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Lithium ameliorates Niemann-Pick C1 disease
phenotypes by impeding STING/SREBP2 activation

Shiqian Han,1,11,12 Qijun Wang,2,3,4,12 Yongfeng Song,2,3,12 Mao Pang,5 Chunguang Ren,2,3 Jing Wang,1

Dongwei Guan,5 Wei Xu,6 Fangyong Li,6 Fengchao Wang,7 Xinyuan Zhou,8 Carlos Fernández-Hernando,2,9

Huiwen Zhang,10 Dianqing Wu,2,3,* and Zhijia Ye5,13,*

SUMMARY

Niemann-Pick disease type C (NP-C) is a genetic lysosomal disorder associated
with progressive neurodegenerative phenotypes. Its therapeutic options are
very limited. Here, we show that lithium treatment improves ataxia and feeding
phenotypes, attenuates cerebellar inflammation and degeneration, and extends
survival in Npc1mouse models. In addition, lithium suppresses STING activation,
SREBP2 processing to its mature form and the expression of the target genes in
theNpc1mice and inNpc1-deficient fibroblasts. Lithium impedes STING/SREBP2
transport from the ER to the Golgi, a step required for STING activation and
SREBP2 processing, probably by lowering cytosolic calcium concentrations.
This effect of lithiumon STING/SREBP2 transport provides amechanistic explana-
tion for lithium’s effects on Npc1 mice. Thus, this study reveals a potential thera-
peutic option for NP-C patients as well as a strategy to reduce active STING/
SREBP2 pathway.

INTRODUCTION

Niemann-Pick disease type C (NP-C) is a rare neurovisceral lysosomal disorder caused by mutations in

either Npc1 (95% of cases)1 or Npc2 (5% of cases).2 NPC1 and NPC2 are involved in moving cholesterol

from the lysosome to the sterol pools in cytosolic compartments.3,4 Upon receptor binding and internali-

zation, LDL is delivered from early endosomes to late endosomes/lysosomes (the acidic compartments),

where LDL-derived cholesteryl esters are hydrolyzed to unesterified cholesterol.5 NPC2, a soluble luminal

protein, binds unesterified cholesterol and delivers the cholesterol molecule to the N-terminal domain of

NPC1. NPC1, a polytopic membrane protein on themembrane of the acidic compartment, projects choles-

terol through the glycocalyx and inserts it into the lysosomal membrane.6,7 Loss-of-function mutations in

either Npc1 or Npc2 cause cholesterol to accumulate in the lysosome.8

Potential therapies for NP-C involve targeting cholesterol and lipid overload or restoring functional NPC

proteins. The reversal of cholesterol overload by the sterol-binding agent, 2-hydroxypropyl-b-cyclodextrin

(HPbCD), extended survival of Npc1 mutant mice8 and slowed the disease progression of NP-C patients.9

Miglustat, a small molecule inhibitor of glucosylceramide synthase, is a drug for symptomatic therapy of the

disease, which has been approved in Europe, Canada, Japan, and China,10 but not in the US. Long term use

of miglustat increases lifespan and stabilizes neurological functions but has serious gastrointestinal side

effects.10,11 Histone deacetylase inhibitors have recently attracted interest as potential therapeutics for

NP-C because of the findings that they can reduce cholesterol accumulation in late endosomes and lyso-

somes.12,13 These inhibitors were shown to increase expression of the mutant NPC1 protein.12 The combi-

nation of vorinostat, an HDAC inhibitor, with HPbCD has yielded strong benefits in disease phenotype

improvement and survival in a mouse model.14,15 Nevertheless, there is no US Food and Drug Administra-

tion (FDA) approved drug.

In addition to being a neurodegenerative disease characterized by abnormal lipid metabolism, NP-C may

be an autoimmune disease. A recent study reported that the NPC1 protein binds to stimulator of interferon

genes (STING), acting as a cofactor for STING translocation and mediating the degradation of STING in

lysosomes.16 Besides, cholesterol content in the ER controls cholesterol uptake and cholesterol biosyn-

thesis through the translocation of the SCAP-SREBP2 complex,17,18 which could also interact with
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STING. In Npc1-deficient cells, SCAP, an ER sensor of cholesterol content, facilitates the transport of

STING/SREBP2 from the ER to the Golgi, where STING is processed to recruit TBK1 and activate IRF3-

IFN signaling,16,19 and SREBP2 is processed to the mature form via sequential proteolytic cleavage by pro-

teases S1P and S2P.20 Mature SREBP2 enters the nucleus and activates the transcription of genes involved

in cholesterol uptake and biosynthesis, including Ldlr and Hmgcr.21 Constitutive activation of STING/

SREBP2 further exacerbates the expression of several IFN-stimulated genes (ISGs) and cholesterol over-

load, leading to dysregulation of the transcription of an array of genes and the eventual dysfunction and

even death of Npc1-deficient cells. Thus, suppression of STING/SREBP2 activation would be a potential

therapeutic strategy for NP-C.

