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Abstract

We aimed to find a new causative gene and elucidate the molecular mechanisms underlying a new type of hereditary spastic
paraplegia (HSP). Patients with HSP were recruited from the Japan Spastic Paraplegia Research Consortium (JASPAC).
Exome sequencing of genomic DNA from patients in four families was carried out, followed by Sanger sequencing of the
UBAPI gene. A mouse homolog of one UBAP! frameshift mutation carried by one of the patients was created as a disease
model. Functional properties of the UBAP1 wild type and UBAP1-mutant in mouse hippocampus neurons were examined.
We identified three novel heterozygous loss of function mutations (c.425_426delAG, c.312delC, and ¢.535G>T) in the
UBAPI gene as the genetic cause of a new type of HSP (SPG80). All the patients presented identical clinical features of a
pure type of juvenile-onset HSP. Functional studies on mouse hippocampal neurons revealed that the C-terminal deletion
UBAPI-mutant of our disease model had lost its ability to bind ubiquitin in vitro. Overexpression of the UBAP1 wild type
interacts directly with ubiquitin on enlarged endosomes, while the UBAPI-mutant cannot be recruited to endosome
membranes. Our study demonstrated that mutations in the UBAPI gene cause a new type of HSP and elucidated its
pathogenesis. The full-length UBAP1 protein is involved in endosomal dynamics in neurons, while loss of UBAP1 function
may perturb endosomal fusion and sorting of ubiquitinated cargos. These effects could be more prominent in neurons,
thereby giving rise to the phenotype of a neurodegenerative disease such as HSP.

Introduction

Supplementary information The online version of this article (https://
doi.org/10.1038/s10038-019-0670-9) contains supplementary
material, which is available to authorized users.

Hereditary spastic paraplegias (HSPs) are a clinically and
genetically heterogeneous group of rare neurodegenerative
disorders characterized by progressive weakness and spas-
ticity of the lower limbs [1]. They can be inherited in an
autosomal dominant (AD), autosomal recessive (AR),
X-linked pattern, or mitochondrial manner with an age of
onset that varies from early childhood to 70 years of age
[1-3]. Their estimated prevalence ranges from 1 to 10/
100,000 depending on the geographic localization [4, 5]. To
date, causative genes or gene loci for HSPs named SPGI to
SPG79 have been reported [6]. However; the genetic
etiology remained unknown in ~40% of the HSP patients or
families [7].
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Ubiquitin-associated protein 1 (UBAPI1), a subunit of
mammalian endosomal sorting complex required for
transport I (ESCRT-I), is coassembled in a stable 1:1:1:1
complex with TSG101, VPS28, and VPS37A [8-10], and
is encoded by the UBAPI gene [MIM: 609787]. The
human and mouse UBAPI proteins exhibit over 90%
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sequence identity. So far as we know, UBAPI is part of a
locus, where loss of heterozygosity frequently occurs in
nasopharyngeal cancer [11]. Besides, some variants of
UBAP] were identified as risk factors in familial fronto-
temporal lobar dementia [12]. The importance of UBAPI
needs to be further underlined.

In this paper, we report six patients from four families
with heterozygous truncating mutations in UBAPI as the
genetic cause of a new type of AD-HSP (SPG80). We
created a mouse homolog of the mutation, and further
characterized the UBAP1 wild type (WT) and UBAPI1-
mutant by examining their functional properties in mouse
hippocampus neurons.

Material and methods
Patient recruitment and clinical evaluation

Six patients from four families were recruited and eval-
uated clinically by the Japan Spastic Paraplegia
Research Consortium (JASPAC) [13], the University of
Yamanashi, and the University of Tokyo. All patients
showed spastic paraplegia as a pure form of juvenile-
onset HSP (Table 1). The pedigree charts are shown in
Fig. la. All patients and relatives gave their signed
informed consent for this study. The Ethics Committee of
the University of Yamanashi approved the project
(Approval number: 734).

