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Abstract
Background

Spastin signi�cantly in�uences microtubule regulation in neurons and is implicated in the pathogenesis
of hereditary spastic paraplegia (HSP). However, post-translational regulation of the spastin protein
remains nebulous. The association between E3 ubiquitin ligase and spastin provides a potential
therapeutic strategy.

Results

As evidenced by protein chip analysis, FBXL17 inversely correlated with SPAST-M1 at the protein level in
vitro and, also in vivo during embryonic developmental stage. SPAST-M1 protein interacted with FBXL17
speci�cally via the BTB domain at the N-terminus of SPAST-M1. The SCFFBXL17 E3 ubiquitin ligase
complex degraded SPAST-M1 protein in the nuclear fraction in a proteasome-dependent manner. SPAST
phosphorylation occurred only in the cytoplasmic fraction and was involved in poly-ubiquitination.
Inhibition of SCFFBXL17 E3 ubiquitin ligase by small chemical and siRNA-FBXL17 decreased proteasome-
dependent degradation of SPAST-M1 and induced axonal extension. The Y52C SPAST mutant, harboring
abnormality in BTB domain could not interact with FBXL17, thereby escaping protein regulation by the
SCFFBXL17 E3 ubiquitin ligase complex, resulting in loss of functionality with aberrant quantity. Although
this mutant showed shortening of axonal outgrowth, low rate proliferation, and poor differentiation
capacity in a 3D model, this phenotype was rescued by inhibiting SCFFBXL17 E3 ubiquitin ligase.

Conclusions

We discovered that a novel pathway, FBXL17-SPAST was involved in pathogenicity of HSP by the loss of
function and the quantitative regulation. This result suggested that targeting FBXL17 could provide new
insight into HSP therapeutics.

Introduction
Spastin, encoded by the SPAST gene, harbors a microtubule (MT)-interacting and tra�cking domain, and
an ATPase, with diverse cellular activities (AAA), domain; hence, it plays a critical role in regulating MT
dynamics (1). Wild-type SPAST severs MTs by destabilizing alpha- and beta-tubulin interactions and MT
bundling in vitro, while acetylation of α-tubulin has been considered an indicator of MT stability (2).
Severing is essential for axonal MT transport, and the �ne regulation of severing and bundling is
essential for MT homeostasis. Thus, the loss of SPAST function induces axonal swelling and
accumulation of micro-organelles in axonal �bers (3, 4). The SPAST gene has two initiation sites,
resulting in two major isoforms, namely the 616-amino-acid isoform, M1, and the N-terminal truncated
530-amino-acid isoform, M87. Both isoforms have AAA ATPase activity, but M1 performs major roles in
neurons by regulating endoplasmic reticulum (ER) dynamics (5), while its mutation is neurotoxic (2) and
accounts for > 40% of autosomal dominant (AD) forms of hereditary spastic paraplegias (HSPs) (6–8).
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While the M87 isoform is widely and abundantly expressed due to the strong Kozak sequence, the
expression of the M1 isoform is restricted by cell type and quantity in cells. Therefore, SPAST-M1
regulation is critical for understanding the pathophysiology and developing therapeutic strategies against
HSPs (9). Previously, we found that SPAST-M1 protein is regulated by the ubiquitin-proteasome pathway
(10), which led to the screening of the SPAST-based E3 ubiquitin ligase, and the detection of FBXL17 (F-
box and leucine-rich repeat protein 17) using a protein chip assay.

FBXL17 acts as an F-box protein of the E3 ubiquitin ligase complex, SCF (Skp1-Cul1-F-box protein),
speci�cally targeting substrates by recognizing the F-box (11). E3 ubiquitin ligase is sequentially
activated by E1, a ubiquitin-activating enzyme, and E2, a ubiquitin transfer enzyme, and generates a
polyubiquitin chain on the target for degradation in a proteasome-dependent manner (12). Speci�city is
determined by the interaction between the F-box protein and the substrate, which possess diverse
substrate recognition domains, such as FBXWs (WD repeats), FBXOs (other domains), and FBXLs
(leucine-rich repeats). FBXLs recognize the substrate’s BTB domain, and members of the BTB domain
proteins, including BACH1, KLHL3, and KEAP1, play critical roles in mammalian development and are
associated with various diseases (13). We uncovered that FBXL17 induced ubiquitin-proteasome-
dependent spastin degradation and proposed that the spastin protein should be included as a new
member of the BTB domain family. This �nding may provide a novel mechanism for the development of
novel therapeutic strategies.

Methods
Reagents and antibodies

All antibodies and reagents used in this study are listed in Supplementary Tables 1 and 2.

Plasmid constructions and Lentivirus production

The SPAST and FBXL17 expression constructs were ampli�ed using RT-PCR using cDNA and
incorporated into various plasmid vectors. Detailed information on the plasmid constructs is provided in
Supplementary Table 3. The 3xHA-FBXL17 clone was purchased from GeneCopoeia Inc. (EX-H4410-M06,
Rockville, MD, USA). For lentiviral vector construction and production, the lenti-FBXL17_shRNA clone was
purchased from OriGene (#TL304572, Rockville, MD, USA). For the production of Y52C-SPAST expressing
lentivirus, 293FT cells were transfected with pLVx-Y52C SPAST along with psPAX2 (Genome), PMD2.G
(Envelope), and then media was harvested 48 h post-transfection.

Identi�cation of the SPAST binding proteins through HuProtTM microarray

To identify SPAST binding proteins, His-tagged SPAST protein was induced and puri�ed in an Escherichia
coli expression system and then analyzed at Gene On Biotech (Daejeon, Republic of Korea) using Human
HuprotTM protein microarray (CDI Labs, Mayaguez, PR, USA). Human protein microarray, which contains
over 20,000 full-length recombinant human proteins, was used. Brie�y, the protein microarray was
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incubated with blocking buffer (2% BSA in 1x PBS with 0.1% tween-20) for 2 h, and 3 μg of biotinylated
His-SPAST was treated onto the array for 8 h at 4 ℃. Subsequently, the array was incubated with 1 μg of
streptavidin-�uorescence (Alexa-Fluor 635nm) for 1 h at 4 ℃. The microarray result was detected using a
GenePix4100A microarray laser scanner (Molecular Devices, Silicon Valley, CA, USA).

Cell culture and Transfection

HEK293T and HeLa cells were maintained in Dulbecco’s modi�ed Eagle’s medium (DMEM, welgene,
Gyeongsan, Republic of Korea) with 10% fetal bovine serum (FBS, Thermo Fisher Scienti�c, Waltham, MA,
USA) and antibiotics (Thermo Fisher Scienti�c) in a humidi�ed incubator with 5% CO2 at 37 °C. For
proliferation, ReNcell CX was cultured in ReN NSC maintenance medium (Millipore, Billerica, MA, USA)
with 20 ng/ml EGF (Peprotech, Rocky Hill, NJ, USA), 20 ng/ml bFGF (Peprotech), and
penicillin/streptomycin antibiotics. For the neuronal differentiation, ReNcell CX was differentiated in ReN
NSC maintenance medium containing penicillin/streptomycin antibiotics without EGF and bFGF for the
indicated days. For transient transfection into HEK293 cells, cells were transfected with indicated plasmid
constructs using Transporter™ 5 transfection reagent (Polysciences Inc. Warrington, PA, USA). For the
electroporation, ReNcell CX cells were harvested, resuspended in BTX electroporation buffer (BTX,
Holliston, MA, USA), and transfected with ECM830 electroporation system (BTX). Electroporation
condition was performed by 1 pulse at 70 V discharge for 30 ms.

NSC proliferation and differentiation assay

ReNcell CX cells (5×103 /well) were seeded onto ultra-low attachment 12-well plates with ReN NSC
maintenance medium. The medium was changed every 2 days, and the diameter of neurospheres was
observed under a microscope.

ReNcell CX cells were cultured in a differentiation medium (10 μM forskolin, 20 ng/ml BDNF, 5 μM retinoic
acid in NSC maintenance medium). After 4 days, cells were �xed with 4% paraformaldehyde solution and
immunostained with mouse anti-MAP2 (Biolegend, San Diego CA) and rabbit anti-GFAP (Thermo �sher
scienti�c, Waltham, MA) antibodies.