Lithium has been used for the treatment of bipolar disorder for more than 60 years.22 It has also been

shown to improve behavioral and cognitive deficits in animal models of neurodegenerative diseases.23

Lithium modulates a wide range of molecular effectors. At a high concentration, it inhibits GSK3 activity,

whose hyperactivity is involved in numerous aspects of the pathophysiology of neurodegenerative disor-

ders.24,25 Inhibition of GSK3 activity also leads to alterations in signaling pathways, including the stabi-

lization of b-catenin, which is a key component of the Wnt-b-catenin signaling pathway.26,27 In addition,

lithium contributes to calcium homeostasis by inhibiting calcium influx mediated by the N-methyl-D-

aspartate (NMDA) receptor,28 and treatment with lithium resulted in a reduction in basal cytoplasmic

Ca2+ levels in cultured cells.29,30 Recently, alterations in the Wnt and calcium pathways were implicated

in the analysis of gene expression of a neural stem cell line derived from an induced pluripotent stem cell

line from a subject homozygous for the most frequent Npc1 mutation (p.I1061T).31 Given the known ef-

fects of lithium on these two pathways as well as the recent report on the potential disease-modifying

effects of lithium on NP-C,32 we tested the effects of lithium on NP-C phenotypes in mouse Npc1

models. The treatment resulted in improvements in NP-C phenotypes. Mechanistically, we found that

lithium reduced STING activation and SREBP2 processing by impeding the transport of these proteins

from the ER to the Golgi.

RESULTS

Lithium ameliorates NP-C phenotypes in Npc1 mutant mouse and Npc1�/� mouse models

The Npc1tm(I1061T)Dso mouse carries the I1061T missense mutation in exon 21. This model genetically and

phenotypically resembles many human Npc1 hypomorphic patients.33 These Npc1tm(I1061T)Dso mice

develop progressive neurodegeneration and start to show ataxia phenotypes at 9–10 weeks of age.33–35

The Npc1tm(I1061T)Dso mice were fed at lib with 1.0 g lithium/kg chow starting at 6 weeks of age and

continuing until their death. This yielded plasma lithium concentrations of 0.354 G 0.052 mM, which is

within the therapeutic range for bipolar disorder treatment in humans.22 Lithium treatment resulted in a

moderate, but statistically significant increase in survival (Figure 1A). The neurological phenotypes of the

mice were assessed using a disease severity scoring system based on a previously described murine

symptomatic scoring scale used for the assessment of neurodegenerative disease models,14,36,37 to which

Npc1tm(I1061T)Dso mice exhibit similar neurological phenotypes. The maximum possible disease score is 12.

Lithium treatment appeared to delay reaching maximum disease score by approximately 3 weeks (Fig-

ure 1B). Linear mixed effect model analysis revealed that the score increased significantly more slowly in

lithium-treated mice (0.26 point less, p=<0.0001) than in the mice in the control group (Table S1). Further

analysis revealed that it took the lithium treatment group a significantly longer time to achieve milestone

scores of 1, 2 or 3 in each individual domain including hindlimb clasping, ledge test, gait, and kyphosis (Fig-

ure 1C, Table S2). Lithium treatment also resulted in an average of 0.7 g more daily food consumption over

84 days comparing to mice in control group (3.7 G 0.04 versus 3.0 G 0.04 g/day, p <0 .0001) (Figure 1D).

These results together suggest that lithium treatment provides functional benefits to major neurological

symptomatic indices in this Npc1 mutant model.