Genetic analyses

We carried out whole-exome sequencing of genomic
DNA from patients and both parents of patient III-7 in

family #1. Genomic DNA was extracted from peripheral
blood. Exome capture was performed with a SureSelect
V5 + UTR (Agilent Technologies, CA, USA). Paired-end
sequencing was carried out on a HiSeq2500 (Illumina,
San Diego, CA, USA) using a HiSeq SBS Kit V4 (Illu-
mina, San Diego, CA, USA), which generated 100-bp
reads. We aligned the exome data with a
Burrows—Wheeler Aligner and extracted single-nucleotide
variations using SAMtools. We examined variants of
known HSP genes through whole-exome analysis. The
reference databases utilized included hgl9 (GRCh37)
(http://genome.ucsc.edu), ExAC (http://exac.broa
dinstitute.org), HGMD (https://portal.biobase-interna
tional.com), dbSNP, and the 1000 Genomes Project.
Through screening variants of 87 genes known to be
responsible for HSP or associated diseases (LICAM,
PLP2, ATLI1, SPAST, CYP7B1, NIPAl, SPG7, KIAA0196,
ALDHIS8AI, KIF5A, SPGI11, RTN2, HSP60, ZFYVE26,
BSCL2, ERLIN2, SPG20, ACP33, SLCI6A2, RIPKS,
B4GALNTI, DDHDI, KIFIA, REEPI1, ZFYVE27, FA2H,
PNPLA6, SLC33A1, C9Yorfl2, GJC2, NT5C2, GBA2,
AP4B1, AP5ZI, TECPR2, AP4MI, AP4El, AP4SI,
VPS37A, DDHD2, Cl2orf65, CYP2UI, TFG, KIFIC,
USPS8, WDR4S8, ARL6IP1, ERLINI, AMPD2, ENTPDI,
ARSI, PGAPI, KLC2, RAB3GAP2, MARS, ZFR,
REEP2, CPTIC, IBA57, MAG, CAPNI, FARS2,
ATP13A2, UCHLI, LYST, SACS, ABCDI, TUBB4A,
ALS2, KCNA2, ABHDI2, ANOI0, CLCNI, CSFIR,
GALC, GFAP, KCND3, MECP2, OPAIl, PLA2GO,
POLA3A, PSENI, RNASEHI, SLC25A15, SYNEI, TYR-
OBP, and WDR45), we narrowed down candidate variants
among novel variants of all genes. We carried out
Sanger sequencing of the six candidate genes. We referred
to gnomAD (https://gnomad.broadinstitute.org), ToMMo

Table 1 Clinical characteristics in HSP patients with truncating mutations in UBAP!

Family No. 1 No. 2 No. 3 No. 4

Mutation ¢.425_426delAG c.312delC ¢.535G>T
p-K143Sfs*15 p-S105Pfs*46 p-E179*

Patient -7 1I-6 1I-2 Iv-1 112 1I-2

Age at 15 80 62 34 49 29

examination

Age at onset 10 10 10 10 9 11

Clinical Pure form Pure form Pure form Pure form Pure form Pure form

phenotype

Babinski sign + + - -

Sensory — - - - - -

disturbance

Autonomic — Mild dysuria — — — —

disorder

Others Finger — — — — —
hyperextension

ADL Free-standing Ambulatory with Ambulatory Free-standing Ambulatory with Free-standing
ambulatory two canes with a cane ambulatory two canes ambulatory
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Fig. 1 Pedigrees and sequence A .
analysis of the juvenile-onset Family #1
AD-HSP families. a Pedigrees I
of the juvenile-onset AD-HSP
families we report. Squares
indicate males; circles, females;
slashes, deceased individuals;
shaded (black) symbols,
individuals with HSP; unshaded
symbols, individuals without
HSP; m/w, the heterozygous
mutation in the UBAPI gene
from individuals with HSP;
w/w, no mutation in the UBAPI
gene from individuals without
HSP. b (a, b) Sequence analysis
revealed the c.425_426delAG
mutation in the UBAPI gene in
III-7 from Family #1, and II-6,
IMI-2, and IV-1 from Family #2.
The red arrow delineates the
c.425 nucleotide. The green
underline indicates conserved
AG sequences in normal family
members. ¢, d Sequence analysis
revealed the c¢.312delC mutation
in the UBAPI gene in II-2 from
Family #3 and the c.535G>T B
mutation in the UBAPI gene in
1II-2 from Family #4. The red
arrows delineate the c.312
nucleotide and c¢.535 nucleotide,
respectively

][D—

ﬁmﬁﬁmé

Family #3
1

* Wl

M\g gt

i

“ Bl

(https://www.megabank.tohoku.ac.jp), and the Tokyo
University in-house control database for normal control
reference data.