Reverse transcription (RT)-PCR

Total RNA was isolated using an Rneasy mini kit (QIAGEN, Hilden, Germany). A 1 μg of total RNA was
used for cDNA synthesis was performed using Verso cDNA Synthesis Kit (Thermo Fisher Scienti�c)
according to the manufacturer’s instructions. For conventional RT-PCR, the cDNA was ampli�ed with the
following gene-speci�c primers. The PCR products were loaded on 1% agarose gel and
photographed. The primer sequences are provided in Supplementary Table 4.

Immuno�uorescence analysis

Cells were �xed with 4% paraformaldehyde for 1 h at room temperature (RT) at around 20–22 ℃,
followed by three washes in PBS and permeabilization with 0.1% Triton X-100 in PBS for 15 min at RT.
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After �xation, blocking was performed with blocking reagent (2% normal horse serum in PBS) for 1 h at
RT. Primary antibodies were diluted to the indicated concentrations (Supplementary Table 1) in PBST (1×
PBS with 0.05% tween 20), incubated overnight at 4 °C, and washed three times in PBS. The secondary
antibodies were incubated in PBST for 1 h at RT and washed three times in PBS. For nuclear
counterstaining, DAPI solution (BD Biosciences, Franklin Lakes, NJ, USA) was incubated for 5 min at RT
in PBST, washed, mounted with vectorMount AQ mounting medium (#H-5501, Vector Laboratories,
Burlingame, CA, USA ), and observed under a �uorescence microscope (Olympus, Tokyo, Japan). All
images were quantitated by ImageJ software.

Western blot analysis

Brie�y, cells were lysed on ice using RIPA buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 1%
NP40, 0.1% SDS, 1 mM PMSF, 1× protease inhibitor cocktail (Roche, Basel, Switzerland)), separated using
12% SDS-PAGE, and transferred to the PVDF membrane (Millipore). Membranes were incubated with
speci�c primary antibodies in PBST overnight at 4 °C (Supplementary Table 1). Subsequently, the
membrane was incubated with a secondary antibody in PBST containing 0.5% skim milk for 1 h at RT.
The proteins were visualized using a chemiluminescence kit (Intron Biotech, Seoul, Republic of Korea).

Protein stability analysis

HEK293 cells were transfected with 10 μg each of HA-SPAST-M1 or Flag-FBXL17 plasmids. After 24 h,
cells were treated with 50 μg/ml cycloheximide for 0, 2, and 4 h. At the indicated time points, the cells
were harvested, and proteins were detected using western blotting. The quanti�cation experiment was
performed three times under the same conditions. The signal intensity was determined using ImageJ
software.

Separation of Cytosolic and Nuclear extractions

Cells were transfected with 10 μg of plasmids as indicated and harvested 24 h post-transfection. A
subcellular fraction from transfected cells was isolated using NE-PER Nuclear and Cytoplasmic
Extraction Reagent kit (Thermo Fisher Scienti�c) according to the manufacturer’s instructions. The
extracts of separate cytoplasmic and nuclear protein fractions were immunoprecipitated with bead-
conjugated anti-Flag (Anti-FLAG M2 Magnetic Beads, Sigma-Aldrich) and analyzed using western
blotting.

Immunoprecipitation assays and Pull-down assay

For the co-immunoprecipitation assay, HEK293 cells were transfected with 10 μg of plasmids as
indicated and harvested 24 h after transfection. Cells were then lysed in NET gel buffer (50 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 0.1% NP-40, 1 mM EDTA, pH 8.0 containing protease inhibitor cocktails) by
sonication, cleared by centrifugation at 13,000 rpm for 10 min at 4 °C and supernatants were incubated
with bead-conjugated anti-Flag or anti-HA antibody (Anti-HA-magnetic beads, Thermo Fisher Scienti�c)
for 3 h at 4 °C on a gentle rotator shaker. The magnetic beads were washed three times in lysis buffer.
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After incubation, beads were washed three times with 1ml PBST. Precipitated proteins were separated
using SDS-PAGE and analyzed using western blotting.

For pull-down assay, cell lysates and reaction mixtures after in vitro assay were incubated
with glutathione Sepharose 4B beads (Sigma-Aldrich, St Louis, MO, USA) or Ni-NTA agarose (QIAGEN) for
3 h at 4 °C with rotation. The beads were precleared three times in 1 ml PBST. After incubation, the bound
proteins were washed three times in PBST and analyzed using western blotting with indicated antibodies.

Puri�cation of recombinant proteins expressed in E. coli and in vitro binding assay

E. coli BL21 cells containing the pET28a-His-SPAST plasmid were grown at 37 ℃ until the optical density
at 600 nm (OD600) reached 1. Protein expression was induced by incubation with 0.5 mM isopropyl-b-D-
thiogalactoside (IPTG, Elpisbio, Deajeon, Republic of Korea) and 2% Ethanol at 18 ℃ for 48 h. E.
coli. BL21 cells containing pET28a-His-FBXL17-ΔNT1, pGEX4T1-GST-SPAST-M1, pGEX4T1-GST-KLHL,
and pGEX4T1-GST plasmids were grown at 37 ℃ to reach an OD 600nm of 0.8, induced with 1 mM IPTG
and 2% ethanol at 20 ℃ for 24 h. The puri�cation of his-tagged recombinant protein from induced E. coli
was performed as previously described [1]. Brie�y, cells were lysed using lysis buffer (20 mM Tris-HCl, 300
mM NaCl, 10 mM imidazole, and 1 mM PMSF, pH 7.5), incubated with Ni-NTA agarose for 3 h at 4 °C. The
bead-protein complexes were loaded on a column and washed with washing buffer (20 mM Tris-HCl, 300
mM NaCl, and 20 mM imidazole, pH 7.5). The washed beads were subsequently eluted in elution buffer
(20 mM Tris-HCl and 250 mM imidazole, pH 7.5). The eluted proteins were dialyzed in dialysis buffer (10
mM Tris-HCl, 10% glycerol, and 1 mM PMSF, pH 7.5) at 4 °C overnight. For puri�cation of GST-tagged
recombinant protein, cells were lysis with lysis buffer (1× PBS containing 0.5% Triton X-100 and 1 mM
PMSF) incubated with glutathione sepharose beads overnight at 4 °C. The bead-protein complexes were
washed three times with washing buffer (1× PBS containing 1 mM PMSF) and eluted in elution buffer (10
mM Tris-HCl and 150 mM NaCl, 25mM reduced glutathione, pH 7.5). The eluted proteins were dialyzed in
a dialysis buffer.

For in vitro binding assay, puri�ed recombinant proteins from E. coli, each 0.5 μg protein used per binding
reaction was incubated in 200 μl binding buffer (1x PBS, 0.1% NP-40 containing 1 mM PMSF and
protease inhibitor cocktails), pulled-down using glutathione sepharose beads and analyzed using western
blotting.

In vivo and in vitro ubiquitination assay

In vivo and in vitro ubiquitination was performed as previously described [1, 2]. Brie�y, for in vivo
ubiquitination assay, HEK293 cells were transfected with 10 μg Flag-tagged SPAST-M1, Flag-SPAST-M87,
the lysine to arginine mutants of SPAST-M1, and 5 μg HA-tagged ubiquitin plasmid using Transporter™ 5
transfection reagent. At 24 h after transfection, cells were treated 10 μM MG132 for 16 h, lysed in NET gel
buffer, and the cell lysates were incubated using an anti-Flag magnetic bead overnight at 4 °C. The
immunoprecipitated proteins were washed three times in PBST and analyzed using western blot using
indicated antibodies. For in vitro ubiquitination assay, the reaction mixtures were incubated with 0.5 μg
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His-E1, 0.5 μg His-UbcH10b, 0.5 μg His-FBXL17-ΔNT1, 100 μg/reaction HeLa cell S100 extract, 5 μg GST-
SPAST-M1, GST-KLHL or 5 μg GST, and 25 μg/mL Flag-ubiquitin (Boston Biochem, Cambridge, MA, USA)
in reaction buffer [25 mM Tris-HCl, pH 7.5, 1 mM MgCl2, 2.5 mM DTT, 5 mM adenosine triphosphate
containing the ATP-regeneration system (1 mM creatine phosphate, 1 mM creatine kinase, 0.5 μg/mL
ubiquitin aldehyde)] at 37 °C for 1.5 h, followed by pull-down using glutathione sepharose beads and
analyzed using western blotting.

