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Endosomal sorting complex required for transport (ESCRT) is the major

membrane remodeling complex, closely associated with endolysosomal repair
and hereditary spastic paraplegias (HSP) diseases. Loss of function mutations
in the ESCRT-I component UBAPI1 causes a rare type of HSP (spastic paraplegia
80, SPG80), while the underlying pathological mechanism is unclear. Here, we
found that UBAP1 but not SPG80 causing mutant was efficiently recruited to
damaged lysosomes and mediated lysosome recovery. Loss of UBAP1 results in
dysfunction of lysosomes, disconnecting mTOR localization on lysosomes,
leading to cytoplasmic mTORCI activation and TFEB dephosphorylation, as
confirmed in vitro and in vivo models. Administration of rapamycin, a specific

inhibitor of mTORC1, enhances mTOR lysosomal localization and TFEB
phosphorylation. This pharmacological intervention effectively attenuated
disease progression and restored lysosomal homeostasis in Ubapl deficiency
mice. Our findings reveal UBAPI’s role in lysosome regulation and suggest
rapamycin may benefit patients with HSP and other motor neuron disorders.

Hereditary spastic paraplegia (HSP), also known as familial spastic
paraplegia (SPG), is a group of heritable neurodegenerative movement
disorders characterized by progressive weakness and spasticity of
lower limbs'. HSP exhibits multiple pathogenic facets that contribute
to the gradual deterioration and death of upper motor neurons, ulti-
mately manifesting as symptoms of SPG. Considering the extensive
genetic heterogeneity, the consequent mechanistic diversity, and the
different progression of clinical cases, to date, no effective HSP
therapies are available.

Remarkably, the endolysosomal and autophagic pathways are
overrepresented by more than 24 genes whose mutations are directly
implicated in HSP”. Recently, we and other groups have found that loss

of function mutations in the ubiquitin associated protein 1 (UBAPI)
gene causes a new type of HSP (spastic paraplegia 80, SPG80)**. UBAP1
is a component of the endosomal sorting complex required for
transport (ESCRT), essential for mediating the trafficking of ubiquity-
lated proteins from endosomes to lysosomes’. ESCRT actively engages
in various autophagy-lysosomal pathways, including endosomal
microautophagy and macroautophagy, for the degradation of cyto-
solic components®. Quantitative analysis of the lysosomal proteome in
response to lysosomal damage indicated enrichment of most ESCRT
proteins by Lyso-IP”. Moreover, Galectin 3 (GAL3) unifies and coordi-
nates ESCRT and autophagy in responses to lysosomal damage®.
ESCRT-I subunits VPS37A, whose mutations cause another subtype of
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HSP (SPG53), localizes to the phagophore and is crucial for autopha-
gosome formation®. Several ESCRT components such as CHMP4A are
rapidly recruited to acutely injured endolysosomes, promoting their
repair'®". UBAP1 directly interacts with ubiquitin on endosomes®, but
its function in the autophagy-lysosome pathway and its potential
relationship to the pathogenesis of HSP diseases remain largely
unknown.

The mechanistic target of rapamycin (mTOR) kinase, as part of the
mTORCI complex, represents a major signaling protein that localizes
to the cytoplasmic and surface of lysosomes. Interestingly, recent
studies indicated that the subcellular shuttling of mTORC1 between
the lysosomal surface and cytoplasm serves as a key determinant of its
activity, with cytoplasmic mTORCI phosphorylating S6K and 4E-BP1 to
regulate de novo protein synthesis and lysosomal mTORCI controlling
lysosome biogenesis by phosphorylating the TFEB/TFE3 transcription
factors®. In addition to serving as a platform for the organization of
proteins contributing to mTORCI activation, the lysosome itself can
also potentially influence the activity of mTORCI. Impaired lysosomal
degradation triggers the activation of mTORC1 signaling'**. Depho-
sphorylated TFEB translocates to the nucleus and can thus up-regulate
the expression of genes encoding lysosomal proteins in response to
impaired lysosome function'. This interplay between lysosomal status
and mTORCI activity may act as a potential regulator of a feedback
mechanism governing lysosome homeostasis.

Rapamycin, a US Food and Drug Administration-approved drug,
exhibits relatively safer profiles owing to their non-ATP competitive
mode of action and apparent selectivity for mTORC1". It becomes
increasingly recognized that enhancing autophagy flux and lysosomal
degradation by rapamycin offers a potential therapeutic approach for
neurodegenerative diseases®?, and that the effects of other con-
sequences of rapamycin treatment are minimal’**. Recently, rapa-
mycin showed effective rescue of autophagic lysosome reformation
defects and locomotor deficit in two HSP Drosophila models**?,
However, there is a lack of consistent data from mammalian animal
models to evaluate this suitability.

In this study, we revealed a lysosome related mechanism and
intervention strategy underlying the HSP pathogenesis. UBAP1
recruitment coincides with the restoration of endolysosomal function
subsequent to lysosomal damage, underscoring the pivotal role of
UBAPLI in the recovering process of lysosome damage. The loss of
UBAPI leads to lysosomal dysfunction, which then disrupts the lyso-
somal localization of mTOR, reduces TFEB phosphorylation, and ulti-
mately results in cytoplasmic mTORCI hyperactivation, as observed in
both in vitro and in vivo models. Notably, these effects were reversible
upon treatment with the mTOR inhibitor rapamycin. Furthermore,
Ubapl Syn-cKO mice exhibited early onset motor impairments and
progressive neuronal death, mirroring the clinical manifestations of
SPG80 mutations seen in HSP patients. Administration of rapamycin
significantly alleviated neurological symptoms, and prevented brain
lesions as well as locomotor deficits in two mouse models of UBAP1
deficiency. Our findings provid proof-of-principle evidence that UBAP1
enhances lysosomal function, and that modulating lysosomal activity
via rapamycin offers a promising therapeutic strategy for HSP and
related disorders.

Results

UBAP1 is recruited to damaged lysosomes and correlates with
lysosome recovery

Recent studies using proximity biotinylation assay showed several
ESCRT subunits including UBAP1 interact with GAL-3%, a cytosolic lec-
tin that binds to lysosomal glycans which are exposed only after
membrane damage. We thus sought a way to follow UBAP1 expres-
sion dynamics during both the onset and resolution of endolysosomal
injury. L-leucyl-L-leucine O-methyl ester (LLOMe) is a commonly used
lysosomotropic compound that induces fast but reversible lysosomal

membrane damage”. We confirmed LLOMe-induced damage in COS-7
cell by noticing concentration of cytoplasmic GAL-3 on punctate
structures (Fig. 1a and Supplementary Fig. 1a). However, we didn’t
observe marked increase of UBAPl-positive puncta after adding
LLOMe for 15 min (Supplementary Fig. 1a) or 1 h (Fig. 1a). Interestingly,
we found that the number of UBAP1-postive puncta increased gradu-
ally and were associated with GAL-3-positive events after LLOMe wash
out, reaching a maximum after 3 hours of wash out, then gradually
decreased until the end of the assay at 14 hours after washout (Fig. 1a, b
and Supplementary Fig. 1b).

We next confirmed UBAPI recruitment correlated with lysoso-
mal recovery by inducing lysosomal damage in short time, and
observed the expression of GAL-3 and UBAP1 after LLOMe washout.
A large proportion of the UBAPl-positive events were associated
with GAL-3-positive structures and formed rapidly after LLOMe wash
out (Fig. 1c). A 3D reconstruction analysis showed more than 50% of
the UBAP1 and GAL-3-positive events formed like a “plug” pattern at
lysosomal damage sites and occurred at a higher rate than expected
by random chance (Fig. 1c and Supplementary Fig. 1c), which was
similar to G3BP1 plugging and stabilizing damaged lysosomal
membranes®. However, this is very different from most ESCRTs
such as CHMP4B that are recruited to endolysosomes upon LLOMe
treatment (Supplementary Fig. 1d)'>". UBAP1 forming puncta
exclusively after LLOMe washout was further confirmed in HeLa cells
(Supplementary Fig. 1e). UBAP1 favors co-assembly with VPS37A%.
Interestingly, VPS37A also formed puncta structures on lysosome
membranes exclusively following lysosome recovery (Supplemen-
tary Fig. 1f) and co-localized with UBAP1 (Supplementary Fig. 1g).
This suggests that VPS37A and UBAP1 may have similar functions or
mechanisms of action in cellular responses to lysosomal stress.
UBAPI1 is reported to primarily associate with endosomes under
basal condition, while recent study found that late endosomes
mostly do not get holes®. Consistently, we found more UBAP1
positive puncta were co-localized with lysotracker staining than late
endosome protein Rab7 (Supplementary Fig. 1h). Together, our
results indicate UBAPl-enriched structures may correspond to
damaged lysosomes upon lysosome recovery.

