium. ForMN differentiation, neural progenitor cells were
plated into Matrigel-coated plates at a density of 3 × 104 cells/cm2 and
transduced with a lentivirus expressing NEUROG2-IRES-ISL1-T2A-
LHX3 (Sepehrimanesh and Ding, 2020; Akter et al., 2022b; Akter and
Ding, 2022). The culture medium was replaced the next day with a neu-
ronal maturation medium. Neurons were dissociated with Accutase on
Day 5 and replated onto Matrigel-coated coverslips with or without
the presence of astrocytes depending on the desired experiments. The
medium was half changed twice a week until analysis.

Quantitative real-time PCR analysis. Total RNA was extracted from
cultured cells using TRIzol (Life Technologies), and genomic contamina-
tion was removed using TURBO DNase (Life Technologies). cDNA
synthesis reactions were performed using 0.5 µg of RNA from each
sample with the SuperScript III First-Strand kit (Life Technologies)
and random hexamer primers. Real-time PCR was performed in
triplicate using primers, SYBR Green ER SuperMix (Invitrogen), and
the Bio-Rad CFX-96 Fast Real-Time PCR system. Target mRNA levels
were normalized to the reference gene GAPDH by the 2−ΔΔCt method as
described previously (Ding et al., 2013, 2016, 2018). The sequences of
RT-PCR primers (from 5′ to 3′) are GCAGAACCTGTCCGTCAAGA
(RANBP17-F), CTGCATGGTTCAGTGTTGCC (RANBP17-R), CAAA
TTCCATGGCACCGTCA (GAPDH-F), and GGACTCCACGACGTA
CTCAG (GAPDH-R), AATACTGGCTCTGCGATGCT (SYN1-F), TGA
CCACGAGCTCTACGATG (SYN1-R), AAACATGCTGATCCCCTCAG

(VGLUT1-F), AACCACAAAAGGCTGTCGTC (VGLUT1-R), AGGG
ACTTGTTGAGGGTGTG (VGLUT2-F), CTGCACAAGAATGCCAG
CTA (VGLUT2-R), CTTACGGAGCGGTCGTGTAT (NEUN-F),
TCACATGGTTCCAATGCTGT (NEUN-R), CACCCAGCAGATG
TTCGAT (TUBB3-F), and CTGTTCTTGCTCTGGATGGC (TUBB3-R).

RNA sequencing and bioinformatic analyses. The total RNA was
extracted from cultured cells and purified using PureLink RNA Mini
Kit (Invitrogen) according to the manufacturer’s instructions. The
RNA integrity was determined by the Agilent 2100 BioAnalyzer
(Agilent Technologies) and sequenced using the Illumina NovaSeq
(Novogene).

The data obtained in FASTQ file format from RNA sequencing were
aligned to Ensembl hg38 human genome using the HISAT2 program.
Gene-level abundances were estimated as FPKMs (Fragments Per
Kilobase of transcript sequence per Million base pairs sequenced). The
read count summarization to each gene (i.e., counts) was calculated using
featureCounts. Analyses of differential expression of transcripts were
performed with DESeq2(1.20.0). Genes with a false discovery rate
(FDR) value of <1% and log2 fold change (FC) ≥1 were considered to
be differentially expressed genes (DEGs). The resulting p-values of differ-
ential expression were accompanied by respective FC values. The
p-values were adjusted for multiple testing by calculating the FDR by
Benjamini and Hochberg’s method. Volcano plots and heat maps were
created using the Rgplot and ggplot2 in Rstudio v1.1.463 (Anders and
Huber, 2010; Walter et al., 2015). FCs >1.5 and p-value <0.05 were con-
sidered the cutoff values for identifying upregulated and downregulated
DEGs.

Immunocytochemistry (ICC). Cultured cells at the indicated time
points were fixed with 4% paraformaldehyde (PFA) in PBS for 15 min
at room temperature (RT) and then permeabilized and blocked for 1 h
in a blocking buffer (PBS containing 0.2% Triton X-100 and 3% BSA).
They were subsequently incubated overnight with primary antibodies
in a blocking buffer at 4°C, followed by washing and incubation with cor-
responding fluorophore-conjugated secondary antibodies. Cell nuclei
were counterstained with Hoechst (HST) 33342 (Thermo Fisher
Scientific). The primary antibodies used in this study were TUBB3
(Covance, MMS-435P, or PRB-435P-100, 1:2,000).

Neurodevelopmental assay. For neurite outgrowth assay, iPSC-
derived neurons were fixed at the desired time points and stained with
TUBB3. The neurite length was measured by the ImageJ software
(NIH) based on TUBB3 signals as described previously (Ding et al.,
2013, 2016, 2018). For branch assay, based on confocal images with
TUBB3 staining, neurites with direct connection with the soma were
counted as primary branches, and neurites directly connected with pri-
mary branches were considered as secondary branches. The numbers
of primary and secondary branches were counted as previously described
(Ding et al., 2021).