In vitro casein kinase II (CK2) kinase assay

GST-tagged SPAST, KLHL, and GST alone or His-tagged FBXL17-ΔNT1 proteins were puri�ed from the E.
coli expression system. The recombinant proteins (each 0.5μg/reaction) were incubated in kinase
reaction buffer (50 mM Tris-Cl. pH7.5, 200 mM NaCl, 10 mM MgCl2, 2 mM EDTA, 1 mM DTT, 200 μM
ATP) with 500 U casein kinase II (#P6010, New England Biolabs, Ipswich, MA, USA), composed of two α-
subunits and two β-subunits in the presence or absence of 10 μCi of [γ-32P]ATP for 30 min at 30 ℃. The
reaction was terminated by adding SDS sample loading buffer (50 mM Tris-Cl. pH 6.8, 2% SDS, 10%
glycerol, 0.2% bromophenol blue dye, 4% β-mercaptoethanol). After resolution using SDS-PAGE, the gel
was transferred into the PVDF membrane and visualized by direct exposure of the membrane to X-ray
�lm (AGFA, Belgium).

Animal experiments and dissection of the forebrain and spinal cord from mouse embryos

Mice were housed in a speci�c-pathogen-free animal laboratory (humidity 60%–65%; temperature 22 °C)
in 12 h light-dark cycles. All animal housing and experiments conducted were in accordance with the
Korea Research Institute of Bioscience and Biotechnology (KRIBB) Institutional Animal Care and Use
Committee Guidelines (KRIBB-AEC-18090).

The mouse embryonic tissues were harvested for the day of vaginal plug was dated as embryonic day (E)
0.5. The dissection of spinal cords from embryos was performed as previously described [3,4]. Brie�y, the
pregnant mouse (E 10.5-18.5) was anesthetized using carbon dioxide (CO2) gas as a euthanasia agent,
dissected the lower abdomen, and the uteri containing embryos were placed in a 100-mm Petri dish
containing ice-cold sterile Hank’s balanced salt solution (HBSS, GIBCO). The extraembryonic membranes
overlying the embryos were removed from cranial to caudal and separated from the forebrain to the
spinal cord using a dissection microscope (Nikon C-PSN, Tokyo, Japan). The isolated tissues were
washed in ice-cold PBS and analyzed using RT-PCR or western blotting.

Mouse embryo tissue preparation and immunohistochemistry assay

The pregnant mouse (E 14.5) was sacri�ced by cervical dislocation and carefully removed the embryos
from the uterus. Embryos were removed extraembryonic membranes and �xed overnight in 4%
paraformaldehyde (PFA) in PBS at 4 °C following immersed in 30% sucrose in PBS for 48 h at 4 °C. For
the frozen section, �xed embryos embedded in OCT compound (Tissue-Tek, #4583, Sakura Finetek USA,
Torrance, CA, USA), and sectioned at 10 μm thickness using a cryostat (CM1520, Leica, Wetzlar,
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Germany). The sections were treated with 0.5% Triton X-100 in PBS for 10 min and blocked with 2.5%
normal horse serum in PBS for 1 h. After the blocking, sections were incubated with anti-SPAST antibody
and anti-FBXL17 antibody for 24 h at 4 °C in PBS. After washing, the sections were detected using the
VECTASTAIN® Elite® ABC Kit (#PK-6200, Vector Laboratories) and Vector® DAB substrate (#SK-4105,
Vector Laboratories) according to the manufacturer’s instructions.

The sections were mounted with permount solution (#SP15-100, Thermo Fisher Scienti�c) and observed
using an inverted microscope (Olympus).

Statistical analysis

The student’s t-test was used to determine statistical signi�cance. Differences were considered
statistically signi�cant at P < 0.05.

Results
FBXL17 was a binding partner of SPAST and inversely correlated at the protein level in vitro and in vivo

Wild-type SPAST-M1 protein is more easily degraded by ubiquitin-dependent proteasomes than
pathogenic mutants (10). We hypothesized that enhancing the protein level of SPAST-M1 may mitigate
the toxicity of mutants in HSP and screened the E3 ubiquitin ligase for SPAST-M1 protein. To identify the
speci�c E3 ubiquitin ligase of SPAST-M1, protein-protein interaction screening was performed using
biotinylated His-SPAST-M1 protein as a bait in a Huprot™ protein microarray containing over 20,000 full-
length recombinant human proteins (Fig. 1A). The proteins interacting with SPAST-M1 were quanti�ed
using a�nity (A) score through conjugation with streptavidin-�uorescence. As a result, a total of 80
proteins were identi�ed, of which four associated with the ubiquitin pathway were selected (Fig. 1B) and
quanti�ed using the A-score (Fig. 1C). Three proteins involved in the ubiquitin-proteasome pathway were
selected, namely DCAF8, FBXL17, and USP20. To con�rm whether DCAF8 or FBXL17, as an E3 ubiquitin
ligase, binds to SPAST-M1 after transfection with Flag-SPAST-M1 construct, HEK293 cells were
immunoprecipitated using anti-Flag agarose beads and analyzed using western blot with antibodies
against DCAF8 and FBXL17. We con�rmed that SPAST-M1 directly binds only to FBXL17 (Supplementary
Fig. 1). SPAST is tightly connected with HSP and plays a critical role in the neuronal development stage.
SPAST is expressed in early-stage neural development and performs more specialized functions related
to neuronal activities, such as axonal transport and the maintenance of excitatory synapses of motor
neurons in the brain cortex and the spinal cord (14–16). Therefore, we speculated that the precise
regulation of SPAST by FBXL17 is critical for neuronal development and disease onset. To con�rm
SPAST and FBXL17 expression in the developing nervous system, we isolated mouse embryonic tissues,
consisted of the brain and the spinal cord in mouse embryos at E10.5-18.5. RNA and protein were
extracted from embryonic tissues and analyzed using RT-PCR or western blotting at the indicated
embryonic days. The RNA levels of Nestin, Emx2, Dcx, Tbr1, and NeuN were used as neuronal
development markers via RT-PCR analysis. The mRNA level of Spast-M1 showed the greatest expression
at E12.5, maintained up to E14.5, and rapidly decreased at E16.5. Fbxl17 mRNA increased from E12.5 to
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E14.5 but decreased at E16.5, similar to Spast-M1 (Fig. 1D and Supplementary Fig. 2). FBXL17 protein
showed the greatest expression at E12.5, after which a continuous decline was con�rmed. The protein
expression of SPAST-M1 increased continuously from E13.5 to E18.5. SPAST-M85 protein was
abundantly expressed in the developing nervous system (Fig. 1E). To con�rm the reverse co-relation and
localization of SPAST and FBXL17 expression, the cerebral cortex and spinal cord were stained with
SPAST and FBXL17 antibodies via immunohistochemistry analysis at the indicated embryonic days
(Fig. 1F). The reverse correlation of FBXL17 and SPAST expression is certi�ed in the cerebral cortex and
spinal cord. After induction of neuronal differentiation in the neural progenitor cell line, ReNcell CX, mRNA
expression of SPAST and FBXL17 was increased at the early time points after induction of neuronal
differentiation (Fig. 1G). Under the same conditions shown in Fig. 1G, the FBXL17 protein level was
decreased rapidly; conversely, SPAST-M1 protein gradually increased over time (Fig. 1H). Protein
expression of SPAST and FBXL17 was inversely correlated in mouse embryonic tissues at the neural
development stage, while ReNcell CX induced neuronal differentiation. This result con�rmed that the
SPAST-M1 protein is regulated by post-translational modi�cation at the stage of neural development.

