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Pathological roles of the VEGF/SphK pathway
in Niemann-Pick type C neurons
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Sphingosine is a major storage compound in Niemann-Pick type C disease (NP-C), although
the pathological role(s) of this accumulation have not been fully characterized. Here we found
that sphingosine kinase (SphK) activity is reduced in NP-C patient fibroblasts and NP-C
mouse Purkinje neurons (PNs) due to defective vascular endothelial growth factor (VEGF)
levels. Sphingosine accumulation due to inactivation of VEGF/SphK pathway led to PNs loss
via inhibition of autophagosome-lysosome fusion in NP-C mice. VEGF activates SphK by
binding to VEGFR2, resulting in decreased sphingosine storage as well as improved PNs
survival and clinical outcomes in NP-C cells and mice. We also show that induced pluripotent
stem cell (iPSC)-derived human NP-C neurons are generated and the abnormalities caused
by VEGF/SphK inactivity in these cells are corrected by replenishment of VEGF. Overall, these
results reveal a pathogenic mechanism in NP-C neurons where defective SphK activity is due
to impaired VEGF levels.
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lipid storage disorder that affects the central nervous

system! ™3, Recent studies have shown that iphingosine
is a major and initiating storage compound in NP-C>*, However,
the underlying mechanism(s) leading to sphingosine storage, as
well as its role in NP-C pathogenesis such as neuronal loss,
remains largely unknown.

Our previous studies have shown that bone marrow mesench-
ymal stem cells (BM-MSCs) contribute to improved neurological
function in the NP-C mice>®. Furthermore, we have postulated
that the prosurvival effects of BM-MSCs on NP-C Purkinje
neurons (PNs) are paracrine effects that restore the sphingolipid
imbalance, as evidenced by decreased sphingosine and increased
sphingosine-1-phosphate (S1P) levels’. Therefore, we speculated
that sphingolipid-modulating factors derived from BM-MSCs are
potential therapeutic agents for this disease.

Sphingolipid-metabolizing enzymes control the cellular
dynamic balance of bioactive lipids, including the proapoptotic
compound sphingosine and the proliferative compound S1P8.
Sphingosine kinase (SphK) is a key enzyme that converts
sphingosine into SIP. SphK can be activated by numerous
external stimuli®12, resulting in a decrease in intracellular
sphingosine and increase in SIP',

On the basis of these concepts and findings, we hypothesized
that defects of SphK activators could be involved in the
pathogenesis of NP-C, and explored candidate therapeutic
factors secreted by BM-MSCs that might influence the activation
of SphK. Here we show that NPC1 deficiency markedly reduces
vascular endothelial growth factor (VEGF) expression, and
that decreased VEGF levels cause impaired SphK activity in
PNs. Abnormal sphingosine storage by VEGF-mediated SphK
inactivity causes a decreased PN survival via disruption of
autophagosome-lysosome fusion. Further, replenishment of
VEGEF leads to restoration of SphK activity and improvement of
pathology by binding to the VEGF receptor-2 (VEGFR2) in NP-
C mice PNs as well as patient-specific cells, preventing
sphingosine accumulation, autophagy dysfunction and abnormal
calcium homeostasis.

N iemann-Pick type C disease (NP-C) is an inherited

Results

SphK activity is reduced in NP-C patients and NP-C mice. We
first determined whether defects of SphK could be involved in
NP-C and responsible for the elevated sphingosine. SphK was
significantly decreased in fibroblasts from NP-C patients com-
pared with normal control fibroblasts (Fig. 1a). These levels did
not change as the passage numbers increased (Fig. la). SphK
activity also was decreased in the cerebellum and primary cere-
bellar PNs from NP-C mice compared with those of wild-type
(WT) mice (Fig. 1a). These results confirmed that SphK, a key
enzyme in modulating the levels of sphingosine, is diminished in
NP-C, and that the reduction of this activity may influence dis-
ease progression and/or pathogenesis.