Fluorescence in situ hybridization (FISH). FISH was performed as
described previously (Ding et al., 2020; Cui et al., 2022). Briefly, cultured
cells were washed once with PBS and fixed with 4% PFA for 30 min at
RT. Cells were permeabilized with 0.2% Triton X-100 for 10 min, fol-
lowed by two washes with PBS. Samples were equilibrated with a hybrid-
ization buffer composed of 2× SSC, 10% dextran sulfate, 10 mM
ribonucleoside vanadyl complex (New England Biolabs), and 20% form-
amide. A mixture of digoxigenin (DIG)-labeled oligo-dT or dA probes
(0.2 ng/µl) and yeast tRNA (0.2 µg/µl) was heated at 95°C for 5 min
and immediately chilled on ice. Probes were then combined with equal
volumes of 2× hybridization buffer and incubated with samples over-
night at 37°C. Anti-DIG antibody (Sigma-Aldrich, 11333089001,
1:100) and corresponding fluorophore-conjugated secondary antibodies
(Thermo Fisher Scientific) were used to detect oligo-dT signals. HST
33342 was used to stain the nuclei. All reagents and solutions were pre-
pared in nuclease-free water.

Protein nuclear transport assay. Protein nuclear transport was ana-
lyzed using individual reporters expressing GFP-NES, GFP-NLS,
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RFP-NES, or RFP-NLS (Mertens et al., 2015; Cui et al., 2022). Neural
progenitor cells derived from hiPSC were cotransfected with lentiviruses
expressing MN reprogramming factors, transport reporters, GFP- or
GFP-tagged RANBP17, or RANBP17-shRNAs in the desired experi-
ments. The signal densities and distributions of GFP or RFP were ana-
lyzed as previously described (Ding et al., 2020; Cui et al., 2022).

Confocal microscopy and image analysis. Confocal images were
obtained with a Nikon A1R or Zeiss LSM700 (63×/1.4 NA) confocal
microscope. For fluorescence intensity quantification in FISH and
reporter assay, we zoomed in on individual neurons using the ImageJ
software, and as large an area as possible was measured within the
nucleus or cytoplasm as previously described (Ding et al., 2020; Cui
et al., 2022). An unbiased approach for data collection was employed.
The person who analyzed the images was completely blinded to the sam-
ple information. The “mean” values were used to quantify an average sig-
nal density. For FISH assays, the average of oligo-dT signals in both the
nucleus and cytoplasm were measured, and the ratio of nuclear to cyto-
plasmic oligo-dT signals (dTnuc/dTcyt) was used to evaluate the mRNA
export. For the reporter assay, GFP or RFP signals were measured in
the nucleus and cytoplasm. The ratio of nuclear to cytoplasmic
GFP-NES or RFP-NES was used to evaluate protein export, while the
ratio of cytoplasmic to nuclear GFP-NLS or RFP-NLS was used to mea-
sure the protein nuclear import.

Western blotting analysis. Cells were lysed in a lysis buffer composed
of 50 mM Tris-HCl buffer (pH 8.0), 150 mMNaCl, 1% NP40, 1% Triton
X-100, 0.1% SDS, 0.5% sodium deoxycholate, and protease inhibitor
cocktail (Roche). Equal amounts of cell lysates (20 µg per lane) were
used for SDS-PAGE and Western blot analysis as previously described
(Ding et al., 2010, 2013). The primary antibodies and dilutions were actin
(Sigma-Aldrich, A5441, 1:2,000), GFP (Santa Cruz Biotechnology,
sc-9996, 1:250), and RANBP17 (Bethyl Laboratories, A303-994A,
1:500). HRP-conjugated secondary antibodies and Clarity Western
ECL substrate (Bio-Rad) were used to visualize the protein bands with
a Bio-Rad ChemiDoc.

Statistical analysis. Statistical analysis was done in GraphPad Prism.
Unpaired two-tailed Student’s t tests were used to compare one experi-
mental sample with its control. One-way ANOVA was used when com-
paring multiple samples, with either Tukey’s (when comparing samples
with each other) or Dunnett’s (when comparing samples to a control)
post hoc tests. The results are expressed as mean ± SEM of at least three
biological replicates, and p < 0.05 is considered as significant.

Results
Identification of dysregulated genes in human DYT1 MNs
We previously modeled DYT1 dystonia using patient-derived
MNs (Ding et al., 2021). These human neurons retain the hetero-
zygous TOR1Amutation and recapitulate disease-dependent cel-
lular deficits, including impaired neurodevelopment, a deformed
nucleus, and disrupted NCT, resulting in the nuclear accumula-
tion of mRNAs and mislocalized proteins (Ding et al., 2021;
Ding, 2022). This study underscores the significance of patient-
derived neurons in modeling neurological disorders and suggests
that the torsin mutation (ΔE) might trigger widespread cellular
dysfunction in DYT1 dystonia. To understand the genome-wide
changes in gene expression, we conducted a transcriptomic study
to identify dysregulated genes in DYT1 MNs. These MNs can be
generated using our established protocols based on the induction
and differentiation of hiPSCs (Sepehrimanesh and Ding, 2020;
Akter et al., 2022b; Akter and Ding, 2022). The DYT1 iPSCs
and healthy controls were induced to neuron progenitor cells
and subsequently transduced with lentiviruses expressing three
transcription factors essential for inducing neuron progenitor
cells to MNs (Sepehrimanesh and Ding, 2020; Akter et al.,
2022b). The high yield and purity of these iPSC-MNs enabled

us to prepare total RNAs and perform transcriptomic studies
(Fig. 1A,B).