Several studies, including ours, have identified over twenty frame-
shift UBAP1 mutations in SPG80 patients with varying degrees of dis-
ease association. Among them, c.425 426delAG (p.K143Sfs*15) are the
ones most frequently linked to the disease”. To examine the locali-
zation of WT and mutant UBAP1 during lysosome recovering process,
we added LLOMe into COS-7 cells that co-transfected GFP-tag WT
(GFP-UBAPI"") or K143Sfs*15 (GFP-UBAPIM*) with LAMP1-mYH. UBAP1
displayed a dispersed cytosolic staining pattern, with only a small
fraction localizing near the lysosome membrane in untreated and cells
treated with 1 mM LLOMe for 15 min. However, GFP-UBAP1I™* fraction
was undetectably both before and after LLOMe treatment (Fig. 1d).
Remarkably, the localization pattern of UBAP1 contrasted sharply with
a notable increase in UBAPl-positive granules that translocate to
vesicular structures and localized near the lysosome membrane
throughout the cells shortly after LLOMe wash out (Fig. 1d). This
phenomenon was also observed but less pronounced in cells expres-
sing UBAPI™* (Fig. 1d). There was significant less UBAP1M"-postive
puncta successfully localized to LAMP1 positive lysosome membranes
(Fig. 1e). Consistently, co-immunoprecipitation experiments revealed
UBAPI™* showed a decreased binding affinity with LAMP1 compared
to UBAPI"T (Fig. 1f). To further elucidate the dynamics of UBAP1
interaction with the lysosome membrane, we conducted super-
resolution live-cell imaging in COS-7 cells. Intriguingly, UBAPI1 foci
rapidly formed and were recruited to the rupture of lysosome mem-
brane, subsequently accumulating in the membranes and within
LAMP1-positive vesicles after LLOMe wash out (Supplementary Fig. 2a
and Supplementary Movie 1). However, UBAPIM"-postive puncta can’t
localize to the lysosomal membrane precisely (Supplementary Fig. 2b
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and Supplementary Movie 2). Consistently, these phenomena were
verified under UBAPI deficiency condition (Supplementary Fig. 2c, d).

The temporal correlation between transient UBAP1 recruitment
and lyososomal recovery suggested that UBAP1 might be involved in
repairing damaged lysosomal membranes, which is consistent with
known roles of ESCRT proteins in resealing wounds at the plasma

membrane and nuclear envelope®*>2, We observed a substantial

increase in GAL3-positive granules within UBAP1-deficient cells, both
prior to and subsequent to LLOMe treatment (Supplementary Fig. 3a).
In control cells, the majority of GAL-3-positive puncta diminished
within 14 hours subsequent to LLOMe washout. Conversely, UBAP1
knockdown cells exhibited a notably higher proportion of GAL-3
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Fig. 1| UBAP1 is recruited to damaged lysosomes and correlates with lysosome
recovery. a Representative image of COS-7 cells expressing GAL3-mbaojin and
mYH-UBAP1 without/with LLOMe treatment (1mM) for 1 h and wash out for indi-
cated time points. b Quantification of GAL3 or UBAP1 positive puncta in (a). M
(Mock) n=10, L (LLOMe) n=13,15minn=9,1hn=10,3hn=8,6hn=13,10h
n=13,14 h n=13 cells. ¢ Images and 3D reconstruction of COS-7 cells expressing
GAL3-mbaojin and mYH-UBAP1 with LLOMe 1 mM or 2 mM treatment for 15 min
and wash out for 10 min. d 2D-SIM microscopy of COS-7 cells co-transfected GFP-
UBAP1%dvpe (UBAPIYT)/GFP-UBAPIM ™" (UBAPIM") with LAMP1-mYH were treated
with mock or LLOMe (1 mM) for 15 min, then washed extensively and chased in the

absence of LLOMe for 10 min. e Quantification of UBAP1 puncta on LAMP1 in (d).
Mock: UBAPI"" n =17, UBAPI™" n=17; LLOMe: UBAP1"" n =15, UBAPI™" n=19;
Wash out: UBAPI"" n=19, UBAPIM n=19 cells. f Interaction between UBAP1 and
LAMP1. COS-7 cells were transfected with UBAP1YT or UBAPI™" and immunopre-
cipitated with GFP or IgG control antibodies and probed with LAMP1 and VPS37A
antibodies. VPS37A was loaded as a positive control. All scale bars: 10 pm. All data
represent the mean + SEM. Two-way ANOVA followed by Sidak’s multiple com-
parisons test (e), ns p>0.05, p < 0.0001" Exact p-values and test statistics are
provided as a Source Data file.

puncta (Supplementary Fig. 3b), suggesting delayed recovery of lyso-
some damage in UBAPI-deficient cells after LLOMe-induced rupture.
Significant damage in the lysosome membrane promotes degradation
of the whole organelle through lysophagy, minor ruptures are repaired
by ESCRT-mediated invagination of the damaged membrane into the
lysosome lumen™*, TMEM192-mKeima probe is a useful tool for
investigating lysophagy*‘. We then co-transfected TMEM192-mKeima
probe either with UBAPI siRNA (siUBAP1) or Control siRNA (siCtrl),
with the objective of precisely monitoring the consequences of UBAP1
depletion on the process of lysophagy. UBAP1 knock down cells
showed comparable mKeima acidification with controls (Supplemen-
tary Fig. 3c), suggesting that the UBAP1 response is distinct from
lysophagy. Lysophagy involves engulfment of the damaged organelle
by an autophagosome. We then employed siRNA-mediated knock-
down of ATGS or ATG7 in COS-7 cells to create a functional autophagy-
deficient background (Supplementary Fig. 4a). Indeed, cells lacking
ATGS or ATG? failed to accumulate mYH-tagged LC3B in association
with LLOMe-damaged endolysosomes (Supplementary Fig. 4b). Nota-
bly, even in the absence of functional autophagy, UBAPI still emerged
after LLOMe washout (Supplementary Fig. 4b). Furthermore, the
UBAPI1 response to LLOMe was unaffected by treating cells with
autophagy inhibitor wortmannin or Vps34-IN-1 (Supplementary
Fig. 4c). Interestingly, BAPTA-AM, a chelator of intracellular Ca2*
treatment also did not affect the UBAPI response to LLOMe (Supple-
mentary Fig. 4d). These results indicate that the redistribution of
UBAP1 is not dependent on canonical autophagy or calcium signaling.

UBAP1 deficiency causes dysfunctional and enlarged lysosomes
Lysosomes maintain a highly acidic lysosomal pH to activate hydrolytic
enzymes and degrade internalized macromolecules®. Defects in lyso-
somal recovery ultimately lead to lysosomal dysfunction. To explore
lysosomal function post-UBAP1 depletion, we performed co-
localization assays with LysoSensor (Green), a commercial lysosome
tracer that assesses lysosomes pH. LAMP1-positive lysosomes exhib-
ited reduced green fluorescence in UBAPI siRNA-transfected COS-7
cells (Fig. 2a), indicating elevated lysosomal pH. Next, we assessed how
the dysfunctional lysosomes affected degradation of cargo with UBAP1
depletion. Both autophagosomes and ubiquitinated proteins ulti-
mately need to enter lysosomes for degradation. 2D-SIM analysis
showed more LC3B puncta co-localized with the LAMPI-positive
lysosomes in UBAP1 knockdown cells, and the sizes were greatly
increased (Supplementary Fig. 5a). In addition, the number and pro-
portion of ubiquitin in lysosomes were significant higher in UBAP1-
deficient cells than in control cells (Fig. 2b). Finally, reduced staining of
Magic Red the dye that respectively indicated the activities of cathe-
psins B was blocked in UBAP1 deficient cells (Fig. 2c-e).

To further distinguish the effects of UBAP1 on autophagy and
lysosomal function, we carried out the HaloTag-LC3 autophagosome
completion assay that specifically detects phagophores (MIL positive),
nascent autophagosomes (MIL and MPL positive), and mature autop-
hagic structures (MPL positive)***’. Unlike VPS37A depletion, which
significantly increased the rates of MIL/MPL upon starvation in the
presence of BafilomycinAl (BafAl), depletion of UBAP1 had minimal
effect on the level of MIL and the MIL/MPL ratio (Fig. 2f). Our results

indicate UBAP1 is not required for phagophore closure and autopha-
gosome maturation, which is consistent with the published papers®*.
BafAl is frequently used at high concentration to block late-phase
autophagy®. Treatment with BafAl revealed a persistent increase in
mYH-LC3B puncta accumulation in siUBAPl-treated cells relative to
control cells (Fig. 2g). Immunoblot analysis verified the increased
accumulation of LC3B-II (Supplementary Fig. 5b). However, the protein
sequestosome 1 (p62/SQSTMLI), a classical receptor of autophagy, is
not significantly changed after UBAP1 depletion (Supplementary
Fig. 5¢c-f). These results demonstrate that accumulation of LC3B is
likely due to the impaired degradation in lysosomes upon UBAP1
depletion.