Cloning of mouse UBAP1 cDNAs

Total RNA from the whole brains of male mice
was extracted using QIAzol lysis reagent (Qiagen, Hilden
Germany), and subsequently reverse-transcribed using a
random primer (nonamer) and PrimeScrit II Reverse tran-
scriptase (Takara Bio, Tokyo, Japan) according to the
manufacturer’s instructions. Full-length mouse UBAP1 was
PCR-amplified and subcloned into pBluescript II-KS
(Stratagene, La Jolla, CA). Purified PCR products were
analysed by DNA sequencing.

B

Family #4

gt ﬂl%&

m/w

a. Family #1 (c.425_426delAG) b. Family #2 (c.425 426delAG) c. Family #3 (c.312delC)

1-6 [\Num“ ﬁw“f\ﬂ,ﬂmﬂm

112 ]\/AU\W ‘J

IHM \m |M| . ‘\“?\ ﬂ/ '
\ Li_J'W WM WAM  d. Family #4 (c.535G>T)

| ll"IJLMA 112 r‘u /\,./\AMM'H

AG

MM‘M\& J“\'m*'} [Lfg“‘ﬁu MR
1

Molecular cloning of mouse UBAP1-mutant cDNAs

11-3

Mouse UBAP1-WT is full-length (amino acids 1-502), and
mouse UBAPI1-mutant (c.425_426delAG) chosen as our
disease model is truncated (amino acids 1-157) according to
gene model GenBank: NM_023305. We used pBluescript-
UBAPI as the template for PCR to prepare a construct of
mouse UBAP1-mutant. The full-length fragment of mouse
UBAPI-mutant  (c.425_426delAG) was cloned from
pBluescript-UBAP1-WT by PCR with the following oligo-
nucleotides: pBS-mUBAPI-Forward: 5-CGGGCTGCAGG
AATTCATGGCTTCTAAGAAGTTGGG-3’; pBS-mUBA
P1-Reverse: 5'-CCCCCTCGAGGTCGACTCAGCTGGCTC
CAGCCCGGG-3'; UBAP1-425-426del-Forward: 5'-ACAA
AGCAAAGTTCTCAGCCCACCC-3’; UBAPI1-425-426del-
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Reverse: 5-GAACTTTGCTTTGTGGCACTACTGC-3'. An
EcoRI restriction site was included in the pBS-mUBAPI-
Forward primer and a Sall restriction site in the pBS-
mUBAP1-Reverse primer. Then the full-length fragment of
mouse UBAPI-mutant was introduced using an In-Fusion
cloning kit (Takara), and then subcloned into pCAII-EGFP
for transfection.

Plasmid constructs

Expression vectors for UBAP1 and ubiquitin (Ub) were
constructed in the pCAII-EGFP and pCAII-HA vectors,
respectively, using standard molecular biological methods.

Primary neuron cultures and immunofluorescence
image acquisition

Primary cultures of hippocampal neurons were prepared from
18-day-old pregnant Wistar rats as described previously [14].
On 11-13 days in vitro (DIV), neurons were transfected with
the indicated expression vectors using Lipofectamine 2000
(Invitrogen). Immunostaining was performed at 13—15 DIV.
The transfected neurons were fixed with 4% paraformalde-
hyde in phosphate-buffered saline (PBS) (pH 7.4) for 30 min
at room temperature, permeabilized with 0.25% Triton X-100
in PBS for 15 min, blocked with 0.25% Triton X-100 and 1%
BSA in PBS for 30 min, and then incubated with primary
antibodies diluted in the blocking solution for 2 h, followed
by secondary antibodies for 1h. Fluorescence images were
acquired by confocal laser microscopy (Fluoview FV1200,
Olympus, Tokyo, Japan) using a x60 oil immersion objective
lens. The fluorescence intensity was manually traced.
Acquisition of microscopy images and morphometric quan-
tification were performed by investigators blind as to the
experimental conditions.

Antibodies

We used the following primary antibodies: anti-MAP2
(1:400, GeneTex); anti-GFP (1:500, Life Technologies);
anti-Rab5 (1:200, Thermo Fisher); anti-Rab7 (1:100,
Thermo Fisher); and anti-HA (1:400, Roche Applied Sci-
ence). To detect the immunofluorescence signals, Alexa
Fluor 488- or 568-labeled secondary antibodies (1:1000,
Molecular Probes, Eugene, OR) were used. For Western
blotting, horseradish peroxidase-linked secondary anti-
bodies (1:2000-1:5000, GE Healthcare, Little Chalfont,
UK) were used.