Spast-m1 Protein Interacted With Scf Speci�cally Via Btb
Domain Existing M1, And Not M87
Protein ubiquitination requires an enzymatic cascade containing the ubiquitin-activating enzyme E1,
ubiquitin-conjugating enzyme E2, and ubiquitin ligase E3. FBXL17, which encodes a member of the F-box
family of proteins, is a subunit of the SCF complex, consisting of Skp1, Cullin1, and F-box proteins as a
function of E3 ubiquitin ligase, which recognizes substrates harboring the BTB domain and recruits these
to the E3 ubiquitin ligase. Based on the interaction between SPAST-M1 and FBXL17 in the protein chip
(Fig. 1C) and HEK293 cells (Supplementary Fig. 1B), we attempted to analyze the detailed domain of
protein-protein interactions. First, we investigated the subcellular co-localization between the long isoform
SPAST-M1 or short isoform SPAST-M87 to FBXL17 expression patterns in HeLa cells transfected with
GFP-SPAST-M1 or M87 plasmids. As shown in Fig. 2A, the M1 isoform with the hydrophobic region was
highly localized to the endoplasmic reticulum (ER) membrane of the cytoplasmic and nuclear
compartments. The M87 isoform is soluble and more abundant in both the nucleus and cytoplasm than
the M1 isoform. We stained FBXL17 with an anti-FBXL17 antibody and showed that endogenous FBXL17
was highly expressed in the nucleus. The above results indicated that SPAST-M1 and FBXL17 were co-
localized in the ER, including the nuclear envelope and nuclear compartment (Fig. 2A). We next
determined whether SPAST interacted with the SCF complex as an E3 ubiquitin ligase containing Skp1,
Cullin1, and FBXL17. In HEK293 cells, SPAST interacted with the SCF complex, including FBXL17 (Fig.
2B). Because protein overexpression can affect protein interaction, we further com�rmed the interaction
between endogenous SPAST-M1 and FBXL17 was con�rmed in ReNcell CX (Fig. 2C). To determine which
SPAST regions are required for interaction with FBXL17, we generated several N-terminal SPAST-
truncated mutants into the pFlag-Tag2B vector and performed immunoprecipitation-western blot analysis
using the indicated antibodies in HEK293 cells (Fig. 2D and 2E). FBXL17 interacted strongly with both
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SPAST-M1 (1-616 a.a.) and SPAST-NT (1-250 a.a.). In contrast, the M87 isoform of SPAST did not interact
with FBXL17. It has been previously shown that FBXL17, as a substrate recognition component of the
SCF complex, interacts with BTB proteins, and the BTB domain is required for the substrate-binding
region of SCFFBXL17 (17). Using the NCBI Multiple Sequence Alignment Viewer (Version 1.18.1), we found
that the SPAST N-terminal region (50–120 a.a.) is highly conserved with BTB domain sequences of the
identi�ed BTB proteins (Supplementary Fig. 3). These results demonstrate the interaction between
FBXL17 and SPAST N-terminal region (50–86 a.a.) containing the predicted BTB domain. To determine
which regions of FBXL17 are required for interaction with SPAST-M1, we examined HA-SPAST-M1
interaction with several N-terminal FBXL17 truncated mutants using a GST pull-down assay (Fig. 2F and
2GF). The N-terminal truncated mutants of FBXL17 were generated from the F-box to the leucine-rich
repeat (LRR) domain of substrate recognition by FBXL proteins. To investigate binding speci�city
between SPAST and FBXL17, we screened six human F-box/LRR-repeat proteins associated with brain
and neural development. HEK293 cells were co-transfected with Flag-tagged F-box and HA-SPAST-M1
constructs and analyzed via immunoprecipitation-western blot analysis. We found that SPAST interacted
with only the FBXL17 protein (Fig. 2H and 2I). To con�rm the direct interaction between SPAST and
FBXL17, recombinant GST-tagged SPAST-M1, GST-KLHL12, and His-tagged FBXL17-ΔNT1 (318-701a.a.)
proteins were puri�ed in an E. coli expression system, and the purity and identity of these proteins were
con�rmed using Coomassie Blue staining (Supplementary Fig. 6A). We then performed an in vitro binding
assay and con�rmed that His-FBXL17-ΔNT1 directly interacted with GST-SPAST-M1 and GST-KLHL12, but
not GST alone (Fig. 2J). The GST-KLHL12 protein was identi�ed as a substrate of FBXL17 and was used
as a positive control in this study. Collectively, FBXL17 speci�cally interacted with SPAST-M1 via a
leucine-rich substrate recognition site and BTB domain.

The SCF  FBXL17  E3 ubiquitin ligase complex degraded SPAST M1 protein in the nuclear fraction in a
proteasome-dependent manner

Since the interaction with SCFFBXL17 led to proteasome-dependent degradation of the substrate, we
speculated that poly-ubiquitination occurred on the SPAST-M1 protein only, not M87. To con�rm whether
the SPAST-M1 protein underwent ubiquitin-dependent degradation through the SCFFBXL17 complex, we co-
transfected HA-SPAST-M1 and Flag-FBXL17 into HEK293 cells treated with or without MG132 for 16 h
and performed western blotting and RT-PCR. As a result, Flag-FBXL17 expression dose-dependently
downregulated the SPAST-M1 protein, and MG132 (proteasome speci�c inhibitor) treatment effectively
inhibited the decrease in SPAST-M1 protein. Still, it did not alter SPAST-M1 mRNA via FBXL17 expression
(Fig. 3A and Supplementary Fig. 4A). In ReNcell CX, the protein of endogenous SPAST-M1 was
remarkably decreased after lentivirus-mediated FBXL17 gene transduction, but not SPAST-M87 (Fig. 3B).
To investigate the stability of SPAST protein in the presence and absence of FBXL17 expression, we
treated HEK293 cells expressing HA-SPAST-M1 and Flag-FBXL17 with a de novo protein synthesis
inhibitor, cycloheximide (CHX), for the indicated periods, then performed western blotting, and quanti�ed
the band intensity of SPAST-M1 protein using ImageJ software. As shown in Fig. 3C, the half-life of
SPAST-M1 was more than 4 h in the absence of FBXL17, whereas the half-life of SPAST-M1 was
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approximately 3 h in the presence of FBXL17. Under the same conditions shown in Fig. 3C, the mRNA
level of SPAST-M1 did not signi�cantly change in the presence or absence of FBXL17 (Supplementary Fig.
4B). These results indicate that FBXL17-mediated post-translational modi�cations regulate SPAST. We
found that GFP-tagged SPAST and endogenous FBXL17 were exclusively co-localized in the nucleus (Fig.
2A). To determine whether SPAST ubiquitination occurs via FBXL17 in the cytoplasm or nucleus, we
transfected the indicated constructs into HEK293 cells, separated pure cytoplasmic and nuclear fractions,
and performed an in vivo ubiquitination assay. SPAST-M1 interacted with FBXL17 in both the cytosolic
and nuclear fractions. In contrast, SPAST-M1 interacted with Cullin1, a component of the SCF complex
through FBXL17 in the nucleus, and the poly-ubiquitinated form of SPAST-M1 was only observed in the
nuclear fraction (Fig. 3D). SPAST-M87 did not interact with FBXL17; therefore, the poly-ubiquitinated form
of SPAST-M87 was not observed in any subcellular compartments (Fig. 3E). We used α-tubulin and
histone H3 as markers for subcellular fractionation and the BDM-PUB server
(http://bdmpub.biocuckoo.org/) to identify the lysine residues responsible for SPAST ubiquitination. The
nine lysine residues, scored with medium and high con�dence as predicted ubiquitination sites
(Supplementary Table 5), and the interspecies functional conservation was con�rmed using multiple
alignment software (Clustal 2.1, Supplementary Fig. 5A, marked in red boxes). We generated SPAST
mutants with lysine to arginine and performed an in vivo ubiquitination assay in HEK293 cells expressing
the lysine-mutated SPAST protein. Mutation of lysine 554 into arginine strongly reduced the poly-
ubiquitinated form of SPAST protein in the nuclear fraction (Supplementary Fig. 5B). To determine
whether the SCFFBXL17 complex affected the ubiquitination of SPAST-M1, an in vitro ubiquitination assay
was performed with E1 (His-E1), E2 (His-UbcH10b), F-box protein of the SCF complex (His-FBXL17-ΔNT1),
and cytosolic extracts (S100) for SCF complex components as an E3 enzyme. The E1 and E2 proteins
were puri�ed from the E. coli expression system. The purity of these proteins was con�rmed using
Coomassie Blue staining (Supplementary Fig. 6A), and E1 and E2 enzyme activity was observed veri�ed
using an in vitro thiol ester assay (Supplementary Fig. 6B). The cytoplasmic S100 extracts were
generated via hypotonic lysis from HeLa cells transduced with lentivirus-FBXL17 shRNA, while FBXL17
knockdown was con�rmed using western blotting with the indicated antibodies (Supplementary Fig. 6C).
SPAST was directly poly-ubiquitinated by the SCFFBXL17 complex as an E3 ubiquitin ligase in vitro (Fig.
3F). But, the arginine mutation of K554 of SPAST as major ubiquitination site was not observed poly-
ubiquitination in vitro (Fig. 3G and Supplementary Fig. 6D). This result indicated that SPAST M1 is poly-
ubiquitinated and degraded by the SCFFBXL17 complex.