BM-MSC-derived VEGF restores SphK activity in NP-C mouse
PNs. To examine whether bioactive, soluble factors released from
BM-MSCs affected SphK activity in NP-C, we cocultured BM-
MSCs with PNs using an indirect coculture system (see Methods).
We found that when NP-C PNs were cocultured with BM-MSCs,
their SphK activity was significantly increased (Fig. 1b). To
identify the soluble factors that were released from the BM-MSCs
and might be responsible for the increased SphK activity, we
screened and compared the conditioned media (CM) of PNs
grown with and without BM-MSCs using an antibody-based
mouse cytokine array (Supplementary Fig. 1la,b). The CM of
NP-C PNs cocultured with BM-MSCs revealed stronger signals

in four array spots in comparison with the CM of NP-C PNs
alone (Supplementary Fig. 1¢,d). To confirm the secretion of these
factors, we performed enzyme-linked immunosorbent assays
(ELISA). Of the selected cytokines, only VEGF levels were sig-
nificantly elevated in the CM of NP-C PNs cocultured with BM-
MSCs. We also found that VEGF was significantly decreased in
NP-C PN cultured alone compared with WT PNs (Fig. 1c). To
confirm these effects in PNs, we performed VEGF immunos-
taining. VEGF was normally expressed in PNs, but the expression
levels were lower in NP-C PNs compared with WT PNs. When
the NP-C PNs were cocultured with BM-MSCs, intensity of
VEGF expression was increased (Fig. 1d). These data identified
VEGF as a potential candidate molecule that could modulate
SphK and may influence pathogenesis in NP-C PN,

To further examine the effects of BM-MSC-derived VEGF on
SphK activity in NP-C PNs, we used VEGF small interfering
RNA (siRNA)-treated BM-MSCs and VEGF-overexpressing
BM-MSCs (the latter derived from VEGF®S mice; ref. 14;
Supplementary Fig. 2a). As predicted, SphK activity was
significantly increased in NP-C PNs cocultured with BM-MSCs
and VEGF'® BM-MSCs compared with NP-C PNs alone.
However, the activity did not show any changes in NP~-C PNs
cocultured with VEGF siRNA-treated BM-MSCs (Fig. le).
Consistent with this observation, sphingosine and S1P levels in
the cocultured NP-C PNs were altered relative to the amount of
VEGF released from the BM-MSCs (Supplementary Fig. 2b,c).
We also performed S1P immunostaining in PNs. S1P was mainly
expressed in PNs, and the expression was significantly increased
in NP-C PNs cocultured with normal or VEGF' BM-MSCs.
However, it was not increased when the cells were cocultured
with VEGF siRNA-treated BM-MSCs (Supplementary Fig. 2d).

VEGF binds to two tyrosine kinase receptors, known as
VEGFRI and 2 (ref. 15). Among these receptors, VEGFR2 is
highly expressed on PNs!®. To examine whether VEGF from BM-
MSCs improved the sphingolipid imbalance in NP-C PNs by
binding to VEGFR2, we treated NP-C PNs with the VEGFR2
tyrosine kinase inhibitor PTK787 before coculturing!”. We found
that SphK activity and other sphingolipid metabolites in NP-C
PNs were mediated by interactions of BM-MSC-derived VEGF
and its receptor VEGFR2 (Fig. 1f; Supplementary Fig. 2e). These
results indicated that BM-MSC-mediated restoration of abnormal
SphK activity could be due the secreted VEGF binding to the
VEGFR2 in NP-C PNs.

Next, to determine whether the VEGF-mediated SphK
modulation by BM-MSCs promoted the survival of NP-C PN,
we determined cell counts after coculture. When NP-C PNs were
cocultured with BM-MSCs or VEGF'8 BM-MSCs, the number of
PNs was significantly increased. This effect was lower when
VEGF siRNA BM-MSCs were cocultured with the NP-C PN,
although this did not reach statistical significance (Fig. 1g).

Finally, to gain more direct insights into the relationship
between VEGF and SphK activity in NP-C PNs, we treated WT
PNs with VEGF siRNA and determined the changes of
sphingolipid factors. VEGF siRNA treatment of WT PNs strongly
reduced SphK levels and led to elevation of sphingosine and
reduction of S1P, similar to NP-C PNs (Fig. 1h; Supplementary
Fig. 2f,g). The survival of PNs was also significantly decreased
following VEGF siRNA transfection (Fig. 1i). These results
suggested that inactivation of VEGF may lead to reduced SphK
activity in NP-C PN.