Western blotting

COS7 cells in 6 cm dishes were transfected with the indi-
cated expression vectors using polyethylenimine. Then the

SPRINGER NATURE

cells were collected and lysed with boiling SDS-PAGE
buffer, electrophoresed, and transferred to nitrocellulose
membranes. After a blocking reaction (5% nonfat dry milk
in Tris-buffered saline, pH 7.4, 0.05% Tween-20), primary
antibodies (anti-GFP, 1:500) were incubated overnight at
4°C in the blocking buffer. After incubation with a sec-
ondary antibody, an enhanced chemiluminescence proce-
dure was performed.

Statistics

The UBAPI distribution pattern was morphologically
classified by investigators blind as to the transfected con-
struct into “punctate”, “homogeneous distribution”, and
“others”. For each observation, these rates were calculated.
The observation data for three experiments were used col-
lectively for statistical analysis. A two-way ANOVA and a
post hoc Sidak’s multiple comparison test were used for
classification of the intracellular distributions of UBAP1-
WT and UBAPI-mutant. Statistical significance was
assumed when p <0.01.

Results
Gene analysis

There were 14 common variants (rs5490007670, rs10594016,
152289189, rs775200011, rs13438232, rs10079250, rs398607,
151126642, rs7624750, rs17849654, rs2306914, rs214950,
1s2295191, and 1s2295192), 11 out of the 87 genes are listed
above, but no suspect variants in all four families.

In family #1, we identified five novel de novo variants in
a heterozygous state in five genes (UBAPI, MUCI2,
Cl20rf55, GOLGA6L6, and ANKRD36C), and three novel
variants in a compound heterozygous state in one gene
(CNTNAP3B) in patient III-7 on exome sequencing. On
Sanger sequencing, we reconfirmed only one de novo small
deletion variant in the UBAPI gene (Fig. 1b). Six other
missense variants of the four genes (MUCI2, CIl2orf55,
ANKRD36C, and CNTNAP3B) were not reconfirmed and
thus we judged them to be errors. It was difficult to confirm
one variant of the GOLGA6L6 gene by Sanger sequencing
due to the existence of huge analogous sequences. There-
fore, we found only one likely candidate frameshift muta-
tion (c.425_426del, p.K143Sfs*15) of the UBAPI gene
(GenBank: NM_016525.4).

After analysis of family #1, we screened the whole-
exome sequencing data for 2376 index cases including 330
cases with HSP from the JASPAC database and another
2046 cases (1567 index cases with various neurological
disorders from the Tokyo University in-house database, 315
cases with multiple system atrophy from the JAMSAC
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database, and 164 normal controls) to confirm that the
UBAPI gene is associated with HSP. By this means, we
found additional one nonsense and two frameshift muta-
tions in UBAPI in the JASPAC database and Tokyo Uni-
versity in-house database, respectively. In addition, we
found seven missense variants and one in-frame deletion
variant in these databases (c.43A>G, c.107T>G, ¢.347C>T,

c.670G>C, ¢.782G>A, ¢989C>T, «¢.1328T>C, and
c.1185_1187delTGT).
We  detected the same frameshift mutation

(c.425_426del, p.K143Sfs*15) of the UBAPI gene in IV-1
of family #2, another frameshift mutation (c.312delC, p.
S105Pfs*46) in 1I-2 of family #3, and a nonsense mutation
(c.535G>T, p.E179%) in III-2 of family #4 from the exome
sequencing data (Fig. 1b). We reconfirmed all three variants
of the UBAPI gene on Sanger sequencing. All four muta-
tions are frameshift or nonsense ones, and all patients have
common clinical pictures of the pure type of juvenile-onset
HSP. In addition, we carried out Sanger sequencing of
genomic DNA from another two patients and one unaf-
fected relative in family #2 (II-6, III-2, and III-3) and
confirmed that only the patients have the same mutation
(Fig. 1b). Thus, these results would provide evidence for
cosegregation. We could not obtain cooperation from the
members of families #3 and #4.

Meanwhile, we judged all missense variants and an in-
frame deletion to be noncausative variants for the fol-
lowing reasons. One variation (c.43A>G) was found in
one HSP patient, one cerebellar ataxia patient and a
healthy control. In addition, this variant was registered in
ToMMo. Other variants were found in three HSP patients
(c.670G>C, c.782G>A and c.1185_1187delTGT), three
MSA patients (c.107T>G, ¢.989C>T and c.1328T>C),
and one myopathy patient (c.347C>T). Among the three
HSP patients, two show a complicated type and are SACS
mutation carriers. In another patient the onset age was 49.
These clinical features differ from those of the four
families mentioned above with the pure type of juvenile-
onset HSP.