Histological examination of the cerebellum revealed that lithium treatment significantly reduced cerebellar

atrophy in Npc1tm(I1061T)Dso mutant mice (Figure 1E). NP-C progression was accompanied by a drastic

reduction in Purkinje cell number, but lithium treatment resulted in significant retention of the cells

compared with no treatment (Figure 1F). Calbindin staining, which labels Purkinje cell dendrites, confirmed

that fewer Purkinje cells were lost in the lithium-treated mice than in the untreated mice (Figure 1G). In

contrast, GFAP (glial fibrillary acidic protein) and Iba1 (Ionized calcium binding adapter molecule 1)

decreased in the cerebella of treated mice compared to those of untreated control mice (Figures 1H

and 1I), suggesting reduction in neuroinflammation in lithium-treated subjects.
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Figure 1. Effects of lithium on neurological phenotypes of Npc1tm(I1061T)Dso mice

(A) Effect of lithium treatment on lifespan ofNpc1tm(I1061T)Dsomice. Mice were treated with lithium starting at 6 weeks of age. p = 0.013, Logrank (Mantel-Cox)

test.

(B) Effect of lithium on the overall neurological score of Npc1tm(I1061T)Dso mice. Average scores for the time periods are shown as mean G SEM.

(C) Effect of lithium on appearance of individual neurological phenotypes at three different milestones.

(D) Effect of lithium on food intake of Npc1tm(I1061T)Dso mice.
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We also examined the effects of lithium treatment on the liver. Histological analysis indicated that lithium

treatment reduced lipid droplet accumulation in the liver (Figure S1A). Lithium treatment was also associ-

ated with improvements in liver function parameters, the alanine aminotransferase (ALT) and aspartate

aminotransferase (AST) levels (Figure S1B). However, the cholesterol levels in the plasma, cerebrum, cere-

bellum and liver were not altered by the treatment compared to non-treatment (Figure S1C). Notably,

cholesterol was significantly higher in the Npc1tm(I1061T)Dso livers than in the wild type (WT) livers

(Figure S1C).

We also evaluated the effect of lithium using a Npc1�/� mouse line. These mice generally succumb to the

disease at �10 weeks of age.38 We started the lithium treatment at the age of three weeks. Lithium treat-

ment also significantly extended lifespan (Figure 2A), retarded neurological deterioration (Figure 2B) and

improved food intake (Figure 2C). In addition, lithium treatment impeded Purkinje cell degeneration (Fig-

ure 2D) and reduced GFAP (Figure 2E) and Iba1 staining (Figure 2F) in the cerebella of Npc1�/� mice,

similar toNpc1tm(I1061T)Dsomice.Western blot results showed that lithium treatment significantly decreased

GFAP protein expression in the Npc1�/� cerebellum (Figure 2G). These data suggested that lithium also

improves NP-C phenotypes in Npc1�/� mouse models.

Lithium decreases STING activation

Next, we sought to understand the mechanism by which lithium ameliorates NP-C phenotypes. Lithium has

been shown to inhibit TBK1 kinase activity in a GSK3b-independent manner, attenuating TLR3/4 and RIG-I

immune pathways that mediate IFNb production and antiviral responses.39 Thus, lithium was assumed to

have therapeutic potential to intervene in autoimmune diseases caused by uncontrolled IFN-b production.

We first tested the activation status of STING, which can cause IFN-b production, in the Npc1�/� mouse

model. Several ISGs were increased in the cerebella of Npc1�/� mice, and treatment with lithium signifi-

cantly decreased the expression of ISGs (Figure 3A). Next, we used human skin fibroblasts (NPC1WT,

NPC1mu) and mouse skin fibroblasts (NPC1wt, NPC1ko) as the cell models in the following study. Compared

with the untreated group, the mRNA expression of ISGs was significantly reduced after lithium treatment in

both human skin fibroblasts and mouse skin fibroblasts (Figures 3B and 3C). Furthermore, lithium signifi-

cantly reduced the STING agonist DMXAA-activated ifnb1 and inflammatory factors in NPC1wt and

NPC1ko fibroblasts (Figures 3D and S2A). Western blot analysis revealed that lithium significantly reduced

the protein expression of p-TBK1 and p-STING in NPC1ko fibroblasts (Figure 3E) and reduced DMXAA

induced the activation of p-TBK1 and p-STING in NPC1wt fibroblasts (Figure S2B). Immunofluorescence

analysis confirmed that lithium led to a reduction in p-STING, p-TBK1 and p-IRF3 fluorescence intensities

in NPC1ko fibroblasts (Figure 3F). Stimulation with the STING agonist (DMXAA) or the RIG-I and MDA5

agonist poly(I:C) significantly increased the expression of ISGs mRNA in NPC1wt fibroblasts, and this effect

was inhibited by lithium (Figure S2C). These data suggest that lithium indirectly attenuates the STING

signaling pathway.