Bioinformatic analysis identified 1,288 DEGs among 10,256
hits, consisting of 589 downregulated genes and 699 upregulated
genes in DYT1 MNs when compared with healthy controls
(Fig. 1C,D). These DEGs encompass a range of intriguing targets.
For example, the LMNB1 gene, which encodes the major nuclear
lamina protein lamin B1, exhibits significant upregulation
(Fig. 1E), consistent with our previous discovery that nuclear
lamin B1 experiences dysregulation both in terms of expression
and subcellular localization in DYT1 MNs (Ding et al., 2021).
The EIF2A gene, which encodes the eukaryotic translation initi-
ation factor 2A, is downregulated more than twofold in DYT1
neurons (Fig. 1E), agreeing with the previous study that the
impaired eIF2alpha signaling is a generalized mechanism for dys-
tonia (Rittiner et al., 2016). These consistent results validate the
reliability of the transcriptomic study using reprogrammed
DYT1 neurons. Additionally, we observed a significant increase
in Torsin 1A–interacting protein 1 (TOR1AIP1), an essential
cofactor for Torsin 1A function (Laudermilch and Schlieker,
2016), in DYT1 neurons (Fig. 1E). This upregulated
TOR1AIP1 expression in DYT1 neurons could potentially result
from a feedback to the impairment of the interaction between the
Torsin mutant and its binding partners (Naismith et al., 2009).

Dysregulated genes in human DYT1 MNs are
comprehensively involved in neurodevelopment
and various BPs
The results of Gene Ontology (GO) analysis indicate that these
DEGs are primarily associated with BPs including regulation of
gene expression, neuron differentiation and development, and
protein and RNA transport and localization (Fig. 2A). The prod-
ucts of these DEGs are widely distributed across various CCs,
with notable enrichment in membrane-bound organelles such
as synapse, ER membrane and lumen, Golgi apparatus and
membranes, mitochondrial and inner membranes, postsynap-
tic membranes, and the NE (Fig. 2A). The related molecular
functions (MFs) encompass ATP binding (Fig. 2E), protein
binding, transcription factors (Fig. 2D), calcium ion binding,
GTPase activity, and calmodulin binding, among others. The
involved KEGG pathways include the ECM–receptor interac-
tion pathway (Fig. 2G), TGF-β signaling pathway, MAPK
signaling pathway, calcium signaling pathway, neurotrophin
signaling pathway, axon guidance, and glutamatergic synapse
(Fig. 2F). Thus, when compared with healthy controls, DYT1
neurons exhibit comprehensive functional alterations in sig-
naling transduction, gene expression, and transport regulation
(Fig. 2A).

We also conducted a GO analysis of both downregulated and
upregulated genes. The downregulated genes show substantial
enrichment in BPs closely associated with neurodevelopment
and functions. These processes include central nervous system
development, positive regulation of transcription, nerve growth
factor receptor signaling pathway, EGF receptor signaling path-
way, migration, and axon guidance, among others (Fig. 2B).
On the other hand, the upregulated genes are significantly
enriched in BPs involving cellular protein metabolic process
and posttranslational protein modification (Fig. 2C). These
DEGs align with the known functions of Torsin ATPase, which
participates in diverse cellular activities such as membrane
trafficking, cytoskeleton dynamics, vesicle fusion, protein con-
trol, and nuclear transport. This suggests the presence of intricate
pathophysiological mechanisms underlying DYT1 dystonia.
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We observed that certain DEGs in DYT1 MNs cluster into
groups with specific functions. Homeobox genes, a class of tran-
scription factors critical for developmental processes such as

regional specification, patterning, and differentiation (Duverger
and Morasso, 2008; Lim, 2023), are significantly downregulated
in DYT1 MNs (Fig. 2D). For example, the TLX1 gene, which

Figure 1. Identification of dysregulated genes in human DYT1 MNs. A, Schematic shows the workflow of identification of dysregulated genes from iPSC-derived MNs. B, Representative
micrographs of cells at different stages during the generation of human MNs. iPSCs, induced pluripotent stem cells; NPCs, neuronal progenitor cells; and MNs, motor neurons. Scale bar,
100 µm. C, Heat map of RNAseq results of DEGs in DYT1 MNs compared with healthy controls. D, Volcano plot shows the upregulated and downregulated DEGs in DYT1 MNs. Six hundred
ninety-nine genes (in red) were upregulated, and 589 genes (in blue) were downregulated. E, Some interesting targets have been identified with disrupted gene expression in DYT1 MNs. FPKM,
Fragment Per Kilobase of Million mapped read. **p< 0.01. Student’s t tests.
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Figure 2. Dysregulated genes in human DYT1 MNs are comprehensively involved in neurodevelopment and various BPs. A, GO analysis of all significant DEGs in DYT1 MNs. Some terms of BP,
CC, and MF and KEGG pathways were presented. B, Representative results of GO analysis and KEGG pathways of significantly upregulated genes in DYT1 MNs. C, Representative results of GO
analysis and KEGG pathways of significantly downregulated genes in DYT1 MNs. D–G, Some groups of DEGs, including downregulated homeobox genes (D), downregulated ATPases (E),
down- and upregulated glutamatergic synapse-related genes (F), and mostly upregulated enriched genes in the KEGG pathway of the ECM–receptor interaction (G).
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encodes a nuclear transcription factor involved in spinal cord
development and the specification of neuronal cell fates
(Cheng et al., 2004; Xu et al., 2008; Guo et al., 2012), exhibits
approximately 30-fold decrease in DYT1 MNs compared with
healthy controls (Fig. 2D). Interestingly, a recent report using
DYT1 mouse model found that conditional knock-out Tor1a
in spinal cord MNs, not dorsal root ganglia (DRGs), resulted
in early-onset dystonia (Pocratsky et al., 2023). The findings
from this study, coupled with our transcriptomic results, suggest
that dysregulation of neurodevelopment, including spinal cord
MNs, may constitute a major pathogenic factor in DYT1
dystonia.