Phosphorylation Was A Critical Mark For The Ubiquitination
And Degradation Of Spastin Protein
We observed that the ubiquitination of SPAST-M1 occurred only in the nucleus, with size differences
observed between the nuclear and cytoplasmic forms of SPAST. The appearance of a larger SPAST-M1 in
the cytoplasm led us to investigate the post-translational modi�cation. In particular, casein kinase 2
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(CK2) is known as a nominator for regulation and interaction with SPAST (18). Thus, we hypothesized
that SPAST-M1 was regulated by post-translational modi�cation (PTM).

To con�rm the PTM of SPAST-M1, we co-transfected HEK293 cells with expression plasmids and
performed immunoprecipitation assays and western blotting and showed that SPAST-M1 only interacted
with CK2β, but not with CK2α (Fig. 4A). Using an in vitro CK2 kinase assay, we con�rmed that GST-tagged
SPAST proteins containing the two main isoforms were phosphorylated by CK2 but not GST alone (Fig.
4B). Following the in vitro kinase assay, equal amounts of protein were con�rmed using Coomassie Blue
staining (Supplementary Fig. 7). We found that the predicted serine/threonine sites of SPAST, including
the CK2 consensus phosphorylation site [S/T–X–X–D/E] identi�ed using Group-based prediction system
5.0 software (http://gps.biocuckoo.cn/, Supplementary Tables 6 and 7). We con�rmed that the predicted
S/T sites are conserved in the three species (Supplementary Fig. 5A, marked in blue boxes). To determine
the predicted S/T sites for CK2-mediated SPAST-M1 phosphorylation, we mutated these residues from
serine/threonine to alanine (T530A, S545A, S547A, S573A, and S583A of SPAST), and the
phosphorylation of these mutants was analyzed using immunoprecipitation-western blotting with an
antibody against the CK2 phosphorylated consensus motif in HeLa cells. CK2-mediated phosphorylation
of SPAST T530A, S545A, and S547A was reduced; thus, we con�rmed that SPAST-M1 was
phosphorylated by CK2 at multiple sites (Fig. 4C). To con�rm whether CK2-mediated phosphorylation of
SPAST occurs only in the cytoplasm fraction, HeLa cells were transfected with GFP-SPAST-M1 plasmid
and analyzed using an immuno�uorescence assay with a pCK2-substrate motif antibody.
Immuno�uorescence staining with pCK2-substrate motif antibody was markedly present in the cytosol of
GFP-expressing HeLa cells and appeared strongly re-stained in the ER in the presence of GFP-SPAST-M1
(Fig. 4D). Both Flag-SPAST-M1 and M87 were detected by the anti-pCK2-substrate motif antibody only in
the cytoplasmic fraction, consistent with the IHC results. However, only SPAST-M1 protein was detected at
approximately 10 kDa greater form in the cytoplasm (Fig. 4E). The appearance of a signi�cantly greater
form suggested that multiple phosphorylation had occurred in SPAST-M1, but not SPAST-M87. Then, we
examined multiple phosphorylations using an anti-pThr antibody in the presence of a CK2 regulator.
CX4945 potently inhibited CK2 enzymatic activity, and calyculin A inhibited both PP1 and PP2A
phosphatase activities. The protein phosphorylated by CK2 is dephosphorylated by PP2A; therefore, it is
used as a CK2 inhibitor or activator. The SPAST-M1 protein was detected using an antibody against the
CK2 phosphorylated consensus motif; SPAST-M1 phosphorylation was reduced following CX4945
treatment but increased following calyculin A treatment (Fig. 4F). As well as, to verify whether CK2 is
involved in FBXL17 phosphorylation, we identi�ed that FBXL17 only interacts with CK2β, and showed
that FBXL17 protein was phosphorylated by CK2 in vitro kinase assay (Supplementary Fig. 8A and 8B).
To con�rm the speci�city of FBXL17 phosphorylation by CK2, HEK293 cells were co-transfected with the
indicated constructs, treated with CX4945 or calyculin A, and analyzed using immunoprecipitation and
western blotting. The phosphorylation of FBXL17 was signi�cantly affected after treatment with inhibitor
or activator of CK2 (Supplementary Fig. 8C). In the above results, we showed that SPAST and FBXL17 are
a novel substrate of CK2 kinase. We was con�rmed that the SPAST was phosphorylated by CK2 in the
cytoplasm and only ubiquitinated by SCFFBXL17 complex in the nucleus. These results suggest that
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SPAST phosphorylation contributes to its protein stability. Also, CK2-dependent phosphorylation of
FBXL17 can increase substrate recognition as a functional F-box protein, suggesting that CK2 may be a
potential factor in regulating SPAST-M1 degradation.

Speci�c Inhibition Of Scf E3 Ubiquitin Ligase Results In
Reduced Proteasome-dependent Degradation Of Spast-m1
Next, we determined whether SPAST-M1 protein levels increased via regulation of SCFFBXL17 E3 ubiquitin
ligase activity. Cullin family members, a component of cullin-RING E3 ubiquitin ligase (CRL), require cullin
neddylation for CRL activity (19). MLN4924 is a neddylation inhibitor currently investigated in several
phase 1–3 clinical trials on various malignancies (Fig. 5A) (20). Thus, we investigated whether the
reduction of SPAST-M1 protein by FBXL17 was inhibited after MLN4924 treatment. HEK293 cells were co-
transfected with HA-SPAST-M1 or/and Flag-FBXL17 plasmids, treated with the indicated concentrations
of MLN4924 for 24 h, lysed, and detected using western blot analysis. The decrease in SPAST-M1 protein
by FBXL17 expression was restored by MLN4924 treatment in a dose-dependent manner (Fig. 5B). The
e�cacy of MLN4924 was con�rmed by the reduction of neddylated Cullin1 following MLN4924
treatment. Under the same experimental conditions, no effect was observed on the mRNA levels of
SPAST-M1 by MLN4924 treatment (Supplementary Fig. 9A). To determine whether MLN4924 treatment
prolonged the half-life of SPAST-M1, HEK293 cells with the indicated expression plasmids were treated
with CHX for speci�ed periods and analyzed using western blotting. When SPAST-M1 and FBXL17 are
simultaneously expressed, the expression of SPAST-M1 was reduced to a greater extent (approximately
60% at the “0” time point) compared to the expression of only SPAST-M1. However, SPAST-M1 expression
was restored by MLN4924 treatment in the presence of FBXL17 (Fig. 5C). The mRNA level of SPAST-M1
was not changed under the same conditions as Fig. 5C (Supplementary Fig. 9B). To con�rm whether
inhibition of CRL E3 ligase activity affects SPAST ubiquitination, we performed an in vivo ubiquitination
assay in the presence of the indicated concentrations of MLN4924. We showed that the poly-
ubiquitinated form of SPAST-M1 was markedly reduced by MLN4924 treatment in a dose-dependent
manner (Fig. 5D). Also, the endogenous SPAST-M1 expression was dose-dependently increased in
ReNcell CX following MLN4924 treatment (Supplementary Fig. 10A). After neuronal differentiation in the
presence or absence of MLN4924, we con�rmed that microtubule stability was signi�cantly reduced
based on the increasing endogenous SPAST-M1 by MLN4924 treatment (Supplementary Fig. 10B).
MLN4924 treatment increases SPAST protein levels in two different SPG4-HSP models, and MNL4924
restored para-physiological SPAST levels in the SPG4-HSP haploinsu�cient context (21). We investigated
whether the increase in SPAST-M1 expression affected neural differentiation via MNL4924 treatment.
Under neural differentiation conditions, paclitaxel-treated ReNcell CX inhibited axonal sprouting and
signi�cantly shortened the length of axons. MLN4924-treated cells increased axonal extension compared
to the control cells. Also, ReNcell CX cells treated with paclitaxel and MLN4924 simultaneously restored
axonal swelling and axonal length compared to cells treated with paclitaxel alone (Fig. 5E). MLN4924
treatment increased endogenous SPAST protein in ReNcell CX; however, the FBXL17 level was unaffected
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(Fig. 5F). Next, we generated lentiviral-mediated shRNA against FBXL17 or scramble shRNA in ReNcell
CX. We con�rmed that the endogenous SPAST-M1 protein increased by FBXL17 knockdown (Fig. 5G),
furthermore, neurite extension induced compared to control cells (Fig. 5H-5J). These results indicate that
the enhancement of SPAST-M1 stability could be a therapeutic option to restore SPAST functionality.