Dysfunctional lysosomes affected degradation may lead to
enlarged lysosome. Clearly, 2D-SIM microscope revealed significant
increase in the number of abnormally enlarged LAMPI1-positive
vesicles in UBAPI siRNA-transfected cells (Fig. 2h-j). To experimen-
tally mimic the role of UBAPI1 in HSP patients, we isolated fibroblasts
from three SPG80 patients carrying the UBAP1 mutation and two
controls to study the lysosome pathway. Similarly, LysoTracker
staining indicated lysosome enlargement in fibroblasts derived from
SPG80 patients compared with controls (Supplementary Fig. 5g).
Interestingly, when over-expressed wild-type UBAP1 in fibroblast
derived from SPG80 patients, we observed a corresponding decrease
in LysoTracker-positive lysosome diameter (Supplementary Fig. 5g).
These findings suggest that UBAPI restricts lysosome size and is
essential for maintaining lysosomal acidification and degradation
capacity.

UBAPI1 is responsible for the lysosomal recruitment and reg-
ulation of mTOR

Lysosomes function as platforms for the recruitment, assembly, and
activation of mTOR signaling components, a process that relies on
intact lysosomal function for proper mTORCI signaling®*® (Fig. 3a).
We then systematically examined the localization and expression of
mTOR and its downstream targets in UBAPI siRNA transfected COS-7
cells. In control cells, most mTOR showed co-localizing with LAMPI1 (a
lysosomal marker) and part being diffusely cytoplasmic, however
there is significant less mTOR colocalized with lysosomes in cells with
UBAP1 depletion (Fig. 3b). Immunoblots analysis revealed a significant
increase in the expression of phosphorylated mTOR (p-mTOR) in
UBAP1-deficient cells, whereas the phosphorylation level of TFEB, a
non-canonical lysosomal substrate of mTORCI1, was significantly
reduced (Fig. 3¢, d). In contrast, phosphorylation of S6K (p-S6K) and
phosphorylated 4EBP1 (p-4E-BP1), two canonical substrates of
mTORCI, stayed largely unaffected in cells with two days UBAPI siRNA
transfection (Fig. 3¢). Interestingly, there was significant up-regulation
of p-S6K and p-4EBP1 after four days UBAPI siRNA transfection
(Fig. 3d). Targeted dephosphorylation of TFEB is sufficient to induce
nuclear translocation and some transcriptional activity of TFEB*.
Accordingly, dephosphorylation of TFEB in UBAPI siRNA transfected
cells was accompanied by increased nuclear localization and increased
TFEB mRNA expression (Fig. 3e and Supplementary Fig. 6a). Con-
sidering that UBAP1 functions as a ubiquitin associated protein, it is
plausible to hypothesize that UBAP1 could influence TFEB stability
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through the proteasomal degradation pathway. Although the co-
immunoprecipitation assay did not reveal any interaction between
UBAP1 and TFEB, there is a mild decrease in ubiquitination of TFEB in
cells where UBAP1 was knocked down (Supplementary Fig. 6b). Con-
sistently, the Cycloheximide Chase assay confirmed that TFEB stability
was slightly enhanced following the depletion of UBAP1 (Supplemen-
tary Fig. 6c). Notably, the elevated p-mTOR expression induced by
UBAP1 knockdown was abrogated upon TFEB knockdown (Fig. 3f).
This suggests that TFEB modulates mTORCI activity, a conclusion
supported by a study demonstrating TFEB overexpression resulted in

0.10203040506070809 1 >1 pm

siCtrl  siUBAP1

enhanced mTORCI activity even in cells lacking the autophagy genes
AtgS or Atg7*%

Consistently, in human fibroblasts derived from SPG80
patients carrying UBAP1 mutations, we observed comparable
alterations. TFEB staining revealed significantly elevated nuclear
fluorescence intensity compared to controls (Fig. 3g). This effect
was most pronounced in fibroblasts from Patient 1, who exhibited a
high degree of UBAP1 depletion (Fig. 3h). Immunoblots analysis
revealed increased expression of p-mTOR and TFEB. Additionally,
the expression of autophagy markers p62 and LC3B were both
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Fig. 2 | UBAP1 deficiency causes dysfunctional and enlarged lysosomes. a Left:
COS-7 cells were transfected with siCtrl/siUBAP1 and LAMP1-RFP, 48 h later cells
were stained with LysoSensor (1 uM) for 30 min. Right: The relative fluorescence
intensity of LysoSensor to LAMP1-RFP. siCtrl n = 24, siUBAP1n =17 cells. b Left: COS-
7 cells were transfected LAMP1-GFP and Myc-Ub with siCtrl/siUBAPL. Right: Quan-
tification of Ub puncta per cell. siCtrl n =12, siUBAP1 n =12 cells. ¢ HeLa cells were
transfected with siCtrl/siUBAP1 and LAMP1-GFP. 48 h later, cells were stained with
Magic Red for 30 min. d Ratio of Magic Red in Lysosome or cytoplasm in (c). siCtrl
n=16, siUBAP1 n =17 cells. e Quantification of relative intensity of Magic Red in (c).
siCtrl and siUBAP1 n =17 cells. f Left: HT-LC3 U20S cells were transfected with
siCtrl/siUBAP1/siVPS37A for 48 h then incubated in EBSS medium in the presence of
100 nM BafAl for 4 h. Then cells were incubated with a saturating dose of
membrane-impermeable HT ligand (MIL) to stain membrane-bound HT-LC3-II that
is accessible to the cytosol and incubated with membrane-permeable HT ligand

(MPL) to stain LC3-Il that is sequestered within membranes. Right: The ratio of
relative MIL/MPL. siCtrl n=37, siUBAP1 n=36, siVPS37A n =35 cells. g Left: COS-7
cells were transfected with siCtrl/siUBAP1 and mYH-LC3B for 48 h and incubated in
the presence of 500 nM Rapamycin (Rap) or 100 nM BafAl for 5 h. Right: Quanti-
fication of LC3B puncta per cell. Mock: siCtrl n =22, siUBAP1 n=20; Rap: siCtrl
n=23, siUBAP1 n = 21; BafAl: siCtrl n =20, siUBAP1 n =20 cells. h Images of COS-7
cells transfected with siCtrl/siUBAP1 and LAMP1-mYH for 48 h. i Quantification of
lysosome inner diameter in (h). siCtrl n =564, siUBAP1 n = 364 lysosomes.

j Lysosome diameter distributions and cumulative frequency in (h). All scale bars:
10 pm. All data represent the mean + SEM; Student’s ¢ test (a, b, e and g), Two-way
ANOVA followed by Sidak’s multiple comparisons test (d), Kruskal-Wallis test fol-
lowed by Dunn’s multiple comparisons test (f), Mann-Whitney test (i), ns p > 0.05,
*p < 0.01, **p < 0.001, p < 0.0001. Exact p-values and test statistics are provided
as a Source Data file.

elevated (Fig. 3h), indicating impaired lysosomal degradation.
These results suggest that UBAP1 deficiency causes mTOR to shuttle
into the cytoplasm, leading to cytoplasmic mTORCI activation (as
evidenced by increased phosphorylation of S6K and 4E-BP1) and
reduced lysosomal mTOR-mediated phosphorylation of TFEB. It is
consistent with the notion that TFEB and mTORCI bind to each
other on the lysosomal surface, where phosphorylation of TFEB by
mTORC1 occurs®.

UBAPI1 depletion causes progressive neuronal apoptosis and
activation of mTORCI signaling in mouse brains

Our previously studies indicated loss of UBAP1 caused neuronal
apoptosis in the late stage (E16.5) of brain development*, but the
underlying mechanism that triggered apoptosis remained unclear. To
delve into the intricate relationship between cargo degradation defect
and neuronal apoptosis mediated by UBAP1 disruption in vivo, we first
quantitatively assessed the expression levels of p62 and ubiquitin in
different developmental stage of Ubapl Nes-cKO mouse brains. We
found progressive accumulation of p62 and ubiquitinated proteins
(Fig. 4a), coinciding with the occurrence of neuronal apoptosis
(Fig. 4b). Similar to UBAPI knockdown cells, the cortical neurons from
Ubap1 Nex-cKO mice accumulated abnormally enlarged LysoTracker-
positive structures, which were significantly seen in the neuritis
(Fig. 4c). Supporting this idea, TEM analysis showed significantly
accumulation of autophagosomes/autolysosomes in E16.5 Ubap1 Nes-
cKO neurons (Fig. 4d, e). Consistently, immunoblots analysis revealed
a more pronounced increase in the levels of p-mTOR, p62, TFEB,
LAMP1, and LC3B in the late embryonic stage (E16.5) of UbapI Nes-cKO
mouse brains compared to controls (Fig. 4f, h). Additionally, we
observed significantly elevated expression of mTORCI effectors, p-S6
and p-4EBP1, specifically at E16.5 but not at E14.5 in Nes-cKO mouse
brains (Fig. 4g, i).