Lithium decreases STING activation by reducing intracellular Ca2+

The SREBP2-SCAP complex can directly bind to STING and activate the translocation of STING from the ER

to the Golgi in Npc1-deficient cells.16,19 To further clarify the transport mechanism, we knocked down the

expression level of SCAP. SREBP2 target genes (Hmgcr and Ldlr) and ISGs (Cxcl10, Ifit1 and Oas1a) were

significantly reduced as expected (Figure 4A). Then, we treated NPC1ko cells with BFA, which inhibited the

exit of STING from the ER to theGolgi, decreasing the expression of ISGs (Figure 4B). These results suggest

that ER-to-Golgi traffic is essential for STING signaling. The inhibitory effect of lithium on ISGs was similar

to that of BFA (Figure 4B). Therefore, we hypothesized that lithium may affect ER to Golgi transport.

Figure 1. Continued

(E) Representative sagittal sections of cerebella from WT, Npc1tm(I1061T)Dso and Npc1tm(I1061T)Dso treated with lithium for 53 days. The sections were stained

with DAPI and areas of entire DAPI-stained section were quantified. Each data point is an average of 10 random sections and represents onemouse. Data are

presented as mean G SD (One-way Anova with Tukey correction). Scale bars are 400 mm.

(F) Effect of lithium on preservation of cerebellar Purkinje cells. Red arrows pointed at exemplary Purkinje cells. The numbers of Purkinje cells were counted

from 10 random sections per cerebellum. Each data point represents an average of cell number from the sections from one mouse. Data are presented as

mean G SD (One-way Anova with Tukey correction). Scale bars are 100 mm.

(G–I) Effect of lithium on anti-calbindin (G), GFAP (H) and Iba1 (I)staining of cerebella ofNpc1tm(I1061T)Dso mutant mice. The sections were stained antibodies

followed by Alexa Fluor 647-conjugated (G, H) or Alexa Fluor 480-conjugated (I) secondary antibody and imaged by a confocal microscope. Scale bars are

400 mm (G) or 100 mm (H-I).
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Cytoplasmic calcium concentration is important for the transport of COPII vesicles and vesicle proteins.40,41

Lithium has been shown to reduce intracellular Ca2+ concentrations,28,42 which we confirmed (Figure S2D).

We tested whether a reduction in intracellular Ca2+ would decrease the expression levels of ISGs. We first

tested 10 mM BAPTA-AM, a cell-permeable Ca2+ chelator that caused a strong reduction in intracellular

Ca2+ concentration (Figure S2D). BAPTA treatment of either mouse NPC1wt or NPC1ko fibroblasts resulted

in a significant reduction in ISGs (Figure 4C). The results were the same in human fibroblasts (Figure 4D). In

addition, BAPTA significantly reduced the activation of ifnb1 and inflammatory factors in NPC1wt and

NPC1ko fibroblasts treated with the STING agonist DMXAA, (Figure S2E). Similar to lithium, BAPTA in-

hibited the phosphorylation of TBK1 and STING (Figures 4E, and S2B). Oligomerization of STING in the

Golgi is required for activation of the STING signaling pathway, and the oligomerization process is depen-

dent on the presence of sulfated glycosaminoglycans (sGAG).43 Lithium was demonstrated to reduce the

synthesis of sGAG by inhibiting phosphatase BPNT2 in vitro.44 We tested whether lithium affects the

Figure 2. Effects of lithium on neurological phenotypes of Npc1�/� mice

(A) Effect of lithium treatment on lifespan of Npc1�/� mice. Mice were treated with lithium starting at 3 weeks of age. Logrank (Mantel-Cox) test.

(B and C) Effect of lithium on the overall neurological score and food intake ofNpc1�/�mice. Data are presented asmeanG SEM (Unpaired two-way ANOVA

with Tukey correction).

(D–F) Effect of lithium on Purkinje cells, astrocyte cells and microglial cells of Npc1�/� mice. Representative confocal images of calbindin (D), GFAP (E) and

Iba1 (F) in cerebellar lobule VI of Npc1+/+ mice, Npc1�/� mice or Npc1�/� + Li2CO3 mice at 49 days of age. Nuclei was counterstained with DAPI. White

arrows point to Purkinje cell in figure D. Quantification analyses of Purkinje cell (D), astrocyte cell (E) and microglial cell (F) across cerebellar lobules (V � IX)

from different groups is shown in the histogram (mean G SD, unpaired Student-t Test; n = 5 mice). Scale bar, 20 mm.