The dysregulation of other gene groups, such as ATPase
transporters (downregulated; Fig. 2E) and the glutamatergic syn-
apse (with some genes downregulated and others upregulated;
Fig. 2F), may significantly impact the maturation and function
of DYT1 MNs. Notably, upregulated genes are highly enriched
in the KEGG pathway of the ECM–receptor interaction
(Fig. 2C,F). ECM–receptors and their ligands play a key role in
neurodevelopment as guidance molecules, influencing neurons
for axonal growth, dendritic projections, and synaptogenesis
(Kerrisk et al., 2014). Dysregulation of these genes may disrupt
cell-to-cell and cell-to-matrix interactions, leading to dysfunc-
tion in synaptic activity and behavior. However, the implication
of the ECM–receptor interaction in the pathogenesis of DYT1
dystonia has received little attention. Overall, our transcriptomic
study provides a comprehensive understanding of the genome-
wide changes in gene expression in DYT1 neurons. The dysregu-
lated genes and pathways offer novel insights into the disease’s
pathogenesis and present crucial targets for further investigation
in deciphering the detailed pathophysiology of the condition.

RANBP17 expression decreased in DYT1 MNs
RANBP17 is considered a member of the importin-β superfamily
of nuclear transport receptors (Kutay et al., 2000; Mertens et al.,
2015). Although RANBP17 is expected to play an important role
in NCT activities, its detailed function in the regulation of differ-
ent nuclear transport pathways remains undefined. In the result
of transcriptomic study, the expression of RANBP17 was
decreased >10-fold in DYT1 neurons compared with controls
(Fig. 3A). Interestingly, RANBP17 showed specific dysregulation
in DYT1 MNs, as other RANBP genes showed either a very mild
change (e.g., RANBP1 and RANBP2) or no significant difference
(e.g., RANBP3, RANBP6, and RANBP10; Fig. 3A). We further
verified this change via two approaches. First, we conducted
Western blotting and confirmed that RANBP17 protein levels
dramatically decreased in DYT1 MNs compared with healthy
controls (Fig. 3B). Second, we prepared MNs from more DYT1
iPSC lines, including the heterozygous and homozygous GAG
deletion from a healthy iPSC line (Akter et al., 2021) and the gen-
omically corrected GAG deletion from a patient iPSC line (Akter
et al., 2022a). Using these iPSC-MNs, RANBP17 expression lev-
els were measured via RT-PCR assay. We found that RANBP17
mRNA levels were significantly decreased in MNs carrying
DYT1 GAG deletions, and the expression levels can be largely
restored in GAG deletion-corrected isogenic controls (Fig. 3C).
Moreover, in healthy MNs with downregulated TOR1A using
shRNAs (Ding et al., 2021), RANBP17 expression significantly
decreased (Fig. 3C). These results further confirmed that the
decreased RANBP17 expression is caused by the disruption of
the TOR1A gene. To further examine the roles of RanBP17 in
the regulation of NCT, we constructed four lentiviral vectors
expressing GFP or RFP reporters that are fused with NES or

NLS (Fig. 3D). Their expression and subcellular distribution
have been validated in HEK cells (Fig. 3D). These individual
reporters will be used to measure the NCT activities under differ-
ent conditions in the following studies.

Downregulation of RANBP17 interferes with protein NCT in
induced human MNs
Considering the evident impairment of NCT in DYT1 neurons
(Ding et al., 2021) and the expected roles of RANBP17 in NCT
regulation, we hypothesized that decreased levels of RANBP17
might contribute to the impaired NCT activities in DYT1 neu-
rons. To further examine the involvement of RANBP17 in
NCT, we constructed lentiviral vectors expressing shRNAs to
downregulate RANBP17 expression. The cells expressing
shRNAs were identified by the mCherry reporter, with scrambled
sequence shRNAs serving as a control. Two distinct shRNAs
against RANBP17 were employed, both of which effectively
downregulated the protein levels (Fig. 4A). As lentiviral vectors
expressing RANBP17-shRNAs contain mCherry reporter,
GFP-NES and GFP-NLS were used to measure the protein
nuclear export and import, respectively (Fig. 4B). In healthy neu-
ronal progenitor cells cotransduced with reprogramming factors,
shRNAs, and transport reporters, subsequent induction led to the
differentiation into MNs. Control MNs expressing the vector
showed predominantly nuclear localization of the GFP-NLS
reporter. In sharp contrast, MNs expressing RANBP17-shRNAs
exhibited substantial GFP signals in the cytoplasm (Fig. 4C),
resulting in a significant increase in the cytoplasmic-to-nuclear
GFP signal ratio (Fig. 4D). This suggests impaired protein nuclear
import in MNs with reduced RANBP17 levels. Similarly, we
assessed protein nuclear export using GFP-NES. The control
MNs exhibited exclusive cytoplasmic localization of GFP-NES,
while MNs expressing RANBP17-shRNAs displayed substantial
GFP signals in the nucleus (Fig. 4E,F). Overall, the downregulation
of RANBP17 significantly disrupts both protein nuclear import
and export.