Spast Mutant, Evading Fbxl17-mediated Regulation, Is
Involved In Hsp Pathogenicity
The interaction between M1 PAST and FBLX 17 is speci�c and plays a role in neuronal development and
axonal extension. These results suggest that FBXL17-mediated SPAST deregulation induced abnormal
SPAST protein quantity. Here, we searched SPAST pathogenic mutants harboring mutations on the
binding region with FBXL17 (predicted BTB domain region; 50–120 a.a., Supplementary Fig. 3) to show
that this mechanism was implied in HSP pathogenicity. Eight SPAST mutants possessing a mutation in
exon 1 were identi�ed based on four references (Supplementary Table 8), and the position of mutations is
shown in Fig. 6A, except for mutants p.Ala95Argfs, Term65 and p.A95fs (22) (23) (24) (25). Among these
mutants, the SPAST Y52C mutant, �rst discovered in Japanese HSP patients, matched our hypothesis.
Next, we examined the pathogenicity of the SPAST Y52C mutant based on the biochemical mechanism
and cellular phenotypical changes. To investigate whether SPAST Y52C interacts with FBXL17, we
inserted a SPAST Y52C mutant into the pFlag-Tag2B vector by PCR using primers including the desired
mutation. We then performed immunoprecipitation-western blot analysis using indicated antibodies in
HEK293 cells (Fig. 6B). Moreover, the poly-ubiquitination of the SPAST Y52C mutant mediated by the
interaction with FBXL17 as a substrate recognition component was con�rmed (Fig. 6C). As shown above,
in the SPAST Y52C mutant the FBXL17 binding site is destroyed, which increases the protein stability of
the SPAST Y52C mutant via inhibition of poly-ubiquitination. Therefore, we con�rmed that SPAST-M1
was poly-ubiquitinated in the nuclear compartment by binding to FBXL17 and SCF complex (Fig. 3). This
�nding, along with previous reports, led us to investigate other possibilities underlying pathogenicity,
considering that oxidative stress plays a major role in the pathogenesis of several neurodegenerative
diseases, including Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis, and hereditary
spastic paraplegia (26) (27). To determine the pathogenicity of the SPAST Y52C mutant, oxidative stress
mediated apoptotic cell death as con�rmed by the change in mitochondrial membrane potential
evidenced by the JC-1 assay in HeLa cells transfected with Flag-SPAST WT or Y52C and quanti�ed using
ImageJ software (Fig. 6D and 6E). In addition, we performed western blot analysis in HEK293 cells
transfected with Flag-SPAST WT or Y52C plasmids with or without H2O2 treatment. Unlike SPAST WT
expression, the expression of the mutant seemingly induced ER stress markers, such as ATF4 and CHOP,
as well as apoptotic signaling, including p53 and PUMA, eventually leading to apoptotic cell death (Fig.
6F and G).

Of note, mutations of SPAST causing HSP often impair the microtubule severing activity of SPAST. To
evaluate the severing ability of the SPAST Y52C mutant, we transfected ReNcell CX with EGFP-empty,
EGFP-SPAST-M1 WT, and Y52C plasmids by electroporation. After 24 h, we performed
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immuno�uorescence analysis with acetylated α-tubulin antibodies and quanti�ed �uorescence using the
ImageJ software. Results indicated that SPAST Y52C expression signi�cantly reduced acetylated α-
tubulin levels similar to WT; thus, we con�rmed that the SPAST Y52C mutation did not affect microtubule
cleavage activity (Fig. 7A and Supplementary Fig. 11). To determine the difference in neuronal
differentiation of the SPAST Y52C mutant, we performed immuno�uorescence analysis with a Tau
antibody (as an axonal marker) in ReNcell CX expressing EGFP, EGFP-SPAST WT, or Y52C under neuronal
differentiation conditions for 2 d. Axonal staining was measured and quanti�ed using ImageJ software.
Results showed that SPAST Y52C expression signi�cantly reduced neurite length compared to SPAST WT
(Fig. 7B). In addition, Since SPAST Y52C mutant affected cell death and axonal outgrowth, we aimed to
further dissect the pathophysiological implications of a deregulated FBXL17-SPAST axis. ReNcell CX are
neuronal progenitor cells that can grow fast and differentiate into multilineage cells of the brain, therefore
they are an appropriate in vitro model to evaluate the pathogenicity of SPAST Y52C. Notably, providing
3D culture conditions help increase physiological relevance. To address this, ReNcell CX were transduced
by SPAST WT or Y52C- expressing lentiviral vector, proliferation and differentiation assays were
performed in 3D conditions, and quanti�ed by measuring the diameter. The size of neurosphere was
signi�cantly reduced in SPAST Y52C transduced cells compared to SPAST WT (Fig. 7C-7E). Because the
size of neurosphere was in�uenced by proliferation capacity, a reduced size implied that SPAST Y52C
negatively regulate cell growth in 3D conditions. Furthermore, the capacity of multilineage differentiation
was reduced by SPAST Y52C, but it was tangibly rescued by MLN4924 treatment used as an inhibitor of
SCFFBXL17 ubiquitin ligase (Fig. 7F-7H). Collectively, mutant proteins, which escapes regulation by the
SCFFBXL17 E3 ubiquitin ligase complex, caused a loss of functionality with aberrant quantity and induced
pathogenicity under oxidative stress via apoptotic signaling.

Discussion
Herein, we discovered that the SPAST-M1 protein was precisely regulated by ubiquitination via the
SCFFBXL17 complex. The ubiquitin-proteasome pathway plays a critical role in eliminating aberrant
proteins in cells. The sequential activation of E1 (ubiquitin-activating enzyme), E2 (ubiquitin-transferring
enzyme), and E3 (ubiquitin-ligating enzyme) induces the polyubiquitin chain on the lysine residue of the
substrate and completes its degradation (13). The SCF complexes are well-characterized, and the
substrate speci�city of SCF complexes is determined by the F-box protein, which harbors the F-box
domain. More than 60 F-box proteins have been identi�ed and target each substrate protein, thereby
being implicated in controlling various diseases (11).

The protein expression patterns of SPAST-M1 were inversely correlated with FBXL17 during neuronal
differentiation in mouse embryos and human neuronal progenitor cells (Fig. 1). While the transcriptional
regulation of SPAST-M1 has been studied, nuclear respiratory factor-1 (NRF-1) and SRY-box transcription
factor 11 (Sox11) play a role, the regulation of protein stability is not well understood (28). Comparing the
SPAST-M87 protein, low protein quantity SPAST-M1 protein was in neurons. In addition, SPAST itself is
implicated in lysosome-mediated cellular compartment degradation via interaction with the endosomal
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sorting complex required for transport III (ESCRT-III), a component of the endocytosis machinery (29, 30)
and plays a role in endocytosis and lysosomal protein degradation (31).