(G) Western blots of GFAP protein in the cerebella of Npc1+/+ mice, Npc1�/� mice or Npc1�/� treated with lithium at 49 days of age, quantified in the bar

graph (mean G SD, One-way Anova with Tukey correction; n = 4 mice).
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dimerization and oligomerization of STING.We found that the levels of dimerized and oligomerized STING

were much higher in NPC1ko fibroblasts than NPC1wt fibroblasts. However, lithium treatment did not show

significant inhibitory effects on STING dimerization or oligomerization in NPC1ko fibroblasts (Figure S2F).

These results suggested that lithium may affect the transport of STING protein from the ER to the Golgi by

reducing intracellular Ca2+, thereby inhibiting the STING signaling pathway.

Figure 3. Lithium decreases STING activation

(A) ISGs mRNA levels in the cerebella of Npc1+/+ mice, Npc1�/� mice or Npc1�/� treated with Li2CO3 at 49 days of age. N = 4. Data are presented as

mean G SD (One-way Anova with Tukey correction).

(B) Effects of lithium on ISGs expression. Human NPC1WT and NPC1mu fibroblast cells were treated with 10 mM Li for 6 h (One-way Anova with Tukey

correction, n = 3).

(C) Effects of lithium on ISGs expression. Mouse NPC1wt and NPC1ko fibroblast cells were treated with 10 mM Li for 24 h (One-way Anova with Tukey

correction, n = 3).

(D) qRT–PCR analysis of the STING agonist DMXAA (50 mg mL�1, 2 h) induced Ifnb1 mRNA expression with lithium (10 mM, 24 h) in mouse NPC1wt and

NPC1ko fibroblast cells. (One-way Anova with Tukey correction, n = 3).

(E) Western blot analysis of STING activation. STING activation induces phosphorylation of TBK1 and STING. Mouse NPC1ko fibroblast cells were treated

with 10 mM Li for 24 h.

(F) Confocal microscopy analysis of STING activation. The STING activation markers p-STING, p-TBK1 and p-IRF3 are shown in red. Mouse NPC1ko fibroblast

cells were treated with 10 mM Li for 24 h. The nucleus is counterstained with DAPI (blue). Scale bars, 10 mm.
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Lithium decreases processed SREBP2

Given that STING activation is linked with SREBP-2 trafficking because of loss of the NPC1 protein, we

tested whether lithium regulates SREBP-2 trafficking and activation. Hmgcr and Ldlr are two well-defined

target genes of SREBP2, whose processing is affected by loss-of-function NPC1 mutations. We found that

lithium reduced the expression of both SREBP2 target genes in a dose-dependent manner (Figures 5A and

S3A). We also testedNPC1WT human primary fibroblast cells. Lithium reduced the expression ofHmgcr and

Ldlr (Figure 5A). Consistent with the disruption of SREBP2 regulation by cholesterol in NPC1 mutant cells,

LDL reduced Hmgcr and Ldlr expression in NPC1WT fibroblasts but not NPC1mu, fibroblasts (Figure 5A).

The results are the same in mouse fibroblasts (Figure 5B). Western bolt analysis of SREBP2 confirmed

that lithium decreased the levels of the processed form of SREBP2 (pSREBP2) in both NPC1WT and

NPC1mu cells (Figure 5C). The effects of lithium on SREBP2 processing, which is required for its transcrip-

tional activity, were both time- and dose-dependent (Figure S3B). Lithium did not appear to affect the

Figure 4. Lithium decreases STING activation by reducing intracellular Ca2+

(A) ThemRNA levels of STING/SREBP2 signaling-related gene in NPC1ko fibroblast cells after lentivirus transfection with indicated shRNA. Data presented as

mean G SD (unpaired Student-t Test; n = 3).

(B) Effects of lithium and BFA on ISGs expression. The NPC1ko fibroblast cells were treated with lithium (10 mM) for 24 h and/or BFA (2 mM) for 4 h before

analyses. Data are presented as mean G SD (One-way Anova with Tukey correction, n = 3).