Downregulation of RANBP17 interferes with mRNA export
To investigate the impact of downregulation of RANBP17 on
nuclear mRNA export, we performed FISH using oligo-dT
probes, as previously reported (Ding et al., 2020, 2021; Cui et
al., 2022). Healthy hiPSC-derived MNs expressing the respective
shRNAs were identified by their coexpressed mCherry reporter.
While the majority of mRNAs were found in the cytoplasm of
iMNs infected with the vector control, iMNs expressing
RANBP17 exhibited a substantial amount of oligo-dT signal
inside the nucleus (Fig. 5A). The ratio of nuclear to cytoplasmic
oligo-dT signal was significantly higher in iMNs expressing
RANBP17-shRNAs (Fig. 5B), suggesting that the downregula-
tion of RANBP17 also interferes with nuclear mRNA export.

Downregulation of RANBP17 disrupts neurite outgrowth and
neuron maturation
The impaired nuclear mRNA export in neurons with reduced
RANBP17 levels could potentially impede protein synthesis
and lead to delayed neurodevelopment and maturation (Ding,
2015). To test this, we employed healthy iMNs with lentiviruses
expressing RANBP17-shRNAs (Fig. 4A). The infected neurons
can be identified with the mCherry reporter (Fig. 6A). We mea-
sured the neurite outgrowth of iMNs at the early developmental
stage of 7 d postviral infection (dpi) as previously reported (Ding
et al., 2013, 2016, 2018). Compared with MNs expressing control
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vectors, MNs expressing RANBP17-shRNAs exhibited consider-
ably shorter neurite length (Fig. 6A,B).

To further examine the impacts of RANBP17 on neuron mat-
uration, we prepared RNA samples from iMNs at late stages of 14
and 21 dpi. At the time of sample collection, most iMNs were
mCherry positive and showed healthy growth (Fig. 6C). Some
genes related to neuron maturation have been analyzed by
RT-PCR. These genes include SYN1, which encodes synapsin
proteins implicated in synaptogenesis and the modulation of
neurotransmitter release (Sansevrino et al., 2023), the genes
encoding vesicular glutamate transporters (VGLUT1 and
VGLUT2; El Mestikawy et al., 2011), and the RNA-binding

fox-1 homolog 3, also known as NeuN antigen, which has been
widely used as a marker for postmitotic neurons (Duan et al.,
2016). After normalization with the neuron-specific marker
TUBB3, we found that the expression levels of SYN1,
VGLUT1, and VGLUT2 significantly decreased in iMNs with
downregulated RANBP17 compared with controls (Fig. 6D).
No significant differences were observed for NeuN. Thus, our
results so far indicate a crucial role for RANBP17 in facilitating
the nuclear transport of both protein and mRNA cargos. The
downregulation of RANBP17 has a substantial impact on NCT
activities and poses an interference in neurite outgrowth and
neuron maturation.

Figure 3. RANBP17 expression decreased in DYT1 neurons. A, The expression levels of different RANBP genes in WT and DYT1 MNs from transcriptomic study. ns, no significant difference;
*p < 0.05; ***p< 0.001. Student’s t tests. B, Western blotting shows the indicated protein levels of whole-cell extracts from healthy and DYT1 iPSC-MNs. RANBP17 and β-actin were sequen-
tially probed on the same blot. C, RT-PCR analysis of RANBP17 gene expression levels in MNs generated from indicated two groups of hiPSC lines and healthy MNs with downregulated RANBP17.
ns, not significant; ****p< 0.0001. N, three replicates. Student’s t tests. D, Constructions of lentiviral vectors expressing transport reporters and the validation of their subcellular distribution in
HEK cells. HST 33342 was used to stain nuclei. Scale bar, 25 µm.
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Restoring the impaired NCT in DYT1 MNs through
overexpression of RANBP17
Previously, we demonstrated that the NCT activity was dysregu-
lated in DYT1 patient–derived MNs (Ding et al., 2021).
Currently, we further found that the expression of RANBP17
dramatically decreased in DYT1 MNs, and the downregulation
of RANBP17 substantially hindered nuclear transport in healthy
MNs. We postulated that the impaired NCT activity in DYT1
neurons is, at least in part, attributable to decreased RANBP17
levels. Furthermore, we hypothesized that overexpressing
RANBP17 could rescue NCT activities and improve cellular

functions in DYT1 neurons. Consequently, we developed lenti-
viral vectors for the ectopic expression of GFP-tagged
RANBP17 (RANBP17-GFP), with a vector expressing GFP alone
serving as a control. Western blot analysis validated the expres-
sion of both GFP and RANBP17-GFP at the anticipated sizes
(Fig. 7A). To evaluate protein transport activities in DYT1
iPSC–derived MNs with overexpressed GFP or
RANBP17-GFP, we employed RFP-NLS and RFP-NES reporters
(Fig. 7B).