Gene Set Enrichment Analysis (GSEA) of proteome indicated sig-
nificant up-regulation of mTORCI signaling associated molecules in
Ubapl Nes-cKO mouse brains (Supplementary Fig. 7a). RNA-seq ana-
lysis showed significant enrichment of phagosome-related genes
(Supplementary Fig. 7b), suggesting a connection to lysosome dys-
function. LGALS proteins (LGALS3, LGALSS, and LGALS9) are integral
to the endomembrane damage response*’. Heatmap analysis showed
several galectins, including LGALS3 (GAL 3), were significantly upre-
gulated in Ubapl Nes-cKO mouse brain (Supplementary Fig. 7c) which
indicating elevated lysosome damage or inflammatory responses*.
Moreover, we found the vast majority of lysosomal proteins, encoding
for proteases and lysosome membrane were consistently up-regulated
in Ubapl Nes-cKO mouse brains (Supplementary Fig. 7d). However, the
expression of vacuolar ATPase (V-ATPase)-ATP6Vs that mediate acid-
ification of lysosome were significantly reduced (Supplementary
Fig. 7d), which is consistent with reduced LysoSensor staining in UBAP1
knock down cells (Fig. 2).

Pharmacological inhibition of mTORCI activity using rapamycin
enhances lysosomal localization and function

Loss of UBAPI1 results in dysfunction of lysosomes, leading to accu-
mulation of autophagic cargoes and aberrant activation of mTOR
signaling both in cells and in mouse brains. We observed significantly
elevated levels of p-mTOR and TFEB in cells with UBAP1 knockdown,
similar to the effects observed in cells treated with lysosome inhibitor
BafAl (Fig. 5a), indicating intact lysosomal function is required for
proper mTORCI signaling. In contrast, there is significantly down-
regulation of p-mTOR and TFEB in cells treated with mTOR inhibitor
rapamycin, even in cells with UBAPI knock down (Fig. 5a). Consistent
with previous reports', the phosphorylation of TFEB, a lysosomal non-
canonical mTORCI substrate, was significantly decreased in UBAP1
deficiency cells like in cells with BafAl treatment (Fig. 5a). Rapamycin
treatment enhanced mTOR lysosomal localization (Fig. 5b), which was
consistent with recent study that pharmacological or genetic down-
regulation of mTORCI activity enhances its lysosomal localization and
TFEB phosphorylation*’. Notably, addition of the rapamycin sig-
nificantly reduced the p62 puncta in lysosomes (Fig. 5¢c). Abnormally
enlarged LAMP1-positive vesicles in UBAPI siRNA-transfected cells can
be significantly reduced upon rapamycin treatment (Fig. 5d). Con-
sistently, decreased LysoSensor green fluorescence in UBAP1 mutant
fibroblast was partially restored post-rapamycin treatment (Supple-
mentary Fig. 8a). Finally, Magic Red staining revealed increased
cathepsin activity in cultured neurons derived from Ubapl Nes-cKO
mouse brains following rapamycin treatment (Supplementary
Fig. 8b-d).

UBAPI1 knock down cells, in which p-TFEB was inhibited, exhibited
increased TFEB nucleus localization as TSG101 knock down*® (Fig. 3e
and Supplementary Fig. 8e). Several cell lines, such as HEK293 and
HelLa cells, appeared to be “Rap-insensitive,” they lack rapamycin
induced TFEB activation®’. Here, we found rapamycin treatment
reduced nuclear localization of TFEB both in UBAPI siRNA and TSGI01
siRNA-transfected COS-7 cells (Supplementary Fig. 8e), in line with the
enhanced p-TFEB post-rapamycin treatment (Fig. 5a). Collectively,
these findings suggest that rapamycin treatment enhanced mTOR
lysosomal localization and reduced TFEB nucleus localization in Ubap1
deficient cells.

Mice with UBAPI1 deficiency in postnatal neurons recapitulates
the motor and cognitive symptoms observed in SPG80 patients
Since all SPG80 mutations exhibit dominant-negative or loss-of-
function effects on UBAP1¥, we applied the Cre-loxP system to gen-
erate viable mice for further studies. Surprisingly, Ubapl Nes-cKO,
Nex-cKO, Emx1-cKO and CamklI-cKO mice died shortly after birth, and
we were unable to perform behavioral and intervention studies. Sub-
sequently, we generated mice with a restricted postnatal and neuron-
specific deletion of UBAP1 by injecting AAV-hSyn-EGFP-Cre into the
lateral ventricle of UbapI™/"* mice at postnatal day O (PO) (Fig. 6a) to
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circumvent the embryonic lethality of the classically induced neuron-
specific UBAPI1 deficiency. Immunoblots analysis indicated a significant
reduction of UBAPI expression in the brains of Ubap1™/™* mouse
injected with AAV-hSyn-EGFP-Cre (Syn-cKO) compare to Ubap1™®/i>
mouse injected with AAV-hSyn-EGFP (Syn-GFP) (Supplementary
Fig. 9a). Ubapl Syn-cKO mice grew normally, while both female and
male mice exhibited a progressive decline in body weight around P20

(Supplementary Fig. 9b). Some Ubapl Syn-cKO mice exhibited
paralysis and developed severe motor deficits around P15, with a
normal brain size (Supplementary Fig. 9¢, d). In addition, Ubapl Syn-
cKO mice suspended by their tails exhibited a distinctive involuntary
clasping and of the frequent trembling limbs (Fig. 6b and Supple-
mentary Movie 3), which are typical manifestations observed in various
well-known neurodegenerative diseases®®, and some mice showed a
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Fig. 3 | UBAP1 mediates lysosomal recruitment of mTOR and regulates the
activity of mTORCI. a Diagram illustrating lysosomes as platforms for the
recruitment, assembly, and activation of mTOR signaling. b COS-7 cells were
transfected with siCtrl/siUBAP1 and LAMP1-mYH for 48 h. Cells were then fixed and
immunostained with an antibody against mTOR. Colocalization analysis of mTOR
with LAMP1 in COS-7 cells that were transfected with siCtrl or siUBAPL. siCtrl n =28,
siUBAP1 n =29 cells. Immunoblots with lysates from COS-7 cells that were trans-
fected with siUBAP1 or siCtrl for 48 (c) or 96 (d) hours, and probed with the
indicated antibodies. Relative expression was calculated from three independent
experiments. (n =3 independent experiments) e Left: COS-7 cells transfected with
siCtrl/siUBAPI for 48 h and stained with TFEB antibody. Right: Quantification of
ratio of cells with TFEB in nucleus. Both siCtrl and siUBAP1 n =6 micrographs.

f Immunoblots with lysates from COS-7 cells that were transfected with siCtrl/
siUBAP1 and siTFEB for 48 h, and probed with the indicated antibodies. Relative

expression was calculated from three independent experiments. g Primary fibro-
blasts that were derived from SPG80 patients and healthy controls. Cells were fixed
and immunostained with an antibody against TFEB. The relative fluorescence
intensity of TFEB in the nucleus was quantified by measuring the mean TFEB signal
intensity within DAPI-defined nuclear regions, normalized to the cytoplasmic TFEB
intensity. Ctrl n=121, Patient 1 n=114, Patient 2 n =45, Patient 3 n=99 cells.

h Immunoblot analysis of lysates from SPG80 patient-derived and control fibro-
blasts with indicated antibodies. Relative expression was calculated from three
independent experiments. All scale bars: 10 pm. All data represent the mean + SEM;
Student’s ¢ test (b-e and h), One-way ANOVA followed by Tukey’s multiple com-
parisons test (f), Kruskal-Wallis test followed by Dunn’s multiple comparisons test
(g); ns p>0.05, *p < 0.05, *p < 0.01, **p < 0.001, *p < 0.0001. Exact p-values and
test statistics are provided as a Source Data file.

hunched stance and notable kyphosis (Supplementary Fig. 9e). We
observed reduced rotarod performance in Ubapl Syn-cKO mice
compared to that in the control from the beginning of the rotarod
assessment at P30 (Fig. 6¢). In addition, UbapI Syn-cKO mice showed a
significant decrease in the foot-base-angle (FBA) at the toe-off position
of the hind paw (Fig. 6d), which was consistent with other HSP
locomotion-deficient mice®. Moreover, Ubapl Syn-cKO mice had a
rapid and disorganized gait trajectory, short stride distance, and poor
overlap between the front and rear feet, while control mice had a
straight and stable gait trajectory, with a high degree of overlap
between the front and rear feet (Fig. 6e, f), suggesting that UBAP1
deficient mice had poor balance and coordination ability. However,
Y-maze and novel object recognition test indicated Ubapl Syn-cKO
mice showed normal learning and cogpnitive abilities (Supplementary
Fig. 9f-h). Finally, histological analysis revealed progressive sig-
nificantly increased number of active caspase3-positive cells (Fig. 6g)
and activation of glial cells accompany with a greatly reduced number
of GFP-positive neurons in Ubapl Syn-cKO mouse cortex (Fig. 6h).
Collectively, our results indicate that neuron-specific postnatal defi-
ciency of UBAP1 leads to motor and gait abnormalities that resemble
those in human SPG80 patients.