VEGF from BM-MSCs reduces pathology in PNs of NP-C
mice. To examine the in vivo effects of VEGF derived from BM-
MSCs on SphK activity of PNs, we transplanted BM-MSCs into
the cerebellum of NP-C mice (Fig. 2a). At one day after BM-MSC
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Figure 1 | BM-MSC-derived VEGF restores SphK activity in NP-C mice PNs. (a) SphK activities between NP-C and control were analysed in human
fibroblast (n=7 per group), mouse cerebellum tissue (n=7 per group) and primary mouse PN samples (n=9 per group). SphK activity did not show
passage differences between NP-C and normal fibroblasts. (b) Three days after cocultures, we measured SphK activities in PNs derived from WTand NP-C
mice (n=8 per group). (¢) VEGF levels were measured in CM derived from PNs with or without BM-MSCs by ELISA (n=7 per group). (d) Primary
cultures of NP-C PNs were immunostained with anti-calbindin and anti-VEGF (scale bar, 50 um). Arrowheads indicate VEGF expression by PNs. Values
represent normalized fluorescence intensities of VEGF in PNs (WT PN, n=8; and NP-C PN, n=9). (e) SphK activities were measured in NP-C PNs alone
(n=7) and NP-C PNs cocultured with BM-MSCs, VEGF siRNA BM-MSCs and VEGF® BM-MSCs (n= 8 per group). (f) Effect of the PTK787 on BM-MSCs
mediated SphK activation. NP-C PNs were pretreated with PTK787 at 10 uM for 1 day and cocultured for 3 days with BM-MSCs, and then SphK activity was
assayed (n=7 per group). (g) Representative images of PNs stained with anti-calbindin (scale bar, 100 um). The mean number of PNs per squared
millimetre was counted (n=8 per group). (h) Effect of VEGF knockdown on SphK activity in PNs (control, n=6; and VEGF siRNA, n=8 per group).
(i) Representative images and quantification of neuronal survival in normal and VEGF-knockdown PNs (scale bar, 50 um; n=8 per group). a,h,i, Student's
t-test. b-g, one-way analysis of variance, Tukey's post hoc test. *P<0.05, **P<0.01, ***P<0.005. All error bars indicate s.e.m.

transplantation, SphK activity was significantly increased in the
cerebellum of NP-C mice compared with phosphate-buffered
saline (PBS)-infused counterparts (Fig. 2b). BM-MSC transplan-
tation also increased VEGF protein levels in the cerebellum of
NP-C mice (Fig. 2¢). The elevated expression of VEGF was sig-
nificant in the Purkinje cell layer (PCL) of the NP-C mouse
cerebellums, consistent with the decreased VEGF levels in non-
treated NP-C PNs compared with WT (Fig. 2d). However, BM-
MSCs did not increase SphK or VEGF levels in normal cere-
bellums, consistent with previous reports®15,

We also transplanted VEGF siRNA BM—MSCS and VEGF'®
BM-MSCs into the cerebellum of NP-C mice. As predicted, at
one day after transplantation, SphK activity was significantly
increased in the cerebellum of NP-C mice treated with VEGF'8
BM-MSCs. However, mice treated with VEGF siRNA BM-MSCs
showed significantly lower SphK activity (Fig. 2e). The