As a result, we judged UBAPI to be a novel causative
gene of AD-HSP (SPGB80) at least in a state of null mutation
heterozygosity. The pathogenicity of other variants remains
uncertain.

Protein function analysis
The UBAP1-mutant is a C-terminal deletion mutant

Mammalian UBAP1 protein interacts with Ub via its
C-terminal SOUBA domain (residues 381-502), and uti-
lizes its N-terminal UMA domain (residues 17-63) to bind
the central stalk region of ESCRT-I. Besides, it contains a
central region (residues 159-308) that binds ESCRT

accessory protein HD-PTP (His domain protein tyrosine
phosphatase; PTPN23) (Fig. 2a). HD-PTP regulates several
Ub-dependent endosomal trafficking processes by binding
to ESCRT subunits including UBAP1 [15-17].

All the UBAPI mutations carried by the four pedigrees
we report generated prematurely truncated proteins with
complete loss of the SOUBA domain in the C-terminal
region of UBAPI, the N-terminal UMA domains all being
intact (Fig. 2a). As a result, the predicted consequences of
these mutations will be a complete loss of Ub-binding
function during endosomal sorting activities, and com-
pletely preserved efficiency of binding to the central stalk
region of ESCRT-I. As Pedigrees 1 and 2 shared the same
mutation (p.K143Sfs*15), which resulted in a premature
stop codon at position 157 in both human and mouse
UBAPI, we choose this mutation as the disease model and
created a mouse c.425_426delAG homolog for a protein
function study. We generated a plasmid encoding the
truncated UBAPI1 protein with a GFP (green fluorescent
protein) tag fused to the N-terminal region. For Western
blot analysis, the GFP-tagged UBAP1-WT and UBAPI-
mutant plasmids were transfected into COS7 cells. GFP was
also transfected as a loading control. Western blot analysis
gave three specific bands with an anti-GFP antibody. The
83.1kDa molecular weight band corresponds to GFP-
UBAPI-WT, while the 45.3kDa molecular weight one
corresponds to GFP-UBAP1-mutant (Fig. 2b). This finding
demonstrated truncated cytoplasmic protein expression of
UBAPI-mutant. This C-terminal deletion UBAP1-mutant
of our disease model has lost its Ub-binding domain, which
is crucial for endosomal sorting of ubiquitinated cargos.

UBAP1 overexpression in primary cultured neurons

To investigate the functions of UBAP1-WT and UBAPI-
mutant in neurons, we used an in vitro cell culture model
that recapitulates key in vivo features of UBAPI. To
determine if there was a systematic change in cell mor-
phology in vitro, we transfected mouse hippocampal neu-
rons in a dispersed cell culture with GFP-UBAPI1-WT and
GFP-UBAPI-mutant. The accuracy of identifying processes
of hippocampal neurons was confirmed by double immu-
nofluorescence with anti-MAP2 (a dendritic protein, which
was a useful marker for identifying neurons in this study
[18]). The hippocampus is a source of relatively homo-
geneous neurons exhibiting a stereotypical manner of dif-
ferentiation in vitro, representing an ideal system to observe
the morphological effects of various experimental condi-
tions for neuron study [19].

As shown in Fig. 3a, both UBAP1-WT and UBAPI1-
mutant transfected mouse hippocampal neurons displayed a
uniform size and shape. However, the overexpression of
UBAPI1-WT protein gave a punctate fluorescence pattern in