In DYT1 MNs expressing the GFP control, conspicuous
RFP-NLS signals were detected in the cytoplasm, suggesting

Figure 4. Downregulation of RANBP17 disrupts protein import and export in induced human MNs. A, Construction and validation of lentiviral vectors expressing RANBP17-shRNAs. The vector
contains the mCherry reporter. gRNA of scrambled sequencing serves as a control. B, Schematic shows the constructions of lentiviral vectors expressing reporters GFP-NLS and GFP-NES and their
expected subcellular distribution under normal and impaired NCT conditions. C, Representative confocal images of MNs at 21 d postviral infection (dpi) coexpressed GFP-NLS and shRNA-mCherry.
The nuclei and the soma were highlighted with white and yellow dotted lines, respectively. Scale bar, 20 µm. D, The distribution of GFP-NLS reporter shown as a ratio of cytoplasmic to nuclear
signal. N (neurons) = 178 for control, 162 for shRNA1, and 181 for shNRA2 from three independent experiments. ns, no significant difference; ****p< 0.0001. Student’s t tests.
E, Representative confocal images of MNs at 21 dpi coexpressed GFP-NES and shRNA-mCherry. The nuclei were highlighted with dotted lines. Scale bar, 20 µm. F, The distribution of
GFP-NES reporter shown as a ratio of nuclear to cytoplasmic signal. N (neurons) = 142 for control, 133 for shRNA1, and 148 for shNRA2 from three independent experiments. ns, no significant
difference; ***p< 0.001. Student’s t tests.

Akter et al. • RANBP17 Overexpression Ameliorates DYT1 Dystonia J. Neurosci., April 10, 2024 • 44(15):e1728232024 • 9



the compromised protein import. In contrast, DYT1 MNs
expressing RANBP17-GFP exhibited significantly fewer cyto-
plasmic RFP-NLS signals (Fig. 7C). Likewise, utilizing the
RFP-NES reporter, RANBP17 overexpression led to a marked
reduction of nuclear RFP-NES in DYT1 MNs compared with
the GFP controls (Fig. 7D). The ratios of cytoplasmic to nuclear
RFP-NLS and nuclear to cytoplasmic RFP-NES were both nota-
bly diminished in DYT1 MNs with RANBP17 overexpression
(Fig. 7E,F). These observations collectively indicate that the dis-
rupted protein nuclear transport in DYT1MNs can be reinstated
by overexpression of RANBP17.

We also measured nuclear mRNA export using a FISH assay
and found that RANBP17 overexpression partially rescued the
impaired mRNA export in DYT1 MNs (Fig. 7G). Therefore, res-
toration of RANBP17 levels in DYT1 MNs can rescue the NCT
activity of both protein and transcript cargos. Interestingly, we
did not observe significant effects of RANBP17 overexpression
on NCT activities in healthy MNs (Fig. 7E–G). This suggests
that the endogenous level of RANBP17 is sufficient to maintain
the efficient NCT functions in healthy MNs, or some functional
cooperations with other RANBPs are needed to achieve its full
activity.

Overexpression of RANBP17 ameliorates neurite outgrowth
and neuron maturation in DYT1 MNs
DYT1 is recognized as a neurodevelopmental disorder, with dis-
rupted neurodevelopment observed in bothmousemodels and in
vitro cultured DYT1 neurons (Tanabe et al., 2016; Ding et al.,
2021; di Biase et al., 2022). We were wondering whether the res-
cued NCT, achieved through the restoration of RANBP17
expression levels in DYT1 neurons, could mitigate the compro-
mised neurodevelopment. To this end, we assessed the neurite
outgrowth and quantified branches of iPSC-MNs at different
development stages. As expected, DYT1 MNs displayed shorter
neurite lengths and significantly fewer primary (Fig. 8B) and sec-
ondary branches (Fig. 8C) in comparison with healthy controls.
Remarkably, overexpressing RANBP17, but not the GFP control,
substantially reinstated neurite outgrowth and the number of
branches (Fig. 8A–D). Notably, the number of primary branches
was nearly fully restored (Fig. 8A), while the number of second-
ary branches and neurite length exhibited partial restoration
(Fig. 8C,D). To further examine the impact of RANBP17 overex-
pression on DYT1 neuron maturation, we analyzed the

expression of genes involved in neuron maturation using
RT-PCR. Compared with GFP controls, overexpression of
RANBP17 in DYT1 iMNs showed a significant increase in the
expressions of SYN1, VGLUT1, and VGLUT2 at both time
points of 14 and 21 dpi. NeuN expression only exhibited a slight
increase at 14 dpi, with no significant difference at 21 dpi
(Fig. 8E). These results demonstrate that restoration of
RANBP17 level ameliorates the neurite outgrowth and neuron
maturation in DYT1 MNs.

Discussion
DYT1 dystonia is a hereditary neurological movement disorder
characterized by involuntary muscle contractions, which lead
to repetitive and often twisting movements or abnormal postures
(Balint et al., 2018). The condition typically manifests during
adolescence or early adulthood and can result in varying degrees
of impairment in daily activities (Dauer, 2014; Li et al., 2021).
However, the anatomical basis for DYT1 dystonia remains a
topic of ongoing debate (Di Fonzo et al., 2022; Morigaki and
Miyamoto, 2022). Historically, dystonia has been conceptualized
as a disorder originating in the basal ganglia (Ip et al., 2016;
Maltese et al., 2018), subcortical nuclei involved in diverse func-
tions including motor control and motor learning (Downs et al.,
2019). Subsequent investigations have proposed that dystonia
should be understood as a network disorder, involving the basal
ganglia–cerebello-thalamo-cortical circuit (Egger et al., 2007;
Jinnah et al., 2017; Balint et al., 2018; Maltese et al., 2018; Bai
et al., 2021; Nieuwhof et al., 2022). Recent reports have also
pointed toward the cerebellum (Fremont et al., 2017; Tewari
et al., 2017) and the spinal cord (Zhang et al., 2017; Pocratsky
et al., 2023) as potential major sites of dysfunction in Tor1a
knock-out mice.