(C) Effects of BAPTA on ISGs expression in mouse NPC1wt and NPC1ko fibroblast cells treated with 10 mM BAPTA for 6 h (One-way Anova with Tukey

correction, n = 3).

(D) Effects of BAPTA on ISGs expression in human NPC1wt and NPC1mu fibroblast cells treated with 10 mM BAPTA for 6 h (One-way Anova with Tukey

correction, n = 3).

(E) Effects of BAPTA on STING signaling-related protein in mouse NPC1ko fibroblast cells. STING activation induces expression of p-TBK1 and p-STING.

NPC1ko fibroblast cells were treated with 10 mM BAPTA for 6h and/or 10 mM lithium for 24 h.
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Figure 5. Lithium decreases processed SREBP2

(A) Effects of LDL and/or lithium treatment onHmgcr and Ldlr expression in human NPC1WT and NPC1mu fibroblast cells. Cells were grown in lipid-free LPDS

medium for 24 h and treated with LDL (50 mg/mL) and/or lithium (10 mM; Li) for 6 h. Data are normalized against b-actin mRNA contents and presented as

mean G SD (One-way Anova with Tukey correction, n = 3).

(B) Effects of lithium treatment on Hmgcr and Ldlr expression in mouse NPC1wt and NPC1ko fibroblast cells. Cells were grown in lipid-free LPDS medium for

24 h and treated with lithium (10 mM; Li) for 24 h. Data are normalized against b-actin mRNA contents and presented as mean G SD (One-way Anova with

Tukey correction, n = 3).
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NPC1 protein levels in either NPC1WT or NPC1mu cells, whereas the NPC1 protein level was markedly lower

in NPC1mu cells than in NPC1WT cells as expected (Figure S3C). In addition, lithium inhibited SREBP2 pro-

cessing in fibroblast cells derived from Npc1�/� mice (Figure S3D) and reduced processed SREBP2 in the

Npc1�/� cerebellum (Figure S3E). Similar to these observations in cultured cells, there was a significant

reduction in SREBP2 target gene expression in lithium-treated Npc1tm(I1061T)Dso cerebella and livers

compared to WT group (Figures S3F–S3G).

To test whether lithium can increase cholesterol transport to the ER, which is reduced in the NPC1mu cells,

we determined the cholesterol content in the ER of NPC1WT and NPC1mu cells. Although LDL increased the

ER cholesterol content in the NPC1WT cells, it failed, as expected, to do so in NPC1mu cells. In addition, the

cholesterol content in the NPC1mu ER was higher than that in the NPC1WT ER (Figure 5D). However, lithium

did not affect ER cholesterol contents with or without LDL (Figure 5D). This result, together with the obser-

vation that lithium did not appear to alter filipin staining in NPC1mu cells (Figures 5E, 5F, and S3H), indicates

that lithium treatment does not restore the defective transport of cholesterol from late endosomes/lyso-

somes to the ER because of the loss of functional NPC1.

Lithium decreases processed SREBP2 by damping the intracellular Ca2+ level

We tested 10 mMBAPTA-AM in NPC1WT or NPC1mu fibroblasts, which resulted in a strong reduction in pro-

cessed SREBP2 as well as the full-length protein (Figure 6A). A lower concentration of BAPTA-AM caused a

similar reduction in intracellular Ca2+ as lithium (data not shown), and led to a reduction in processed

SREBP2 without a reduction in full-length SREBP2 (Figure 6B). We then tested a Ca2+ channel blocker, ni-

modipine. Nimodipine reduced processed SREBP2 in both NPC1WT and NPC1mu fibroblasts (Figure 6C) at

an effective dose of as low as 1 mM (Figure S4A). Nimodipine also reduced the expression of the SREBP2

target genes Hmgcr and Ldlr (Figure 6D).

Under cholesterol-deficient conditions, SREBP2 is normally transported from the ER to the Golgi, where it is

processed via sequential proteolytic cleavage by the proteases S1P and S2P. Cholesterol enrichment

causes the retention of the SCAP-SREBP2 complex at the ER. The presence of S2P inhibitor nelfinavir

and S1P inhibitor PF-429242 reduced processed SREBP2 and the expression of Hmgcr and Ldlr under

cholesterol-free conditions. Importantly, it also abrogated the effects of lithium (Figures S4B and S4C).

This suggests that lithium may act on steps between cholesterol transport and SREBP2 processing.