We then continued to explore whether lysosome and mTOR signal
defects related with this disease model. Gene Ontology (GO) analysis
showed that downregulated proteins were significantly enriched in the
regulation of vesicle transport, autophagy, and neuron development
(Supplementary Fig. 10a, b). Correspondingly, upregulated proteins
were enriched in tricarboxylic acid cycle and glial cell differentiation
(Supplementary Fig. 10c). In bulk RNA-seq, Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway and GO analysis of differentially
expressed genes revealed downregulated genes involved in ubiquitin-
mediated proteolysis and autophagy (Supplementary Fig. 10d-f).
Finally, immunoblots analysis indicated higher levels of LC3-1l and p62
in the brains of Ubap1 Syn-cKO mice compared with controls (Fig. 6i),
paralleling hyper-activation of p-mTOR and decreased p-TFEB (Fig. 6j).
Taken together, our results indicate that UBAP1 depletion in mouse
brains disrupts mTOR signaling, consistent with observations in vitro.

Rapamycin treatment attenuates motor disability and neurolo-
gical lesions by regulating lysosome homeostatic in Ubapl cKO
mouse models

Given the above effects of rapamycin in enhancing lysosome function
in UBAPI deficient cells in vitro (Fig. 5 and Supplementary Fig. 8), we
next investigated whether rapamycin could improve the health of HSP
mice. Daily administration of rapamycin (4 mg/kg) via intraperitoneal
injection commenced at P14, one week before significant body
reduction and motor defects become noticeable in Ubapl Syn-cKO
mouse (Fig. 7a and Supplementary Fig. 11a). In alignment with previous
rodent studies™, mice treated with rapamycin showed slightly reduced
body weight, but their survival ability was not affected (Supplementary
Fig. 11a).

To mitigate the effect of rapamycin-induced body weight reduction
on locomotor capabilities, we conducted two independent experiments
with wild-type mice treated with rapamycin or Syn-GFP mice treated
with vehicle as control. Notably, hind limb phenotypes during tail sus-
pension were considerably alleviated in rapamycin-treated Syn-cKO
mice (Fig. 7b and Supplementary Fig. 11b). There was a significant
improvement in the FBA in Ubapl Syn-cKO mice following rapamycin
treatment, with a notable increase compared to vehicle-treated Ubapl
Syn-cKO mice (Fig. 7c and Supplementary Fig. 11c). Moreover, rapamycin
treatment reversed the challenges faced by Ubapl Syn-cKO mice while
crossing a beam, reducing the time spent on beam walking (Fig. 7d and
Supplementary Fig. 11d). Foot-printing analysis and rotarod assay
showed limited improvement owing to the reduced body weight of
rapamycin-treated Syn-cKO mice (Supplementary Fig. 11e-g). Histolo-
gical analysis revealed that UbapI Syn-cKO mice developed neurological
lesions characterized by enlarged ventricles (Fig. 7e), increased apop-
totic neurons (Fig. 7f), accompany with microglia and astrocyte activa-
tion (Fig. 7g). Strikingly, up to 80% of age-matched rapamycin-treated
Syn-cKO mice did not develop significant neurological lesions and glia
activation associated with this disease (Fig. 7e-g).

To exclude the effect of rapamycin on AAV replication, we used
CreERT2-LoxP recombination technology to delete Ubapl in the pro-
jection neurons of adult mice. By crossing Thyl-YFP-CreERT2 mice*
with UbapI™"™ mice, we obtained Thyl-YFP-CreERT2:Ubap1"¥"* bj-
transgenic mice. Ubapl gene deletion was achieved by tamoxifen
(TAM) intraperitoneal injection and we referred to these TAM-treated
mice as Thyl-YFP Ubapl cKO. These mice showed obvious lower limb
spasticity, a typical symptom observed in HSP mice. We then examined
the effects of delivering rapamycin (8 mg/kg) daily for one week by
intraperitoneal injection beginning at one day post TAM (Supple-
mentary Fig. 12a). Consistently, we found that rapamycin significantly
attenuates disease phenotypes of Thyl-YFP Ubapl cKO mice in tail
suspension, beam working and rotarod assays (Supplementary
Fig. 12b-f). However, gait and stride analysis revealed only marginal
improvements in walking posture (Supplementary Fig. 12g-k). Taken
together, our results indicated rapamycin exhibits a significant capa-
city to mitigate disease severity and elicit beneficial effects in different
mouse models of Ubapl cKO.

To explore the molecular mechanisms of rapamycin-mediated
rescue in Ubapl Syn-cKO mice, we performed RNA-seq to elucidate
changes of gene expression in the brain. Upon the application of
rapamycin in the brains of Syn-cKO mice, GSEA revealed a marked
reversal of several activated pathways, notably including the PI3K-Akt
and lysosome signaling (Supplementary Fig. 13a). In particular, the vast
majority of lysosomal genes, encoding for various lysosomal enzymes
and membrane proteins, increased their expression in Syn-cKO mouse
brains which could be remedied by rapamycin treatment (Fig. 8a, b).
We also noticed consistent downregulation of galectin responder
genes following rapamycin treatment (Supplementary Fig. 13b). We
confirmed mTOR signaling inhibition by rapamycin via immunoblots
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analysis (Fig. 8c). Consistent with findings in COS-7 cells, we observed  correlated with cellular senescence and may cause by and contributes
significantly increased nuclear localization of TFEB in neurons from to decreased lysosomal function and autophagic clearance™. Since
Ubap1 Syn-cKO mouse brains and rapamycin treatment reduced TFEB  UBAP1 deficiency may lead to lysosomal dysfunction as revealed by
nuclear localization in these neurons (Fig. 8d). In addition, we found accumulation of GAL-3 puncta (Fig. 1) and upregulation of major
that the enlarged cell size observed in Syn-cKO neurons was reversed  galectin responders genes (Supplementary Figs. 3 and 7), we wondered
by rapamycin treatment, consistent with the modulation of mTORC1 that the benefit might arise from improved lysosome population or
activity (Fig. 8e). Increased lysosomal gene expression positively lysosomal function in rapamycin-treated brains. Immunoblots analysis
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Fig. 4 | UBAP1 depletion induces progressive neuronal apoptosis and aberrant
mTORCI activation in mouse brains. a Representative coronal sections showing
progressive accumulation of polyubiquitinated proteins in Ubapl Nes-cKO brains
compared to controls. Scale bar: 50 um. Quantification of relative fluorescence
intensity of ubiquitin in Ubapl Nes-cKO cortex. E12.5 n=4, E14.5n=4,E16.5n=4
brain sections form 3 independent mouse brains. b Immunofluorescence staining
of Cleaved-caspase 3 (CC3, red) in the cortex of Ctrl and Ubapl Nes-cKO mice at the
indicated embryonic stage. Scale bar: 20 pm. Quantification of CC3" cells in the
cortex of Ubapl Nes-cKO mouse brains. E14.5 n= 6, E16.5 n = 6 brain sections form
more than 3 independent mouse brains. ¢ 2D-SIM microscopy reveals increased
lysosome size in Ubapl Nex-cKO primary cortical neurons. Lysosomes were labeled
with Lysotracker. Scale bar: 5 pm. Ctrl n =454, Nex-cKO n =444 lysosomes in 20

independent neurons. d Diagram illustrating the regions of analyzed by Trans-
mission Electron Microscopy (TEM) in mouse brains. e Representative TEM images
of autophagosomes (arrowheads) and autolysosomes (arrows) in the cortex of
E16.5 Ubap1 Nes-cKO mouse brains. Scale bar: 500 nm. The number of autopha-
gosome and autolysosome is quantified on the right. Ctrl n=8, Nes-cKO n=8
micrographs. f-i Immunoblot analysis of cortical lysates from E14.5 (f, g) or E16.5
(h, i) UbapI Nes-cKO and control mice, and probed with the indicated antibodies.
Relative protein expression levels are quantified on the right. Ctrland Nes-cKOn =3
individual mouse brains. All data represent the mean + SEM; One-way ANOVA fol-
lowed by Tukey’s multiple comparisons test (a), Student’s ¢ test (b, e-i),
Mann-Whitney test (c); ns p > 0.05, *p < 0.05, **p < 0.01, *p < 0.0001. Exact p-values
and test statistics are provided as a Source Data file.

indicates decreased expression of LAMP2 and p62 in rapamycin-
treated Syn-cKO mouse brains (Fig. 8f), which is similar with the effect
on VPSI3A KO cells®. Consistently, the enlarged lysosome size and
number was significantly reversed by rapamycin-treatment in the
neuron of Syn-cKO mouse brains (Fig. 8g, h). Furthermore, TEM ana-
lysis revealed that the enlarged lysosome observed in the cortex of
Ubap1 syn-cKO mice could be mitigated through the administration of
rapamycin (Supplementary Fig. 13c). Collectively, these findings sug-
gest that rapamycin treatment mitigates motor deficits and neurolo-
gical lesions in Ubapl cKO mice, likely through the enhancement of
lysosomal function and the restoration of lysosomal homeostasis.