VIUNICATIO

sphingosine and SI1P metabolites were also changed in NP-C
PNs in relation to SphK and VEGF levels (Supplementary
Fig. 3a,b). Similar effects were observed when S1P immunostain-
ing was performed on the PN layer of NP-C mice following
transplantation with VEGF siRNA or VEGF-overexpressing BM-
MSCs (Supplementary Fig. 3c). To further confirm these effects,
we used laser capture microdissection (LCM) to selectively isolate
PNs (Supplementary Fig. 3d). We observed that expressions of
Vegf, VEGFR2 and Sphkl mRNAs were decreased in LCM-
captured PNs from NP-C mice compared with that of WT mice.
BM-MSC transplantation enhanced these expression levels in
NP-C PNs (Fig. 2f). We also ascertained whether VEGFR2 was
required for the activation of SphK in NP-C mice. As shown in
Fig. 2g, SphK activity was significantly increased in the NP-C
mice following BM-MSC treatment, whereas this effect was lower
in NP-C mice treated with PTK787 before injecting BM-MSCs,
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Figure 2 | VEGF from BM-MSCs reduces pathology in PNs of NP-C mice. (a) Protocol of BM-MSC treatment in NP-C mice. (b,c) SphK activity (n=7 per
group; b) and VEGF levels (n=8 per group; €) were estimated in the cerebellums of WT and NP-C mice after BM-MSC treatment. (d) Cerebellar
sections were stained with anti-calbindin and anti-VEGF (low-magnification scale bar, 50 um; high-magnification scale bar, 20 um). Values represent
normalized VEGF fluorescence intensities in PCL (n=7 per group). (e) SphK activities were measured in the cerebellums of NP-C mice treated with PBS
(n=6), BM-MSCs, VEGF siRNA BM-MSCs and VEGF8 BM-MSCs (n=8 per group). (f) Left, isolation of mouse PNs using LCM (scale bar, 75 um). Right,
mRNA level of Vegf, VEGFR2 and Sphkl on LCM-captured PNs samples (n=7 per group). (g) NP-C mice were treated daily with the PTK787 at

100 mgkg ~" or PBS, starting 2 days before the BM-MSC transplantation. One day after BM-MSC treatment, SphK activity was estimated (NP-C, n=7;
NP-C BM-MSC TP, n=8 per group). (h) Cerebellar sections were stained with anti-calbindin (scale bar, 50 um), and the number of calbindin-positive PNs
were quantified (n=7 per group). (i) Rota-rod scores of mice were averaged and plotted beginning 3 days after transplantation (n=15 per group).

@§) Survival curve of NP-C mice (n=15 per group). Treatment with BM-MSCs and VEGF& BM-MSCs resulted in significantly increased survival compared
with PBS treatment (P=0.0194 and P=0.0055, respectively; log-rank test). (k) Effect of VEGF knockdown on SphK activity. Left, after intracerebellar
injection of control (n=7) or VEGF shRNA (n=28) in mice, SphK activities were measured in the cerebellums. Right, relative levels of SphkT mRNA
from LCM-captured PNs samples (n=7 per group). b-i, one-way analysis of variance, Tukey's post hoc test. k, Student's t-test. *P<0.05, **P<0.01,
***P<0.005. All error bars indicate s.e.m.

although this did not reach statistical significance. S1P levels were Next, we evaluated the effects of VEGF on the NP-C
moderately decreased with PTK787 treatment, but sphingosine phenotype in mice. Transplantation of VEGF'® BM-MSCs
did not vary between the groups (Supplementary Fig. 3e). improved NP-C pathology as measured by increased number
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of calbindin-positive PNs on 14 days after treatment (Fig. 2h),
and also enhanced the Rota-rod performance (Fig. 2i). These
effects were less in the VEGF siRNA BM-MSC-treated group.
Rota-rod performance also diminished in the VEGF siRNA BM-
MSC-treated NP-C mice over time. Moreover, the lifespan of
mice that had BM-MSC or VEGF'® BM-MSC transplants was
extended (Fig. 2j).

Finally, to determine whether the reduced VEGF levels in the
cerebellums affected SphK activity, we injected VEGF short
hairpin RNA (shRNA) into the cerebellum of WT mice and
determined the changes of sphingolipid factors. Treatment with
VEGF shRNA markedly reduced SphK activity and Sphkl mRNA
levels (Fig. 2k; Supplementary Fig. 3f,g) and led to elevation of
sphingosine and reduction of S1P (Supplementary Fig. 3h). These
results suggested that inactivation of VEGF may lead to reduced
SphK activity in NP-C mice, consistent with in vitro results.

Together, these findings show a direct correlation between VEGF
and SphK activity in PNs and suggest that abnormal sphingosine
accumulation in NP-C may be due to the dysfunction of SphK
activity by inactivated VEGF expression.