Currently, the majority of research on dystonia relies on
patient postmortem tissues or rodent models (Balint et al.,
2018; Bai et al., 2021). However, certain changes within brain tis-
sues may be transient, making their preservation and detection
in posthumous tissues challenging (Augood et al., 2003). While
animal models offer insights into disease mechanisms, substan-
tial differences based on species are present, and these models
only capture limited aspects of human dystonia’s pathophysiol-
ogy. For example, mice carrying the heterozygous mutation
(ΔE) identical to that found in DYT1 patients do not display

Figure 5. Downregulation of RANBP17 disrupts nuclear mRNA export. A, Representative confocal images of FISH in iPSC-derived MNs at 21 dpi expressing RANBP17-shRNAs (mCherry pos-
itive). The nuclei and the soma were highlighted with white and yellow dotted lines, respectively. Scale bar, 20 µm. B, The quantification data of mRNA distribution in A is shown as a ratio of
nuclear to cytoplasmic oligo-dT signal. N (neurons) = 97 for control, 72 for shRNA1, and 78 for shRNA2 from three independent experiments. ns, no significant difference; ***p< 0.001.
Student’s t tests.
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noticeable pathology (Goodchild et al., 2005; Gonzalez-Alegre,
2019). Furthermore, utilizing posthumous tissues or rodent
models poses difficulties in deciphering the molecular underpin-
nings through biochemical approaches, which typically demand
a substantial number of high-purity living neurons.

In the present study, we conducted a transcriptomic analysis
to identify dysregulated genes in DYT1 patient–derived MNs. To
the best of our knowledge, this marks the initial investigation into
comprehensive changes in gene expression across the genome
within human DYT1 dystonia neurons. Our findings reveal

that dysregulated genes in human DYT1 MNs play substantial
roles in neurodevelopment and various BPs, thereby offering
fresh perspectives on the underlying mechanisms of DYT1 dys-
tonia’s pathophysiology. Furthermore, we identified that the
reduced RANBP17 levels contribute to the impairment of NCT
in DYT1 neurons, a prominent cellular deficiency we previously
discovered (Ding et al., 2021). Most importantly, the overexpres-
sion of RANBP17 emerged as a substantial mitigating factor,
effectively restoring impaired NCT activity and rescuing neuro-
developmental deficits observed in DYT1 MNs. These findings

Figure 6. Downregulation of RANBP17 disrupts neurite outgrowth and neuron maturation. A, Representative micrographs of healthy iMNs transduced with indicated shRNAs (mCherry +) at
7 dpi. Scale bar, 50 µm. B, Quantification of neurite outgrowth of healthy iMNs at 7 dpi infected with lentivirus expressing RANBP17-shRNAs. N (neurons) = 192 for control, 203 for shRNA1, and
187 for shRNA2 from six independent experiments. ns, no significant difference; ****p< 0.0001. Student’s t tests. C, Representative micrographs of healthy iMNs transduced with lentivirus
expressing RANBP17-shRNAs at 14 and 21 dpi when collecting RNA samples for gene expression assay. Scale bar, 50 µm. D, RT-PCR assay of genes related to neuron maturation in RNA samples
from C. N, three independent experiments. ns, no significant difference; *p< 0.05; **p< 0.01; ***p< 0.001; ****p< 0.0001. Student’s t tests.
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Figure 7. Overexpression of RANBP17 ameliorates the impaired NCT in DYT1 MNs. A, Construction and validation of lentiviral vectors expressing GFP-tagged RANBP17 and GFP alone.
B, Schematic shows the constructions of lentiviral vectors expressing transport reporters RFP-NLS and RFP-NES and the expected subcellular distribution under normal and impaired NCT con-
ditions. C, Representative confocal images of DYT1 MNs at 21 dpi coexpressed RFP-NLS and GFP or RANBP17-GFP. The nuclei and the soma were highlighted with white and yellow dotted lines,
respectively. Scale bar, 50 µm. D, Representative confocal images of DYT1 MNs at 21 dpi coexpressed RFP-NES and GFP or RANBP17-GFP. The nuclei and the soma were highlighted with white
and yellow dotted lines, respectively. Scale bar, 50 µm. E, The distribution of RFP-NLS signal under indicated conditions is shown as a ratio of cytoplasmic to nuclear signal. N (neurons) = 120 for
health + GFP, 113 for health + RANBP17, 95 for DYT1 + GFP, and 97 for DYT1 + RANBP17 from three independent experiments. ns, no significant difference; **p< 0.01; ***p< 0.001.
Student’s t tests. F, The distribution of RFP-NES signal under indicated conditions is shown as a ratio of nuclear to cytoplasmic signal. N (neurons) = 122 for health + GFP, 113 for health
+ RANBP17, 125 for DYT1 + GFP, and 121 for DYT1 + RANBP17 from three independent experiments. ns, no significant difference; ***p< 0.001, ****p< 0.0001. Student’s t tests.
G, The quantification data of FISH assay shown as a ratio of nuclear to cytoplasmic oligo-dT signal. N (neurons) = 104 for health + GFP, 97 for health + RANBP17, 95 for DYT1 + GFP, and
89 for DYT1 + RANBP17 from three independent experiments. ns, no significant difference; **p< 0.01, ****p< 0.0001. Student’s t tests.
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shed light on the intricate molecular underpinnings of impaired
NCT in DYT1 neurons and hold potential for developing inno-
vative treatment strategies.