SPRINGER NATURE
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Fig. 2 The UBAPI-mutant is a C-terminal deletion mutant. a A
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hippocampal neurons. In contrast, the overexpression of
UBAPI1-mutant proteins gave a diffuse fluorescence pattern.
This experiment was performed three times with repro-
ducible similar results. A total of 214 neurons either
transfected with UBAP1-WT or UBAPI-mutant were cho-
sen blindly and randomly for statistical classification. These
neurons were divided into three morphological patterns
(Fig. 3b). The first pattern was named “punctate”, in which
discrete speckles or brightly and distinctly clustered larger
granules were seen within the cytoplasm. The nucleolar
region was negative. This punctate pattern accounted for
70.60 = 11.06% GFP-UBAP1-WT transfected neurons and
3.93 + 1.98% GFP-UBAPI-mutant transfected neurons (p <
0.01). The second pattern was named “homogeneous dis-
tribution”, in which there was diffuse fluorescence of the
entire neurons as well as the nucleus region with uniform
intensity. This homogeneous distribution pattern accounted
for 80.62 +7.42% UBAPI1-mutant transfected neurons and
23.46 + 10.58% UBAPI1-WT transfected neurons (p <0.01).
The third pattern was named “others” due to an irregular
morphology which was difficult to classify as either the first
or second pattern. This pattern accounted for a very small
proportion of neurons, which thus could be ignored. Thus,
the morphology on the overexpression of UBAP1-mutant is
quite different from that of UBAP1-WT in a primary culture
of mouse hippocampal neurons. The overexpression of
UBAPI-WT generates discrete puncta in the neuron cyto-
plasm, which is absent from UBAPI-mutant neurons. The
overexpression of UBAP1-mutant gave homogeneous dif-
fusion in the neuron cytoplasm and throughout the nucleus.

UBAP1 is colocalized with endosomes

The ESCRTs facilitate endosomal sorting of ubiquitinated
cargos. ESCRT-0, -I, and -II capture ubiquitinated mem-
brane proteins for sorting into intraluminal vesicles within
endosomes to form structures known as multivesicular
bodies [20]. During this process, UBAPI as the subunit of
ESCRTH-I is recruited to endosome membranes [21, 22].
Rab5 small GTPase has been shown to be required for
early endosome fusion and is used as an early endosome
marker [23]. Rab7 small GTPase mediates late endosomal
trafficking and fusion with autophagosomes, and thus is
used as a late endosome marker [24]. To investigate the
relationship between endosomes and our observation of
UBAPI-positive puncta, GFP-UBAPI1 transfected neurons
were stained for the two above-mentioned markers, and
then imaged by confocal microscopy. We found that GFP-
UBAPI1-WT-positive structures were colocalized in early
endosomes, as labeled with the standard early endosome
marker Rab5, and in late endosomes, based on
Rab7 staining. In contrast, the diffuse fluorescence pattern
of GFP-UBAPI-mutant overexpression was not colocalized

with either marker of endosomes (Fig. 4). These studies
revealed that the full-length UBAP1 protein is localized on
expanded endosomes in the neuron cytoplasm. On the other
hand, the UBAP1-mutant cannot be recruited to endosome
membranes.

Overexpression of UBAP1-WT, but not mutant UBAP1,
enhances ubiquitin association with endosomes in neurons

After endocytosis, some membrane proteins are recycled from
early endosomes to the plasma membrane, whereas others are
transported to late endosomes and lysosomes for degradation
[25]. Conjugation with the small polypeptide Ub is a signal
for endosome-lysosomal sorting [26, 27]. To investigate the
Ub-binding functions of UBAP1-WT and UBAP1-mutant in
mammalian neurons, mouse hippocampal neurons were
cotransfected with HA-Ub and either UBAPI-WT or
UBAPI1-mutant for confocal immunofluorescence micro-
scopy. We firstly cotransfected hippocampal neurons with
HA-Ub and GFP, and then studied the localization of the
exogenous Ub in the neuron cytoplasm. Neurons transfected
with GFP, UBAP1-WT, or UBAPI-mutant alone were
observed as control groups. As shown in Fig. 5, the exo-
genous Ub was distributed homogeneously around the
nucleus in the neuron cytoplasm. Although the over-
expression of UBAP1-mutant also exhibited a homogeneous
distribution in the neuron cytoplasm, it is noteworthy that it
could diffuse across the nuclear boundary. Therefore,
UBAPI1-mutant is unlikely to be colocalized with exogenous
Ub, which is absent from the nucleus region in hippocampal
neurons. On the other hand, exogenous Ub showed a punctate
fluorescent pattern in hippocampal neurons cotransfected with
UBAPI-WT. Significantly, in these cotransfected neurons we
observed strong colocalization of UBAP1-WT and exogenous
Ub. This experiment was performed three times with repro-
ducible similar results. As noted earlier in the text, over-
expression of UBAPI-WT is localized on expanded
endosomes; we further demonstrated that UBAP1-WT inter-
acts directly with Ub on endosomes in vitro, while UBAP1-
mutant loses its ability to bind Ub as expected in silico.