NPC1 deficiency impairs VEGF/SphK activation in PNs. We
subsequently investigated the relationship between NPC1 and
VEGF expression. NPC1 knockdown by siRNA markedly
decreased VEGF expression in normal PNs. When NPC1 was
knocked down in VEGF® PNs (derived from VEGF'® mice), the
decreased level of VEGF was lower than that of normal PNs
(Fig. 3a-c). Moreover, NPC1 deficiency markedly inactivated
SphK and led to sphingolipid imbalance. In VEGF' PNs, how-
ever, moderate changes were observed (Fig. 3d,e). We next tested
whether NPC1 deficiency affected VEGF expression in the
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Figure 3 | NPC1 knockdown reduces VEGF expression and SphK activity. (a-c) Primary cultures of normal and VEGF'® PNs were transfected with control
or NPC1 siRNA. Three days after transfection, we measured the levels of Npc (a) and Vegf (b) mRNA and secreted VEGF protein (¢) in PNs

(n=7 per group). (d,e) SphK activity (d), sphingosine and S1P (e) were estimated in PNs transfected with control (n=6) or NPC1 siRNA (n=7).
(f-j) Four-week-old WTand VEGF® mice were injected with control or NPC1 shRNA into the cerebellum. Mice were sacrificed at 3 days after the injection.
Npcl (f) and Vegf (g) mRNA levels were estimated in LCM-captured PNs and VEGF protein levels (h) were measured in the cerebellums (n=7 per group).

(i) Left, SphK activities were measured in the cerebellums (n=7 per group).

Right, relative levels of SphkT mRNA from LCM-captured PNs samples

(n=8 per group). (j) Sphingosine and S1P were measured in the cerebellums (n=7 per group). a-j, one-way analysis of variance, Tukey's post hoc test.

*P<0.05, **P<0.01, **P<0.005. All error bars indicate s.e.m.
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cerebellums of WT mice using NPC1 shRNA. Intracerebellar
injection of NPC1 shRNA, which decreased Npcl
mRNA expression in the LCM-captured PNs (Fig. 3f),
reduced VEGF expression (Fig. 3gh). Consistently, NPC1 defi-
ciency significantly decreased SphK activity and Sphkl mRNA
expression and led to elevation of sphingosine and reduction
of SIP in the cerebellums (Fig. 3i,j). These effects were moderated
in VEGF' mice (Fig. 3g-j). Overall, these results indicated
that knockdown of NPC1 may lead to reduced VEGF
expression, and these reductions subsequently decreased SphK
activity in PNs.

VEGF overexpression ameliorates NP-C pathology in mice.
The VEGF-mediated SphK reduction in NP-C PNs prompted
us to examine possible genetic implications of this pathway.
To increase VEGF in NP-C mice, we generated VEGF?/
Npcl =/~ mice (Supplementary Fig. 4a). VEGF is widely
expressed in neurons, glia and endothelial cells'>?°, with
strong expression in PNs. In NP-C cerebellum, however,
VEGF was mainly expressed in the granular layer and
significantly decreased in the PCL. VEGF/NP-C mice showed
increased expression of VEGF in the PCL compared with NP-C
mice (Fig. 4a).
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Figure 4 | Replenishment of VEGF ameliorates NP-C pathology in mice. (a) Cerebellar sections from 6-week-old WT, VEGF, NP-C and VEGF/NP-C mice
were immunostained with anti-calbindin and anti-VEGF (low-magnification scale bar, 50 um; high-magnification scale bar, 20 um). The average VEGF
fluorescence intensity within the PCL was measured (WT, n=7; VEGF, n=7; NP-C, n=9; and VEGF/NP-C, n=9). (b) SphK activities were measured in
cerebellums derived from 6-week-old WT, VEGF, NP-C and VEGF/NP-C mice (n= 8 per group). (¢) Quantitative real-time PCR for Vegf, VEGFR2 and Sphk1
mRNA in LCM-captured PNs in 6-week-old WT, VEGF, NP-C and VEGF/NP-C mice (WT, n=6; VEGF, n=6; NP-C, n=8; and VEGF/NP-C, n=28).