Speci�c interactions between SPAST-M1 and FBXL17 suggested the existence of a BTB domain in the N-
terminus (aa 1–86) of SPAST-M1 (Fig. 2) since SCFFBXL17 eliminated nonfunctional proteins by
interacting with FBXL17 and BTB domain proteins (17). Indeed, searching the BTB domain using
bioinformatics demonstrated that SPAST-M1 possesses a highly conserved BTB domain (Supplementary
Fig. 3). FBXL17 regulated the protein quantity of SPAST-M1 via nuclear poly-ubiquitination, while the
absence of the BTB domain of SPAST-M87 maintained a greater protein quantity compared to SPAST-M1
(Fig. 3). SPAST-M1 was co-precipitated with Cullin1 and Skp1, compartments of the SCF complex,
indicating that SPAST-M1 is a substrate SCFFBXL17. Few proteins, such as Sufu and BACH1, are
substrates of SCFFBXL17, except for the BTB domain family (32, 33). Here, we identi�ed that SPAST-M1 is
a new member of the SCFFBXL17 substrate.

Interestingly, interactions between SPAST-M1 and the SCFFBXL17 complex and poly-ubiquitination only
occurred in the nucleus (Fig. 3D and 3E). Therefore, we investigated the differentiation of the modi�cation
status of SPAST-M1 protein in each cellular portion. F-box proteins require PTM of the substrate, such as
phosphorylation and acetylation (13). In particular, phosphorylation shows crosstalk with ubiquitination
by regulating E3 ubiquitin ligase activity or binding a�nity F-box protein (34). We observed CK2-mediated
phosphorylation of both FBXL17 and SPAST-M1 in vivo and in vitro. FBXL17 phosphorylation was
involved in substrate recognition, as a modi�ed size appeared in the presence of SPAST-M1. However, it
was not critical for SPAST-M1 ubiquitination, while the phosphorylation of SPAST-M1 was required for
evasion from the SCFFBXL17 complex (Fig. 4 and Supplementary Fig. 8). SPAST-M1 harbors multiple
phosphorylation sites, including CK2, since increasing protein size was relatively higher than ordinary
phosphorylation, and the phosphorylated form was detected in the nucleus using an anti-pThr antibody.
Previously, HIPK2 was discovered as a kinase and phosphorylated serine 268 of SPAST (21). We identify
that SPAST and FBXL17 are a novel potential substrates for CK2 kinase protein, and phosphorylation of
SPAST by CK2 contributes to its protein stabilization. We also showed that the phosphorylation of
SPAST-M1 extend protein half-life and helps restore the function of SPAST.

Regulation of CK2 may provide a method to restore functional SPAST-M1, but it seemed ineffective since
SPAST-M1 was under control by multiple kinases; thus, the direct inhibition of poly-ubiquitination was
tested. The Cullins family requires neddylation to activate E3 ubiquitin ligase for the substrate (35).
Therefore, we inactivated Cullins directly by inhibiting neddylation to increase SPAST-M1 protein levels
and effectively induce neuronal differentiation.

Among mutations occurring in exon 1of SPAST in the patient group, the Y52C mutation from the
Japanese family was the only mutation in the BTB domain (22). The Y52C mutant could not interact with
FBXL17, thereby avoiding degradation by the SCFFBXL17 E3 ubiquitin ligase complex, resulting in
abnormal accumulation of SPAST protein in the ER, which may induce pathogenic phenomena
associated with oxidative stress in HSP. However, most SPAST mutations occur in the AAA ATPase region.
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Our �ndings provide no suggestions regarding therapeutic application against HSP induced by SPAST
dysfunction due to mutations in this region.

Conclusions
We discovered that the SCFFBXL17 E3 ubiquitin ligase complex recognizes SPAST-M1 via the BTB domain,
further suggesting a mechanism to regulate poly-ubiquitination of SPAST-M1 for HSP therapeutics.

Abbreviations
MT Microtubule

AAA ATPase with diverse cellular activities

ER Endosomal reticulum

AD Autosomal dominant

HSP Hereditary spastic paraplegias

FBXL17 F-box and leucine-rich repeat protein 17

SCF Skp1-Cul1-F-box protein

FBXWs F-box and WD repeats protein

FBXOs F-box only protein

FBXLs Leucine-rich repeats protein

BACH1 BTB and CNC homology 1

KLHL3 Kelch-like Family Member 3

KEAP1 Kelch-like ECH-associated protein 1,

DCAF8 DDB1 And CUL4 Associated Factor 8,

USP20 Ubiquitin Speci�c Peptidase 20,

GST Glutathione S-transferase,

CK2 Casein kinase 2,

CRL Cullin-RING E3 ubiquitin ligase,
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NRF-1 Nuclear respiratory factor-1 a,

Sox11 SRY-box transcription factor 11,

ESCRT-III Endosomal sorting complex required for transport III
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Figures

Figure 1

Screening of novel E3 ubiquitin ligase for SPAST using human protein microarray. (A) Schematic
showing the screening of E3 ubiquitin ligase for SPAST-M1 through HuProtTM v3.1 protein microarray. (B)
Schematic diagram of HuProtTM protein microarray data analysis and �ltering method involving SPAST
protein. (C) Quanti�cation of the relationship between SPAST and ubiquitin pathway-related genes using
the array. (D) mRNA analysis of Spast-M1, Fbxl17, and neurogenesis marker genes from forebrain (FB) to
spinal cord (SC) tissues of mouse embryos at indicated days. (E) Western blot analysis of SPAST-M1 or
M85, FBXL17, and MAP2 as a neuronal marker from FB to SC tissues of mouse embryos at indicated
days. Protein intensities quanti�ed using densitometry and normalized to β actin expression. (F)
Immunostaining of SPAST and FBXL17 on the cerebral cortex and SC. (G) During neural differentiation,
mRNA expression of SPAST-M1 and FBXL17 from ReNcell CX at the indicated days. (H) During neural
differentiation, protein expression of SPAST-M1 or M87, FBXL17, MAP2, and Tau from ReNcell CX. The
MAP2 and Tau expression was used as neural markers. All experiments were performed in duplicate, data
are expressed as the mean of two samples with standard deviation, and results are representative of two
independent experiments. (*P < 0.05; ** P < 0.01; ns, not signi�cant)
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Figure 2

SPAST interacted with FBXL17, a substrate recognition component of SCF E3 ubiquitin ligase. (A)
Immunostaining of GFP and FBXL17 in HeLa cells after transfection with GFP empty, GFP-SPAST-M1, or
GFP-SPAST-M87 plasmids. DAPI was used for nuclear staining. Scale bar: 50 μm. (B)
Immunoprecipitation and western blot analysis of the interaction between Flag-tagged SPAST and
endogenous SCFFBXL17 complex in HEK293 cells. (C) Interaction of endogenous SPAST and FBXL17 was
analyzed by immunoprecipitation and western blotting from ReNcell CX.  (D) Schematic representation of
SPAST N-terminal deletion mutants. Interaction capacity between SPAST deletion mutants and FBXL17 is
indicated by an asterisk. (E) Immunoprecipitation was performed using the anti-Flag-gel from HEK293
cells transfected with the indicated plasmids, and IP samples were analyzed using western blotting. (F)
The pull-down assay with glutathione agarose beads from HEK293 cells transfected with the indicated
plasmids and analyzed using western blotting. (G) Schematic representation of FBXL17 N-terminal
deletion mutants. Interaction capacity between FBXL17 mutants and SPAST is indicated with the symbol.
(H) Schematic showing the F-box domain (pink) and leucine-rich repeats domain (LRRs, purple) of the
FBXL family members. (I) Immunoprecipitation and western blot analysis from HEK293 cells transfected
with the indicated plasmids. (J) In vitro binding assay was performed with puri�ed GST-tagged SPAST-
M1, GST-KLHL, GST-alone, and His-tagged FBXL17-ΔNT1 (318-701 a.a.) from the E.coli expression
system and analyzed using western blotting. All IP and WB experiments were performed in triplicate.