Discussion

We report that heterozygous loss-of-function mutations in
UBAPI lead to HSP (SPGS80). The patients’ common
clinical features are juvenile-onset, slowly progressive, and
a pure form of HSP with AD or de novo inheritance.
According to our statistics based on the JASPAC data, HSP
due to a UBAPI mutation occurs at a frequency of 0.56% in
all HSP patients and 1.5% in AD-HSP patients in Japan. At
the same time, we found some heterozygous missense
variants of UBAPI in some neurodegenerative disease
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GFP

GFP-UBAP1 WT

GFP-UBAPI1 mutant

Rab5

Rab5/ Rab7

Fig. 4 UBAPI1 is colocalized with endosomes. The overexpressed
UBAPI-WT puncta are costained with endosomal Rab5 and Rab7.
Mouse hippocampal neurons were transfected with pEGFP-UBAPI1-
WT or pEGFP-UBAPI-mutant for 48h and permeabilized before
fixation. The cells were stained with a primary antibody against Rab5

Rab7

Rab5 Rab7

Scale bar: 20 pm

or Rab7 and secondary antibodies as described under Materials and
Methods. Control images of the GFP-transfected cells are shown in the
left lane. DAPI fluoresces blue; GFP fluoresces green; Rab5/Rab7 is
dyed magenta. Cyan in the merged images indicates colocalization.
Scale bar, 20 um

Fig. 5 The overexpressed UBAP1-WT is colocalized with ubiquitin,
while UBAPI-mutant is not. Mouse hippocampal neurons transfected
with pEGFP, pEGFP-UBAPI1-WT, or pEGFP-UBAP1-mutant were
cotransfected with HA-Ub for 48 h and permeabilized before fixation.
Then the neurons were stained for confocal immunofluorescence

patients having family histories of HSP. However, they
exhibit a variety of clinical features, such as spastic para-
plegia, multiple system atrophy, or spinocerebellar ataxia.
Therefore, evaluating the pathogenic effect of missense
variants of UBAPI will require further studies.

The functions of the proteins involved in HSPs are
converging on a group of common pathogenic themes at the
cellular level, such as axon pathfinding, myelination,
endoplasmic  reticulum network morphology, lipid
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microscopy with anti-HA (Ms) antibodies as described under “Mate-
rials and methods” section. Control images of the HA-Ub non-
transfected cells are shown at the left in each lane. DAPI fluoresces
blue; GFP fluoresces green; HA-Ub is dyed magenta. Cyan in the
merged images indicates colocalization. Scale bar, 20 um

metabolism, motor-based transport, mitochondrial function,
and endosomal dynamics [6, 28]. To date, more HSP pro-
teins have been implicated in endosomal dynamics than any
other themes, including SPG4/spastin, SPG6/NIPA1, SPGS8/
strumpellin, SPGI1/spatacsin, SPG15/spastizin, SPG20/
spartin, SPG21/maspardin, SPG47/AP-4, SPG48/AP-5,
SPG49/TECPR2, SPG53/VPS37A, SPG59/USPS, SPG60/
WDR48, and SPG78/ATP13A2. Among them, SPG4 pro-
tein spastin and SPG20 protein spartin have been implicated
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in ESCRT-III protein. Spastin harbors a microtubule inter-
acting and trafficking (MIT) domain that binds the ESCRT-
III subunits CHMP1B and IST1, thereby coupling the
severing of microtubules with membrane scission. These
ESCRT interactions are crucial for spastin’s role in severing
of microtubules to complete the abscission phase of cyto-
kinesis [29-31]. It is worth mentioning that SPG4 is the
most common AD HSP. Spartin harbors an MIT domain as
well and interacts selectively with ESCRT-III subunit IST1
to participate in cytokinesis [32]. Although spastin and
spartin have also been implicated in other pathogenic
themes, one possible pathogenic mechanism for HSP is
roles in the ESCRT-III interactions with spastin and spartin
in the delivery and downregulation of cell surface receptors
to regulate signaling in axons [28].

Moreover, another member of the ESCRT system,
VPS37A, has been identified as the disease-causing gene for
SPG53 [33]. The authors showed a homozygous missense
mutation (pK382N) in VPS37A to be the cause of a novel
form of complex AR-HSP. Although functional study of
K382 in the VPS37A mod(r) domain was not performed,
the authors speculated the regulation of protein expression
through its binding to Ub. This binding signals protein
degradation by lysosomes [34].