(d) VEGF/NP-C mice were treated daily with the PTK787 at 100 mgkg ~ or PBS vehicle control for 3 days before sacrifice (6-week-old), and SphK activity
was estimated in cerebellums (n=7 per group). (e) Cerebellar sections were immunostained with anti-calbindin and the number of calbindin-positive PNs
was quantified (WT, n=7; VEGF, n=7; NP-C, n=8; and VEGF/NP-C, n=28). (f) Left, beginning at 4 weeks of age, Rota-rod scores were averaged and
plotted (n=15 per group). Right, survival curves of NP-C and VEGF/NP-C mice (P =0.0548; log-rank test, n =15 per group). (g) Cerebellar sections from
WT and NP-C mice transplanted with VEGF-loaded or control microspheres were stained with anti-calbindin and anti-VEGF. The average VEGF
fluorescence intensity within the PCL was measured (n="7 per group). (h) SphK activity was estimated in the cerebellums of WTand NP-C mice at one day
after treatment. (i) Cerebellar sections were prepared at 2 weeks after transplantation and immunostained with anti-calbindin. The calbindin-positive PNs
were counted (n=7 per group). a-i, one-way analysis of variance, Tukey's post hoc test. *P<0.05, **P<0.01, ***P <0.005. All error bars indicate s.e.m.
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To examine whether genetically increasing VEGF affects SphK
activity in NP-C PNs, we analysed cerebellum samples derived
from 6-week-old WT, VEGF, NP-C and VEGF/NP-C mice.
Compared with NP-C mice, VEGF/NP-C mice showed sig-
nificantly increased SphK activity and decreased sphingosine
accumulation (Fig. 4b; Supplementary Fig. 4b). Cerebellar S1P
levels did not vary between the NP-C and VEGF/NP-C mice,
although S1P levels in the PCL was increased in VEGF/NP-C
mice (Supplementary Fig. 4b,d). Sphingomyelin and unesterified
cholesterol levels were also significantly decreased in VEGF/NP-
C mice, but glycosphingolipid (GSL) levels did not vary between
the groups (Supplementary Fig. 4c,e,f). These results revealed that
genetic VEGF overexpression could reverse the SphK abnormality
and abnormal lipid accumulation in NP-C. To confirm VEGF-
mediated SphK activation within PNs, we measured the Vegf,
VEGFR2 and Sphkl mRNA levels in LCM-captured PNs from
these mice. LCM-captured PNs from VEGF/NP-C showed
slightly increased Vegf and VEGFR2 mRNA levels and signifi-
cantly enhanced Sphkl mRNA levels (Fig. 4c).

Next, to further investigate the subcellular distribution pattern
of SphK activity, sphingosine and S1P, we isolated cytosolic-
enriched and lysosome-enriched fractions from the cerebellums.
SphK activity was increased in VEGF/NP-C-derived lysosomes
and cytosol compared with NP-C-derived ones, although the
degree of SphK increase was greater in the cytosol than lysosome.
Accumulated sphingosine in NP-C was found in the lysosome.
Lysosomal sphingosine levels were significantly decreased in the
VEGEF/NP-C, whereas S1P levels did not vary between the groups
(Supplementary Fig. 4g). Taken together, these results suggested
that VEGF leads to activated SphK in the lysosome and cytosol
and that activated SphK decreased lysosomal sphingosine
accumulation in NP-C. We next observed whether the activation
of VEGFR2 was required for the activation of SphK in VEGF/
NP-C mice. Increased SphK activity was lower in VEGF/NP-C
mice treated with the PTK787, although this did not reach
statistical significance (Fig. 4d). Sphingosine levels also were
moderately increased, but S1P levels did not vary between the
groups (Supplementary Fig. 4h). PN survival was significantly
improved in the VEGF/NP-C mice (Fig. 4e), and there were
improvements in the Rota-rod score of 5-week-old VEGF/NP-C
mice compared with NP-C mice (Fig. 4f, left). The lifespan of the
VEGF/NP-C mice was slightly increased (Fig. 4f, right). We also
found that BM-MSC transplantation is more effective in SphK
modulation than genetic replenishment of VEGF (see Fig. 2).
These results suggested that other factors secreted by BM-MSCs
might also contribute to SphK activation.