Discussion

Mutations in the ESCRT-III core subunit CHMP2B are associated with
frontotemporal dementia (FTD)*°, amyotrophic lateral sclerosis (ALS)*
and a mixed ALS-FTD syndrome’®. Mutations in subunit of ESCRT-I
including UBAP1 and VPS37A lead to SPG80 and SPG53. Furthermore,
the SPG20 protein, SPARTIN, binds to the ESCRT-IIl protein IST1 on
damaged lysosomes®. Notably, the most common genetic cause of
HSP stems from mutations in SPG4, which encodes SPASTIN, a protein
that interacts with CHMP1B, a member of ESCRT-III’. ESCRT compo-
nents are emerging as a central player in a host of neurodegenerative
diseases especially movement disorders, demonstrating potential
roles which are likely to be revealed in pathogenesis and for viable
therapeutic strategies. Elucidating the mechanisms by which the
ESCRT machinery influences lysosomal degradation and motor neuron
degeneration is of critical importance, particularly given the growing
recognition of endolysosomal dysfunction in neurodegenerative dis-
orders. Here, we demonstrated that the ESCRT-I subunit UBAP1 plays a
pivotal role in lysosome recovering. Specifically, we show that pro-
longed UBAPI1 deficiency leads to mTORCI hyperactivation and motor
dysfunction, highlighting the importance of ESCRT-I in counteracting
lysosomal damage and maintaining signaling homeostasis — a process
that is particularly relevant to the pathogenesis of HSP.

The lysosome is a highly dynamic structure that regulates various
cellular processes, with basal lysosomal proteolysis and proper func-
tion being key to the recruitment and regulation of mTORC1>°. We
observed a significant dissociation of mTOR from lysosomes and ele-
vated levels of p-mTOR in cells with UBAP1 knockdown, phenocopying
the effects induced by lysosome inhibitor BafAl (Fig. 5). Importantly,
this activation of p-mTOR, along with increased TFEB nuclear locali-
zation and hypo-phosphorylation, was also validated in patient-
derived fibroblasts and in the brains of Ubapl Nes-cKO/Syn-cKO
mice. These findings suggest that lysosomal dysfunction, as a primary
defect, may underlie the deregulation of mTOR signaling and the
observed in vivo phenotypes.

The nuclear localization and hypophosphorylation of TFEB in
UBAPI-deficient cells are unexpected, given that these cells exhibit
high mTORCI1 activity, and mTORCI-mediated phosphorylation of
TFEB is a well-established mechanism for its cytoplasmic sequestra-
tion. This seemingly paradoxical phenomenon is explained by lack of

spatial coincidence between the kinase and its substrates*. Notably,
C9orf72 knock out/mutations cause devastating motor neuron dis-
eases-ALS, which shares some clinical phenotypes with HSP, also lead
to TFEB nuclear localization and mTORC1 hyper-activation. Coin-
cidentally, the presence of activated mTOR and nuclear TFE3/TFEB in
hypertrophic neurons in focal cortical dysplasia type Il and tuberous
sclerosis complex (TSC) suggests that these factors contribute to the
disease development®. Under TSC deficient cells, in which mTORC1
hyperactivity is the hallmark, TFEB shows nuclear localization and
hypo-phosphorylated®*>. Despite no interaction with UBAP1, TFEB
knockdown significantly reduces p-mTORCI1 levels (Fig. 3), high-
lighting TFEB’s key role in regulating mTORCI activation. However, the
regulation of mTORCI signaling is intricate and exhibits variability
depending on both temporal factors and cell-type specificities. More
extensive work is still needed regarding the varying impacts of lyso-
somal dysfunction on different cell types and at different develop-
mental stages.

A growing number of studies pointed to rapamycin (Sirolimus) as
a pharmacological compound that is able to provide neuroprotection
in several experimental models of neurodegenerative diseases. In
addition, rapamycin could directly activate lysosomal mucolipin TRP
channels independent of mTOR*’. We found systematic treatment with
rapamycin could significantly alleviate the locomotor dysfunction and
neuronal apoptosis in mouse models of UBAP1 deficiency mice (Fig. 7).
Importantly, we observed a significant reduced TFEB nuclear translo-
cation in UBAPI siRNA-transfected COS-7 cells and Ubapl cKO neurons
following rapamycin treatment. Rapamycin treatment also mitigated
the upregulation of lysosomal genes caused by UBAP1 deficiency. This
is consistent with the reduced expression of LAMP2 observed after
rapamycin treatment in the brains of Ubap1 Syn-cKO mice (Fig. 8). The
decreased LysoSensor and Magic Red staining observed upon UBAP1
disruption was significantly restored by rapamycin treatment. Collec-
tively, these results suggest that rapamycin promotes lysosomal
repopulation, thereby ensuring sustained autophagic flux—a funda-
mental process that confers protection against disease progression, as
previously reported®. In contrast to the classical dogma that mTOR
inhibition is a key determinant of TFEB nuclear translocation and
activation, our results support rapamycin treatment reduced TFEB
nuclear translocation by enhancing mTOR lysosomal localization. It
might be necessary to perform neuroprotection studies of rapamycin
in Ubapl cKO mouse under TFEB deficient and overexpression con-
dition. Furthermore, rapamycin was shown to have robust immuno-
suppressive and anti-proliferative efficacy®’. Given the pleiotropic
effects of rapamycin, we cannot exclude other effects in recue
experiments. Nonetheless, the remarkable therapeutic outcomes
achieved can be partially attributed to the diverse effects of rapamycin.
Given the influence of mTOR signaling on early development and cell
proliferation, the administration of rapamycin should be avoided
during the early stages of development. In addition, it would be intri-
guing to investigate whether genetically inactivating mTOR can repli-
cate the effects observed with rapamycin treatment.
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Fig. 5 | Pharmacological inhibition of mTORCI activity using rapamycin
enhances lysosomal localization and function. a Inmunoblot analysis of lysates
from COS-7 cells that were transfected with siCtrl/siUBAPI for 48 h, and incubated
with/without 500 nM Rapamycin (Rap) or 100 nM BafAl for 5 h, and probed with
indicated antibodies. Quantification of relative expression, normalized to GAPDH.
All groups n =4 independent samples. b Left: COS-7 cells were transfected with
siCtrl/siUBAP1 and LAMP1-GFP for 48 hours and incubated with/without 500 nM
Rapamycin (Rap) for 24 h, and stained with antibody against mTOR. Right: Colo-
calization analysis of mTOR with LAMP1 in COS-7 cells. Mock: siCtrl n =17, siRNA
n=19; Rap: siCtrl n=20, siRNA n =20 cells. c COS-7 cells were transfected with
siCtrl/siUBAP1 and LAMP1-RFP for 48 h and incubated with/without 500 nM

Lysosome inner diameter (um)
i

T T T T
siCtrl siUBAP1 siCtrl siUBAP1
Mock Rap

Rapamycin (Rap) for 24 h, staining with antibody against p62. Quantification of the
ratio of lysosomes positive for both p62 and LAMP1. Mock: siCtrl n =12, siRNA
n=12; Rap: siCtrl n=12, siRNA n =12 cells. d Left: COS-7 cells were transfected with
siCtrl/siUBAP1 and LAMP1-mYH for 48 h and incubated with/without 500 nM
Rapamycin (Rap) for 5 h. Right: Quantification of the inner diameter of lysosomes.
Mock: siCtrl n =218, siRNA n =239; Rap: siCtrl n =592, siRNA n =550 lysosomes. All
scale bars: 10 pm. All data represent the mean + SEM; Student’s ¢ test (a), Two-way
ANOVA followed by Sidak’s multiple comparisons test (b, c), Kruskal-Wallis test
followed by Dunn’s multiple comparisons test (d); ns p > 0.05, *p < 0.05, *p < 0.01,
**p <0.001, *p < 0.0001. Exact p-values and test statistics are provided as a Source
Data file.

Lysosomes exhibit multifaceted roles in degrading and recycling
cellular waste, playing pivotal parts in both innate and adaptive
immunity, and contributing significantly to metabolic regulation®.
KEGG pathway analysis indicated that the up-regulated genes were
significantly enriched in complement and coagulation cascades,
cytokines, and TGF-f signaling (Supplementary Fig. 13), consistent
with the significant activation of microglia and astrocyte in UbapI cKO

mouse brains (Fig. 6). GAL-3 was considered as a rising star in mod-
ulating microglia activation under conditions of neurodegeneration*.
We found significantly upregulation of GAL-3 expression (Supple-
mentary Fig. 7) and puncta accumulation (Fig. 1 and Supplementary
Fig. 3) in Ubapl deficient cells. Consequently, our RNA-seq and pro-
teomic alteration of lysosomes may associate with the activation of
immune response or inflammation. In brain, glia use lysosomal
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pathways for the secretion and uptake of regulatory molecules, which
affect the physiology of neighboring neurons®. We observed GAL-3
puncta accumulation and upregulation of the lysosomal protein
(LAMPI1) in UBAPI1-deficient cell lines, suggesting a cell-autonomous
role for UBAP1 in regulating lysosomal abundance and function.
However, the precise mechanism underlying the neuronal or glial-
specific lysosomal regulation mediated by UBAP1 remains elusive.
Single-cell multi-omics technologies combined with cell specific cKO
mice will facilitate a more refined understanding of the specific role
played by UBAP1 in regulating lysosomes across diverse neuronal
cell types.