Therefore, dysfunction of spastin and spartin, which
interact with ESCRT-III, as well as dysfunction of VPS37A
and UBAPI1, which are subunits of ESCRT-I, can point to a
unified pathophysiology of ESCRT-dependent endosomal
sorting activities.

As described in the introduction, UBAP]1 is coassembled
with TSG101, VPS28, and VPS37A to form ESCRT-I via
binding to the central stalk region of ESCRT-I. This
mammalian ESCRT-I central stalk happens to be composed
of the VPS37A-TSG101 combination [9]. Hence, being the
subunits of ESCRT-I, TSG101, VPS37A, and UBAP1 may
exhibit some similarities in the genotype to phenotype
relationship. Interestingly, the mutation of VPS37A causes
complex AR-HSP, while the UBAPI mutation we report is
the genetic cause of pure AD-HSP. Besides, oligoden-
droglial deletion of TSG101 in mice causes spongiform
encephalopathy, a fatal neurodegenerative disease [35].

In this study, we showed that the C-terminal deletion
UBAPI1-mutant of our disease model has lost its Ub-binding
domain and therefore has lost its ability to bind Ub in vitro.
The overexpression of UBAP1-WT interacts directly with
Ub on enlarged endosomes in mouse hippocampal neurons,
while the UBAP1-mutant cannot be recruited to endosome
membranes. Therefore, we conclude that UBAP1-mutant
loses its function of endosomal sorting of ubiquitinated
cargos in neurons.

It is intriguing that the overexpression of the full-length
UBAPI protein induced enlarged Rab5-positive endo-
somes, suggesting that the UBAP1 protein functions in the

early endosomal compartments in neurons. Conversely, the
UBAPI1-mutant cannot be recruited to endosomes. Rab5 is
required for the fusion of early endosomes [23], and over-
expression of the rab5 protein increases the size of early
endosomes [36]. From the results of our experiment, we
assume that UBAP1 overexpression in neurons stimulates
Rab5-dependent endosomal fusion, resulting in enlarged
endosomes. Coincidentally, a type of infantile onset HSP
has been reported resulting from an AR mutation of the
ALS?2 gene encoding the alsin protein, a guanine nucleotide
exchange factor for small GTPases Rab5 and Racl [27].
Rab5-dependent endosomal fusion is impaired in neurons
from Als2 null mice, whereas alsin overexpression in neu-
rons promotes Rab5-dependent endosomal fusion, giving
rise to enlarged endosomes [37—40]. These phenotypic and
functional similarities between ALS2 and UBAPI1 further
demonstrate that endosomal dynamics, including endosome
trafficking and fusion, play crucial roles in the pathogeneses
involving both genes in HSP.

Notably, the drastic enlargement of endosomes in cul-
tured neuronal cells induced by overexpression of the full-
length UBAP1 protein was not observed in COS7 cells,
which were derived from monkey kidney tissue. Both
overexpression of UBAPI-WT and UBAP1-mutant caused
homogeneous diffusion in COS7 cells (Fig. S1). This sug-
gests that neuronal cells might be more amenable to acti-
vation of UBAP1-associated endosomal dynamics, and thus
the devastating effects due to the loss of the UBAP1func-
tional domain could be more prominent in neurons. Such a
neuron-specific effect of loss of UBAP1 function perturbs
endosomal fusion and sorting activities, thereby giving rise
to the phenotype of a neurodegenerative disease such
as HSP.

During the preparing of submitting this article, truncating
mutations in UBAPI were reported in HSP families of
diverse geographic origin [41]. Similarly, the majority of
patients described in that report showed spastic paraplegia
as a pure form of juvenile-onset HSP. In addition, they
found features of cerebellar involvement in one family, and
we report one patient with finger hyperextension.

In conclusion, we report mutations in the UBAPI gene as
the genetic cause of a new type of AD-HSP (SPG80). All the
patients with novel heterozygous frameshift or nonsense
mutations of the UBAPI gene exhibited identical clinical
features as a pure type of juvenile-onset AD-HSP or sporadic
spastic paraplegia with a de novo mutation. Functional studies
revealed UBAP1 is involved in endosomal dynamics in vitro.
Loss of UBAPI1 function may perturb endosomal fusion and
sorting of ubiquitinated cargos in neurons, which may serve
as the pathogenesis in HSP. Knockout mice for our disease
model have been created. Further methods are being devel-
oped to enable study in vivo, and models will be introduced
for new drug screening.
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