We next tested whether pharmacologic delivery of recombi-
nant VEGF is beneficial to NP-C pathology. Since the injected
recombinant VEGF exerted a short-lived effect?, to overcome
this obstacle we generated a microsphere system that allows
localized and sustained VEGF release (Supplementary Fig. 5a).
We injected 3mg of VEGF-loaded microspheres or control
microspheres into the cerebellum of 4-week-old NP-C and WT
mice. Two weeks after treatment, NP-C mice transplanted with
VEGEF-loaded microspheres had higher levels of VEGF expression
in the PCLs (Fig. 4g), exhibited increased SphK activity (Fig. 4h)
and decreased sphingosine levels (Supplementary Fig. 5b) in
their cerebellums. SI1P levels in cerebellum and expression in
PNs were also increased by VEGF-loaded microsphere treat-
ment (Supplementary Fig. 5b,c). Further, the VEGF-loaded
microsphere-treated NP-C mice showed significantly improved
PN survival (Fig. 4i).

VEGF overexpression reverses defective autophagy in NP-C
mice. Autophagy, a major degradative pathway of the lysosomal

system, is known to be markedly impaired in NP-C. These
defects lead to loss of PNs in NP-C**. To examine whether
increased PN survival in VEGF/NP-C mice was related to
autophagy, we first measured LC3-II levels. Consistent with
previous result?’, we found that the LC3-II levels were
significantly increased in PNs and cerebellum samples derived
from NP-C mice. This enhanced LC3-II level was reduced in
VEGF/NP-C mice (Fig. 5a,b,d). The level of beclin-1 did not vary
between the groups (Fig. 5a,d). The levels of cathepsin D, a
lysosomal hydrolase, were slightly increased in NP-C mice
compared with WT mice (Fig. 5a,d). However, the activity of
cathepsin D was not changed between the groups (Fig. 5¢,e). This
result indicated that the elevated levels of cathepsin D in NP-C
mice did not ultimately translate into a significant increase in
enzyme activity. Cathepsin D levels in VEGF/NP-C mice were
comparable to that of NP-C mice, indicating that increased
VEGF in NP-C mice did not influence the cathepsin D
expression (Fig. 5a,c-e). The level of p62 was significantly
higher in NP-C mice compared with WT mice, but was decreased
in VEGF/NP-C mice (Fig. 5a,d). We also performed transmission
electron microscopic (EM) analysis using mouse cerebellum
samples to corroborate the immunoblotting results. NP-C mice
brains showed massive increases of autophagic vacuoles, while
brains of VEGF/NP-C mice represented a reduced number of
these vesicles (Fig. 5f).

Next, to determine whether the endocytic pathway was
affected by VEGF overexpression in NP-C mice, we examined
Rab5 and Rab7 expression in our animals. The levels of
these proteins showed no differences between the groups
(Fig. 5g). Apoptotic cells, as judged by active caspase-3, did not
show any differences between NP-C and VEGF/NP-C mice
(Fig. 5h). Our results showed that endocytic pathway and
apoptosis were not the main mechanisms of increased PN
survival in VEGF/NP-C mice.

Impaired VEGF/SphK pathway causes defective autophagic
flux. Improved autophagic degradation in the VEGF/NP-C mice
prompted us to analyze whether VEGF-mediated sphingolipid
changes affect autophagy activity. First, to unravel the mechan-
istic link between VEGF levels and autophagic dysfunction,
VEGF was depleted in the WT PNs by siRNA treatment.
Knockdown of VEGF caused increased accumulation of LC3-II
and p62 (Fig. 6a,b). Beclin-1 expression was not affected by VEGF
knockdown (Fig. 6a), indicating that the accumulation of
autophagosomes was not due to the biogenesis pathway.