In summary, by combining in vitro and in vivo studies, we
uncovered HSP causing gene UBAPI as an essential regulator of
mTOR localization and functioning through the mediation of
lysosome function. Importantly, mTOR suppression by rapamycin
significantly restores lysosome population and alleviates loco-
motor defects in mouse models of UBAP1 deficiency. These findings
raised the possibility that rapamycin may offer therapeutic benefit
to patients with HSP and potentially other motor neuron disorders.
However, the regulatory mechanisms regarding the distinct roles
of rapamycin in lysosome regulation are worthy to be elucidated
in further studies. Our findings underscored the potential
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Fig. 6 | Mice with UBAP1 deficiency in postnatal neurons recapitulates the
motor and cognitive symptoms observed in SPG80 patients. a Schematic dia-
gram of virus injection into the lateral ventricular of mouse brans. b Tail suspension
test results comparing Ubapl Syn-cKO and control mice. Scale bar: 1cm. n =10 mice
per group. ¢ Latency time until falling off from the rotarod. Syn-GFP n =8, Syn-cKO
n=9 mice. d The foot-base-angle at the toe-off position of the hind leg is indicated
by the white line. Scale bar: 1 cm. Syn-GFP n =10, Syn-cKO n =12 mice. e Ubapl Syn-
cKO mice exhibit disrupted gait pattern. Stride length quantification by footprint
tests as shown. f Representative limb overlap map and distance between forepaw
and hindpaw was measured. n = 8 mice per group (e and f). g Representative images
from more than three independent mice per group showed progressive neuronal
apoptosis in the cortex of UbapI Syn-cKO mice. Coronal sections of P14, 1 month
(1M), and 2 months (2 M) old Ubap1 Syn-cKO and control mouse brains were

stained for DAPI (blue) and Cleaved-caspase 3 (Red). Scale bar: 50 pm.

h Representative images from more than three independent mice per group
showed reactive gliosis in the cortex of Ubapl Syn-cKO mice. Coronal sections of
P14, 1M, 2 M old Ubap1 Syn-cKO and control mouse brains were stained for DAPI
(blue), GFAP (Red), Ibal (Red). Scar bar: 100 pm. i Immunoblot analysis of cortical
lysates from 1 month old Syn-cKO and Syn-GFP mice, probed for the indicated
antibodies. Quantification of relative protein expression levels, normalized to
GAPDH. n =3 independent mice per group.j Immunoblot analysis of cortical lysates
from P20 Syn-cKO and Syn-GFP mouse brains. Quantification of relative protein
expression, normalized to GAPDH. n =4 independent mice per group. All data
represent the mean + SEM; Student’s ¢ test (b-f, i, j); ns p > 0.05, *p < 0.05,

*p < 0.01, **p < 0.001, p < 0.0001. Exact p-values and test statistics are provided
as a Source Data file.
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Fig. 7 | Rapamycin treatment attenuates motor disability and neurological
lesions in Ubapl cKO mouse models. a Schematic diagram of experimental pro-
cedures for rapamycin (Rap) treatment and behavioral testing in Ubapl Syn-cKO
mice. b Representative images of the indicated scores and quantification of hind
limb clasping scores of mice with/without rapamycin treatment. Scale bar:1cm. WT
Rap n =10, Syn-cKO Veh n=9, Syn-cKO Rap n =8 mice. ¢ The foot base angle
analysis of mice with/without rapamycin treatment. WT Rap n =12, Syn-cKO Veh
n=7,Syn-cKO Rap n = 6 mice. d Quantification of the time in 12 mm balance beam
walking test from mice with/without rapamycin treatment. WT Rap n =10, Syn-cKO
Veh n =6, Syn-cKO Rap n =6 mice. e Representative sagittal sections from more

Syn-cKO Rap

«Q

Syn-cKO Rap Syn-cKO Veh WT Rap

than three mice per group showed enlarged ventricles and neurological lesions can
be rescued by rapamycin treatment. Scale bar: 500 pum. f Representative images
from more than three mice per group showed increased neuronal apoptosis by
CC3 staining in vehicle-treated Syn-cKO mice and a robust attenuation in
rapamycin-treated Syn-cKO mice. Scale bar: 100 um. g Representative images from
more than three mice per group showed activation of glia by Ibal and GFAP staining
in vehicle-treated Syn-cKO mice and a robust attenuation in rapamycin-treated Syn-
cKO mice. Scale bar: 50 pm. All data represent the mean + SEM; One-way ANOVA
followed by Tukey’s multiple comparisons test (b-d), *p < 0.05, **p <0.01,

#p < 0.0001. Exact p-values and test statistics are provided as a Source Data file.
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significance of lysosomal function in combating HSP and other

neurodegeneration.

Methods

Mice

All mice were housed with free access to food and water under
pathogen-free conditions in a facility where the temperature and light
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cycles (12 h cycle) were controlled. All animal procedures used in this
study were performed according to the protocols approved by the
Institutional Animal Care and Use Committee of Fujian Medical Uni-
versity (IACUCFJMU2022-NSFC-0184). Ubapi™", Ubapl Nes-cKO
and Ubapl Nex-cKO mice have been previously described®. To gen-
erate Ubapl Syn-cKO mice, UbapI™/°* mice were injected with pAOV-
hSyn-EGFP-2A-Cre virus in the lateral ventricle at PO or injected with
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Fig. 8 | Rapamycin treatment regulates lysosome homeostatic in Ubapl cKO
mouse models. a GSEA-analysis of lysosome pathway enriched in brains from the
Syn-cKO Veh versus GFP Veh group (up), or Syn-cKO Rap versus Syn-cKO Veh group
(down). b Heatmap depicting the expression patterns of lysosome genes in the
three indicated groups. ¢ Inmunoblot analysis of cortical lysates from 1 month old
Syn-cKO with/without rapamycin treatment, and probed for the indicated anti-
bodies. Quantification of relative protein expression, normalized to GAPDH. n=3
mice per group. d Immunofluorescence analysis showed significantly increased
TFEB (magenta) intensity in the nucleus of Syn-cKO mice. Syn-GFP Veh n =36, Syn-
cKO Veh n =38, Syn-cKO Rap n =39 neurons from more than three independent
mouse per group. e Quantifications of neuronal soma size in (d). Syn-GFP Veh
n=114, Syn-cKO Veh n = 61, Syn-cKO Rap n = 62 neurons from more than three
independent mouse per group. f Inmunoblot analysis of cortical lysates from P40
mouse brains with/without Rapamycin, probed for LAMP2 and p62 and its

quantification. n =3 mice per group. g Immunofluorescence analysis of lysosomal
morphology in UbapI Syn-cKO mouse cortex with or without rapamycin treatment
by staining with LAMP1 (magenta). h Left: Quantifications of lysosome size in (g).
Syn-cKO Veh n =355, Syn-cKO Veh n =494, Syn-cKO Rap n =375 lysosomes from
three independent brains. Right: Quantifications of lysosome number in (g). Syn-
cKO Veh n=19, Syn-cKO Veh n =14, Syn-cKO Rap n =23 cells from three indepen-
dent brains. All scale bars: 10 pm. All data represent the mean + SEM; A permutation
test was used to calculate P values, with a two-tailed test for significance and
Bonferroni correction for multiple comparison adjustments (a), Student’s ¢ test (c),
Kruskal-Wallis test followed by Dunn’s multiple comparisons test (d, e, h), Ordinary
one-way ANOVA followed by Tukey’s multiple comparisons test (f), *p < 0.05,

*p < 0.01, **p < 0.001, *p < 0.0001. Exact p-values and test statistics are provided
as a Source Data file.

pAOV-hSyn-EGFP virus as controls. To generate Thyl-YFP-Ubapl cKO
mice, Ubap1™/" mice were crossed with Thyl-YFP-CreERT2 mice. The
Thyl-YFP-CreERT2:Ubap1™/™* bi-transgenic mice were obtained and
treated intraperitoneal injection with TAM and we refer to these TAM-
treated mice as Thyl-YFP-Ubapl cKO mice. The day of birth was
defined as PO. Mice were randomly assigned into groups and both
sexes were used in this study.

Behavioral test

All mice were housed under the same conditions for the behavioral
tests. Learning-related tasks were assessed first, then the motor
behaviors. Each cohort of mice was given at least 3 days’ break between
tasks. All behavioral tests were conducted by trained experimentalists
blinded to animal genotypes. Handling and specific tests are described
in the Supplementary methods.