In the NCT regulation, members of the importin-β family can
either independently bind and transport cargo from the cyto-
plasm to the nucleus, or they can create heterodimers with
importin-α. Within this heterodimer structure, importin-β facil-
itates interactions with the NPC, while importin-α serves as an
adaptor protein, binding to the NLS on the cargo (Mattaj and
Englmeier, 1998; Adam, 1999; Wing et al., 2022). Despite
RANBP17’s identification as a member of the importin-β super-
family over two decades ago (Kutay et al., 2000), there has been
limited involvement of RANBP17 in research, as indicated by a
search on PubMed. Although a few studies have revealed
RANBP17’s association with the activation of bHLH transcrip-
tion factors (Lee et al., 2010) and the involvement in aging biol-
ogy (Mertens et al., 2015), as well as its role in promoting cancer
cell proliferation (Mandic et al., 2022), the precise functions of
RANBP17 in NCT regulation and the underlying molecular
mechanisms remain to be delineated.

In this study, using transport reporters and FISH assay
together with the manipulation of RANBP17 by shRNAs, we

demonstrated that RANBP17 plays a crucial role in protein
import, which is consistent with its classification as a member
of the importin-β superfamily. Interestingly, we also observed
that the downregulation of RANBP17 also compromised the pro-
tein and mRNA export activities in induced human neurons.
This could be due to the reciprocal influence on each other
between the import and export pathways. Specifically, the
impairment of protein import disrupts critical factors for nuclear
exporting pathways, including the disturbance of the RAN cycle
and the failure to import exportins into the nucleus, culminating
in both compromised importing and exporting activities.
Notably, this study represents the first comprehensive assess-
ment of RANBP17’s roles in both nuclear import and export of
protein andmRNA cargos, offering the molecular underpinnings
for understanding the dysregulation of RANBP17 under various
diseased conditions (Mertens et al., 2015; Mandic et al., 2022).
Furthermore, the overexpression of RANBP17 effectively miti-
gates the neurodevelopmental deficits observed in DYT1 MNs,
thereby furnishing new evidence for the pivotal role of NCT
activities in neurodevelopment and neuron maturation.
Consequently, manipulating NCT activities could offer innova-
tive treatment strategies for neurodevelopmental disorders.

Figure 8. Overexpression of RANBP17 ameliorates neurite outgrowth and neuron maturation in DYT1 neurons. A, Representative images of iMNs under indicated conditions at 21 dpi. The
morphology was based on the ICC of TUBB3. Scale bar, 50 µm. B, The number of primary branches of iMNs at 21 dpi under indicated conditions. C, The number of secondary branches of iMNs at
21 dpi under indicated conditions. For B and C, N (neurons) = 57 for health, 52 for DYT1, 48 for DYT1 + GFP, and 53 for DYT1 + RANBP17 from four independent experiments. ns, no significant
difference; **p< 0.01; ***p< 0.001, ****p< 0.0001. Student’s t tests. D, The relative neurite length of iMNs at 14 dpi under indicated conditions. N (neurons) = 127 for health, 112 for
DYT1, 94 for DYT1 + GFP, and 93 for DYT1 + RANBP17 from four independent experiments. ns, no significant difference; **p< 0.01; ***p< 0.001, ****p< 0.0001. Student’s t tests.
E, RT-PCR assay of genes related to neuron maturation in DYT1 iMNs with overexpression of RANBP17-GFP and GFP control at 14 and 21 dpi. N, three independent experiments. ns, no significant
difference; *p< 0.05; **p< 0.01; ***p< 0.001. Student’s t tests.
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An interesting question that needs to be addressed is how the
ΔE mutation causes the reduced expression of RANBP17.
Presentably, we lack direct evidence to conclusively address
this question. However, considering that the distorted nucleus
is a prevalent cellular characteristic in DYT1 cells (Ding et al.,
2021), we propose that the reorganization of chromatin structure
prompted by nuclear deformationmight contribute to alterations
in the expression of multiple genes, including RANBP17
(Neelam et al., 2020; Chi et al., 2022). Further investigation is
imperative to gain a comprehensive understanding of the intri-
cate mechanisms responsible for the dysregulation of
RANBP17 in the context of DYT1 dystonia.

Our study has provided compelling evidence that the dimin-
ished RANBP17 levels contribute to the impaired NCT activities
observed in DYT1 neurons, while the overexpression of
RANBP17 efficiently reinstates NCT activity and rescues neuro-
developmental deficits in DYT1 neurons. Nevertheless, we
acknowledge certain limitations in our investigation and analysis.
Firstly, our exploration into the genome-wide changes of gene
expression in human DYT1 dystonia neurons remains prelimi-
nary. While we have identified numerous dysregulated genes in
DYT1 neurons, delving into the molecular mechanisms under-
pinning their dysregulation and their contributions to the path-
ophysiology of DYT1 dystonia requires further probing.
Secondly, despite our extensive investigation into the roles of
RANBP17 in regulating nuclear transport and its impact on neu-
ronal development and maturation, further electrophysiology
analysis is necessary to confirm any changes in neuronal func-
tion. Thirdly, we recognize that our findings stem from an in
vitro cellular system. To establish their clinical relevance, we
require a thorough investigation utilizing brain tissues from
DYT1 patients. In this vein, we have already obtained such sam-
ples, with ongoing analysis in a separate project poised to offer
invaluable insights into the clinical significance of our findings.
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