The accumulation of autophagosomes can occur due to either
an increase in their rate of formation or a reduction in their rate
of degradation®®. To distinguish between these two events, we
examined the effects of VEGF knockdown on LC3-1I levels in WT
PN in the presence or absence of NH,CI that blocks autophagic
degradation but does not affect autophagosome formation. VEGF
knockdown increased accumulation of LC3-II. This level was not
further increased by NH,CI treatment (Fig. 6c, left). In contrast,
VEGF depletion in serum starvation culture resulted in a
significant increase in LC3-II levels (Fig. 6c, right). These
observations were also supported by levels of p62 (Fig. 6c).
These results suggested that VEGF depletion influences at a late
step of autophagy. We also performed autophagy flux assay in
WT, NP-C and VEGF/NP-C mice PNs. Under basal condition,
NP-C PNs showed significantly increased LC3-II and p62 levels
compared with WT PNs. NH,Cl-induced lysosome inhibition led
to marked increase of LC3-II and p62 levels in the WT PNs, but
this increase was significantly less in the NP-C PNs (Fig. 6d).
VEGF/NP-C PNs showed similar pattern in LC3-II and p62
increase compared with WT cells (Fig. 6d). Taken together, these
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Figure 5 | VEGF replenishment reverses defective autophagy in NP-C mice. (a) Western blot analysis of LC3, beclin-1, p62 and cathepsin D in primary
cultured PNs derived from WT, NP-C and VEGF/NP-C mice (WT, n=5; NP-C, n=6; and VEGF/NP-C, n=6). (b) Immunocytochemistry of LC3 in WT,
NP-C and VEGF/NP-C PNs (n= 6 per group; scale bar, 20 um). (¢) Cathepsin D activity in primary cultured PNs (WT, n=5; NP-C, n=6; and VEGF/NP-C,
n==6). (d) Western blot analysis of LC3, beclin-1, p62 and cathepsin D in the cerebellums of 6-week-old WT, NP-C and VEGF/NP-C mice (WT, n=6
NP-C, n=7; and VEGF/NP-C, n=7). (e) Cathepsin D activity in the cerebellums of WT, NP-C and VEGF/NP-C mice (WT, n=5; NP-C, n=6; and
VEGF/NP-C, n=6). (f) EM images and quantification data of the cerebellum (n=5 per group; low-magnification scale bar, 1pum; high-magnification scale
bar, 200 nm). Arrow indicates autophagic vacuole. (g) Western blot analysis of Rab5 and Rab7 levels in the cerebellum (n=6 per group). (h) Cerebellar
sections were immunostained with anti-active caspase-3 and the number of active caspase-3-positive cells in PCL was quantified (n=5 per group;
scale bar, 50 um). a-g, one-way analysis of variance, Tukey's post hoc test. h, Student's t-test. *P<0.05, **P<0.01, ***P<0.005. All error bars indicate
s.e.m.
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Figure 6 | VEGF/SphK inactivity impairs autophagic flux. (a) Western blots of LC3, beclin-1 and p62 in PNs after VEGF knockdown (n=6 per group).
(b) Immunocytochemistry of LC3 in PNs after VEGF knockdown (n=6 per group; scale bar, 20 um). (¢) Autophagic flux assay. Western blots of LC3 and
p62 in PNs (n =6 per group). (d) Western blots of LC3 and p62 in cultured PNs in the presence of NH,Cl (n=5 per group). (e) Western blots of TFEB and
Lamp1 in VEGF-knockdown PNs (control, n=5 and VEGF siRNA, n=6). (f) Effect of VEGF knockdown on lysosomal pH. PNs stained with LysoTracker red
(n=5 per group; scale bar, 20 um). (g) Fluorescence analysis of autophagosomes and autolysosomes (control, n=7 and VEGF siRNA, n=8; scale bar,
10 um). (h) Sphk activity, sphingosine and S1P levels in PNs after VEGF knockdown in the presence of curcumin (n= 8 per group). (i) Western blot analysis
of LC3 and p62 in VEGF-knockdown PNs treated with curcumin (control, n=7; VEGF siRNA, n=38; and VEGF siRNA/curcumin, n=8). (j) Survival of

VEGF-knockdown PNs treated with curcumin (n=8 per group). (k) Left, representative traces showing intracellular [Ca?* ] changes monitored in single
fluo-4-loaded PNs. Right, maximal peak fluorescence changes were determined as the differences between basal and the maximum fluorescence (n=10
cells per group). () Sphk activity and sphingosine levels were measured in cultured PNs (n=8 per group). (m) Quantification of autophagosomes and
autolysosomes in primary cultured PNs (WT, n=7; NP-C, n=7; and VEGF/NP-C, n=28). (n) EM analysis of the PNs (n=5 per group; low-magnification
scale bar, 1pum; high-magnification scale bar, 200 nm). (o) Survival of primary cultured PNs (WT, n=6; NP-C, n=8; and VEGF/NP-C, n=28). ab,eg,

Student'’s t-test. ¢,d f h-o, one-way analysis of variance, Tukey's post hoc test. *P<0.05, **P<0.01, ***P<0.005. All
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