Virus, plasmids and siRNA

Exogenous adeno-associated virus pAOV-hSyn-EGFP-2A-Cre and
pAOV-hSyn-EGFP were purchased from OBiO Technology (Shanghai,
China). LAMP1-RFP, LAMP1-GFP and RAB7-RFP plasmids were gifts
from Chonglin Yang®. The highly stable monomeric red fluorescent
protein mYonghong (mYH)®” was created by Zhifei Fu’s lab. LAMP1-
mYH, mYH-LC3B, Sec61f-mYH were gifts from Zhifei Fu. The complete
coding sequence (CDS) of GAL3 was amplified and swapped with the
EMTB gene in the EMTB-mBaoJin (wekwikgene, #0000268) vector
using EcoRI-BamHI site. GFP-UBAP1"" and GFP-UBAP1™* were descri-
bed previously’, wherein the complete CDS of UBAP1 was amplified
and cloned into pCAG-EGFP-C1 vector. To generate the plasmids for
the UBAPI1 truncation mutant alleles, a Mut Express Il Fast Mutagenesis
Kit V2 (Vazyme) was used according to the manufacturer’s instruc-
tions. The complete CDS of UBAPI was amplified and swapped with
the Sec61 gene in the Sec61B-mYH vector using Agel-Notl site.
The complete CDS of CHMP4B were amplified and swapped with the
LAMP1 gene in the LAMP1-mYH vector using Nhel-Notl site. TMEM192-
mKeima®® was synthesized by Tsingke (Beijing Tsingke Biotech Com-
pany) according to the sequence deposited in the addgenes (#215358),
and swapped with the LAMP1 gene in the LAMP1-mYH vector using
Nhel-Notl site. The complete CDS of VPS37A were amplified and
swapped with the LAMP1 gene in the LAMP1-mYH vector using Nhel-
Agel site. The siRNA was generated by Tsingke (Beijing Tsingke Biotech
Company), sequences were showed in Supplementary Table 1.

Cell culture and transfection

We generated fibroblasts from skin biopsies of 3 HSP patients with
heterozygous mutations in the UBAPI gene (patient 1,
¢.247 248insGTGAATTC; patient 2, c.526G>T; patient 3, c.426_427del)
and 2 healthy controls matched by age. We obtained informed consent
from all the participants. This study was approved by the Ethics
Committee of the First Affiliated Hospital of Fujian Medical University
([2021]057). HeLa, COS-7, SPG80 patient-derive fibroblast and Halo-

tag LC3 U20S stable cell line (a gift from Qing Zhong) were cultured
and passaged in Dulbecco’s modified DMEM medium (DMEM) con-
taining 10% fetal bovine serum (FBS) and incubated at 37°C in a
humidified incubator with 5% CO, to allow for growth and cell density
of approximately 80%. Cells were transfected with Lipomaster 3000
Transfection Reagent (TL301, Vazyme, China) according to the man-
ufacturer’s instructions.

Primary neurons were isolated from cortical tissues at E18.5 Ubapl
Nex-cKO or E15.5 Nes-cKO and age-matched control mouse brains. The
cortex were dissected in ice cold HBSS, chopped into small pieces and
incubated with 0.25% trypsin for 5min at 37 °C. After trypsin treat-
ment, cells were incubated with DMEM adding 10% FBS to stop the
trypsin reaction. The cells were rinsed with Neurobasal medium and
then suspended in Neurobasal medium with B27 supplement (Invi-
trogen, 2%), 1% penicillin-strep, and Glutamax (Gibco, 1X).

Cell culture treatments and administration in mice

Compounds were used at the following concentrations unless expli-
citly stated: 1mM LLOMe (HY-129905, MCE); 25 uM BAPTA-AM (HY-
100545, MCE); 10 pM wortmannin (HY-10197, MCE); 5 uM Vps34-IN-1
(HY-12795, MCE); 100 nM Bafilomycin Al (HY-100558, MCE); 10 uM
CHX (S7418, Selleck); Rapamycin (HY-10219, MCE). Concentrated
stock solutions of all compounds were prepared in dimethyl sulfoxide
(DMSO) and stored at —80 °C in single-use aliquots. Rapamycin was
used at 500 nM for cells and 4 mg/kg or 8 mg/kg for animals.

Co-immunoprecipitation, immunoblot, and immunostaining
Immunoprecipitation, Immunoblot and Immunostaining were per-
formed as previously described**. Detailed procedures are described
in the supplementary materials. Information on the antibodies is pre-
sented in the supplementary materials. The unedited original Immu-
noblot images were provided in Source Data file.

RNA extraction and quantitative real-time PCR

Total RNA was extracted from the COS-7 cells transfected with siCtrl/
siUBAP1 for 2 days, using TRIzol reagent following the manufacturer’s
instructions. RNA quality and concentration was determined by
NanoDrop spectrophotometers (Thermo Fisher Scientific). Reverse
transcription was performed using HiScript Il Q RT SuperMix (Vazyme).
Quantitative real-time PCR (QPCR) was performed using SYBR Premix
(Vazyme). The relative mRNA levels were normalized to that of GAPDH.
QPCR primers: GAPDH Forward: TGATGACATCAAGAAGGTGGTGAAG,
GAPDH Reverse: TCCTTGGAGGCCATGTAGGCCAT; TFEB Forward:
GTGTTGAAGGTGCAGTCCTA, TFEB Reverse: ATAGGTCTCGGACAGG
TACTC; UBAP1 Forward: GTTACAGGATGAGGAGGTCTTG, UBAP1
Reverse: GCCCAACTGTGGTAAGGTTAT.

Cell staining and fluorescence image analysis
We analyzed lysosomal mass and pH by LysoTracker (Thermo, L12492)
and LysoSensor (Yeasen, Cat#40767ES50) staining. Cells were
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incubated with 1M Lysosensor (1 h), and wash 3 times/5 min with PBS.
For co-staining LysoTracker with MagicRed, LysoTracker Deep Red
(50 nM, Thermo, L12492) and MagicRed (ab270772 Abcam, recon-
stituted in 200 pL of DMSO) were used before mounting as instruc-
tions and immediately imaging. Imaging was performed with Zeiss
LSM800 or Olympus FV3000 confocal microscope. Finally, we con-
ducted fluorescence analyses using the ImageJ software to calculate
the integrated intensity (IntDen., signal intensity contained in the
stained area within the cell).

Structured illumination microscopy (SIM)

COS-7 cells were cultured as described above and transfected with
plasmid and/or siRNA prior to imaging. The cells were imaged and then
treated with LLOMe, washed twice with PBS and further imaged either
in imaging medium at designated time to track recruitment of UBAP1.
Primary neurons and fibroblasts were cultured as described above and
were loaded with LysoTracker Deep Red (Invitrogen, 50 nM) for 10 min
before imaging.

For 2D/3D-SIM image, imaging was performed on a commer-
cial Multimodality Structured Illumination Microscopy (Nanoln-
sights-Tech Co., Ltd., Beijing, China) equipped with a100x/1.49 NA
oil objective (Nikon CFI SR HP Apo) and an sCOMS (com-
plementary metal-oxide-semiconductor) camera (Kinetix, Tele-
dyne Imaging). Images were acquired by VSIM software. Each SIM
image was reconstructed by SI-Recon software of Multi-SIM or
Reconstruction software of HiS-SIM. Image analysis was per-
formed using Fiji software. 3D reconstruction was performed
using Imaris software.

RNA sequencing and tandem mass tag proteomics
Procedures are described in the supplementary materials.

Transmission electron microscopy

The cortex of the mouse brain was dissected and fixed with 2.5% glu-
taraldehyde in phosphate buffer (PB) at 4 °C overnight, washed with
PBS, post-fixed with 1% osmium tetroxide in PB for 1h at room tem-
perature, rinsed with PBS, stained with 2% uranylacetate in 70% ethanol
at 4 °C for 1h, dehydrated using serial dilutions of ethanol, incubated
in propylene oxide, and embedded in Epon resin. Tissues were sec-
tioned (65 nm thickness) using an ultramicrotome (LEICA, UC6) and
counterstained with uranyl acetate and lead citrate. The grids were
viewed using an electron microscope (Tecnai G2J), and digital images
were captured using a CCD camera.

Statistics and reproducibility

ImageJ and OlyVIA were used for all image analysis. GraphPad Prism
8.0 was used for all data analysis. The Gaussian distribution of the data
was assessed using D’Agostino, Pearson normality, or Shapiro-Wilk
normality tests. If the data passed the Gaussian distribution test,
parametric unpaired two-tailed t-tests were used for two groups and
one-way analysis of variance (ANOVA), followed by Tukey’s multiple
comparison tests, for three or more groups. Otherwise, nonparametric
unpaired Mann-Whitney test or Kruskal-Wallis test was used for two
groups or three groups. Data between independent groups are shown
as the mean + SEM for at least three independent experiments. All the
statistical details of the experiments are described in the figure
legends. If not otherwise noted, statistical significance was indicated as
follows: p>0.05 (ns), p<0.05 (*), p<0.01 (**), p<0.001 (**), and
p<0.0001(*). For Figs. 1f, 6g, h, and 7e-g, the experiments were
repeated more than three times/individual mice, and the images
shown are representative of the data obtained.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data associated with this study can be found in the paper, the
Supplementary materials and Source data file. All proteomics data has
been deposited in ProteomeXchange (https://proteomecentral.
proteomexchange.org, PXD048729). RNA-seq database can be found
at China National Center for Bioinformation/Beijing Institute of
Genomics (https://ngdc.cncb.ac.cn/gsa, CRA018048, CRA018053 and
CRAO011436). The original figures have been deposited in figshare
(https://doi.org/10.6084/m9.figshare.30118339.vl]) and  research
materials are available upon reasonable request. Source data are pro-
vided with this paper.
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