Figure 3

The SCFFBXL17 E3 ligase complex induces poly-ubiquitination and proteasomal degradation of SPAST. (A)
HEK293 cells were transfected with indicated plasmids followed by 10 μM MG132 treatment for 16 h and
analyzed using western blotting. (B) After transduction on ReNcell CX with a lentiviral-vector expressing
FBXL17, protein expression was detected using western blotting in the presence or absence with MG132.
(C) HEK293 cells were transfected with HA-tagged SPAST-M1 and Flag-tagged FBXL17 plasmids followed
by 50 μg/ml cycloheximide (CHX) treatment for indicated times, analyzed using western blotting, and
protein intensities quanti�ed using ImageJ software. The assays were performed in triplicates and error
bar represents SD. (D) HEK293 cells were transfected with indicated plasmids followed by MG132, and
total cell lysates were separated into nuclear and cytoplasmic fractions. The same amounts of cell
lysates were immunoprecipitated with anti-Flag-agarose gel followed by western blotting with indicated
antibodies. (E) HEK293 cells were transfected with Flag-SPAST-M1 or M87 plasmids, treated with MG132,
and separated into subcellular fractions. Poly-ubiquitination of SPAST-M1 or M87 was analyzed using
immunoprecipitation and western blotting. (F) In vitro ubiquitination assays were performed by
incubating indicated proteins with the ATP-regeneration buffer system at 37 ℃ for 1.5 h. The proteins
were puri�ed from the E. coli expression system. The cytosolic S100 extract was prepared from HeLa
cells transduced with Lenti-FBXL17 shRNA for 72 h. (G) In vitro ubiquitination assays were performed
with GST tagged SPAST-WT or K554R protein under the same conditions in Fig. 3G, analyzed by western
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blotting. All IP and WB experiments were performed in triplicate, and results are representative of three
independent experiments. (*P < 0.05; ** P < 0.01; ns, not signi�cant)

Figure 4

Ubiquitination of SPAST is regulated by CK2-dependent phosphorylation. (A) HEK293 cells were
transfected with indicated plasmids, immunoprecipitated, and analyzed using western blotting. (B) The
indicated proteins were puri�ed from E. coli and incubated with recombinant CK2 protein in the presence
of [γ32P]ATP. Autoradiography shows phosphorylated GST-SPAST. (C) The serine/threonine to alanine
mutants of SPAST with the predicted CK2 phosphorylation site were constructed using PCR with primers
including the desired change. The SPAST mutant plasmids were transfected in HeLa cells and analyzed
using western blotting after immunoprecipitation. (D) Immunostaining of GFP and phospho-CK2
substrate in HeLa cells transfected with GFP empty or GFP-SPAST-M1 plasmids. Scale bar: 50 μm. (E)
After transfection of Flag-SPAST-M1 or M87 plasmids in HeLa cells, nuclear and cytoplasmic fractions
were separated and analyzed using western blotting. (F) HEK293 cells were transfected with indicated
plasmids and treated with CX-4945 (for 24 h with 5uM) or calyculin A (for 15 min with 10 nM), followed
by isolation of nuclear and cytoplasmic fractions and analysis using western blotting. All experiments
were performed in triplicate, and results are representative of three independent experiments.

Figure 5

Inhibition of SCFFBXL17 E3 ubiquitin ligase by MLN4924 stabilizes SPAST protein. (A) Schematic of
mechanism for MLN4924-mediated inhibition of SCF complex (B) HEK293 cells were transfected with
indicated plasmids, treated with 0.2 and 1 μM MLN4924 for 24 h at 37 ℃, and analyzed using western
blotting. SPAST intensity bands were quanti�ed using the densitometric program ImageJ. (C) After
transfection with indicated plasmids, HEK293 cells were treated with 50 μg/ml CHX for indicated times,
analyzed using western blotting, and quanti�ed using ImageJ software. The assays were performed in
triplicates and error bar represents SD. (D) HEK293 cells were transfected with indicated plasmids and
treated with MG132 and/or MLN4924 at the indicated concentrations for 24 h. Poly-ubiquitination of
SPAST was analyzed using western blotting after immunoprecipitation with anti-Flag-agarose gel. (E)
ReNcell CX were transfected with a GFP-expressing vector after neural differentiation for 2 d in the
presence or absence of paclitaxel and MLN4924 singly and together, cells stained with GFP, and
acetylated a-tubulin and quanti�ed using ImageJ software. Scale bar: 20 μm (F) Under the same
condition as in Fig. 5E, protein expression of SPAST-M1, FBXL17, and Cullin1. (G) After transduction on
ReNcell CX with a LV expressing shRNA for silencing of FBXL17, cells were analyzed using western
blotting in the presence or absence with MG132. (H and I) ReNcell CX were transduced with lentiviral
expressing shRNA-FBXL17 (containing GFP) or scrambled non-targeting shRNA, after neuronal
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differentiation for 2 d, and then immunostained with GFP, acetylated a-tubulin (as a marker for
microtubule density), and Tau (as a marker for axonal length). Scale bar: 20 μm (J) Immunostaining was
quanti�ed using ImageJ software. All experiments were performed in duplicate, and results are
representative of two independent experiments. (*P < 0.05; ** P < 0.01; ns, not signi�cant)

Figure 6

The pathogenicity of SPAST-Y52C mutation identi�ed in a patient with HSP. (A) Structure of SPAST-M1
protein and its domains with the location of the mutations previously identi�ed from patients with HSP.
(B) The tyrosine 52 residue to cysteine mutant of SPAST (Y52C), identi�ed from a patient with HSP, was
constructed using primers to include the desired change. HEK293 cells were transfected with the
indicated plasmids and analyzed using western blotting after immunoprecipitation with anti-Flag agarose
gel. (C) After transfection with indicated plasmids in HEK293 cells, cells were treated with MG132 for 24
h, separated into nuclear fractions, and analyzed by immunoprecipitation and western blotting. (D and E)
HeLa cells were transfected with pFlag-SPAST-M1-WT or Y52C and treated with 100 μM H2O2 for 24 h.
And then, cells were stained with JC-1 �uorescence dye and quanti�ed with ImageJ software. (Scale bar:
50 μm). (F) Protein expressions were analyzed by western blotting under the same conditions shown in
Fig. 6D. (G) HeLa cells treated as in �g. 6D was counted with an automated cell counter. All experiments
were performed in duplicate, data are expressed as the mean of two samples with SD, and results are
representative of two independent experiments. (*P < 0.05; ** P < 0.01; ns, not signi�cant)

Figure 7

The pathogenicity of SPAST-Y52C was rescued by the inhibition of SCFFBXL17 in a 3D model. (A) After
transfection with indicated plasmids in ReNcell CX were stained with GFP and acetylated α-tubulin
antibodies. Fluorescence intensities of acetylated α-tubulin quanti�ed with ImageJ software. Scale bar:
50 μm (B) ReNcell CX were transfected with indicated plasmids after neuronal differentiation for 2 d and
stained with GFP and Tau antibodies. Scale bar: 20 μm. Quanti�cation of mean axonal length in each
group (C) ReNcell CX were transduced with each indicated lentiviral vector (LV, with 5 MOI) and
transferred to ultra-low binding well plates. Cells were cultured under orbital shaking conditions for 4 d,
and observed under a microscope using bright �eld and GFP �lter (Scale bar: 100 μm). (D) The
neurospheres’ diameter was measured and quanti�ed with ImageJ software. (E) The protein expression
of SPAST-WT or Y52C was detected by western blotting using SPAST antibodies. (F) After transduction
with each indicated lentiviral vector (5 MOI), ReNcell CX were cultured under orbital shaking for 4 d and
then another 4 d under differentiation conditions with or without 5 μM MLN4924. Cells were observed
under a microscope using bright �eld and a GFP �lter (Scale bar: 100 μm). (G) The neurospheres’
diameter was measured and quanti�ed. (H) The protein expression were detected by western blotting
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using indicated antibodies. MAP2 was used as a mature neural marker, and GFAP was used as an
astrocyte marker. All experiments were performed in triplicate, data are expressed as the mean of three
samples with SD, and results are representative of three independent experiments. (*P < 0.05; ** P < 0.01;
ns, not signi�cant)
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