Knowing that intracellular Ca2+ regulates vesicle transport through which SREBP2 is transported from

the ER to the Golgi, we examined whether lithium affected the subcellular localization of SREBP2. We

observed clear nuclear localization of SREBP2 under the cholesterol-free conditions, whereas lithium or ni-

modipine treatment reduced the nuclear localization (Figures 6E, 6F, and S4D). Nelfinavir and PF-429242

treatment also reduced SREBP2 nuclear localization as expected, but lithium or nimodipine no longer

decreased the localization (Figures 6E, 6F, and S4D). Importantly, lithium or nimodipine treatment signif-

icantly reduced SREBP2 localization at Golgi marked by RAB1 staining (Figure 6G), confirming the hypoth-

esis that these two agents reduce the transport of SREBP2 to the Golgi, likely by reducing the intracellular

Ca2+ concentration.

Histone deacetylase inhibitors were shown to reduce cholesterol accumulation in late endosomes and

lysosomes by increasing expression of the mutant NPC1 protein.12 We tested the effect of the combination

treatment of Npc1 mutant cells with lithium and vorinostat, a histone deacetylase inhibitor and found that

the combination could further reduce SREBP2 processing (Figure 6H).

DISCUSSION

In this study, we reveal that lithium, a drug used for the treatment of bipolar disorder for more than 60 years,

has potential as a new therapeutic for the treatment of NP-C, a serious neurovisceral disease with very

limited treatment options. Our previous study suggests that lithium treatment shows promising effects

Figure 5. Continued

(C) Effects of LDL and/or lithium treatment on the contents of processed SRBEBP2 (pSREBP2) in human NPC1WT and NPC1mu fibroblast cells as described in

A. Quantification is shown as mean G SD (One-way Anova with Tukey correction; n = 3).

(D) Effects of lithium on ER cholesterol contents. Cells were treated as in A. Data are presented as meanG SD (One-way Anova with Tukey correction; n = 3).

(E and F) Filipin-staining of human NPC1mu fibroblast cells treated with 10 mM lithium or 10 mMNimodipine (Nimo) for 6 h (E). Quantitation of the staining is

shown in (F). Scale bars are 20 mm.
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Figure 6. Lithium decreases processed SREBP2 by reducing intracellular Ca2+

(A–C) Effects of BAPTA-AM and nimodipine (Nimo) on the levels of processed SREBP2 (pSREBP2). Human NPC1WT or

NPC1mu fibroblast cells were grown in lipid-free LPDSmedium for 24 h and treated with lithium (10 mM; Li), BAPTA (10 mM

in A; 3 mM in B) and/or nimodipine (Nimo) for 6 h before Western analysis.

(D) Effects of nimodipine (Nimo) on Hmgcr and Ldlr expression. Human NPC1WT and NPC1mu fibroblast cells were grown

in lipid-free LPDSmedium for 24 h and treated with nimodipine (10 mM) with or without lithium (10 mM; Li) for 6 h. Data are

normalized against b-actin mRNA contents and presented as mean G SD (One-way Anova with Tukey correction).

(E–G) Effect of lithium on subcellular localization of SREBP2. NPC1mu cells were treated with 10 mM lithium (Li) for 6 h with

or without 1 h pretreatment of Nelfinavir (30 mM; N) and PF-429242 (30 mM; P). Cells were stained with antibodies for

SREBP2 and Alexa Fluor546-RAB1, followed with Alexa Fluor 488-conjugated secondary antibodies (for SREBP2). After
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on the relief of some neurological symptoms of NP-C patients (NCT03201627).32 However, the underlying

mechanisms of lithium on NP-C remain unclear. This study reveals a new possible mechanistic strategy for

NP-C treatment via impeding STING signaling and SREBP2 processing by decreasing basal intracellular

calcium concentrations.

Current therapeutic strategies for NP-C are focused on how to remove overloaded lipids in Npc1-deficient

cells. However, the cholesterol content of the brain remains unaltered in NPC1 mouse models. This indi-

cates that there are some mechanisms other than overloaded cholesterol causing the severe neurological

phenotypes of NP-C. A recent study demonstrated that STING signaling plays an important role in NP-C,

and the genetic deletion of Sting1 can improve the neurological phenotypes ofNpc1�/�mice.16 A hallmark

of STING activation is the production of IFNb. Lithium was reported to have possible therapeutic potential

in autoimmune diseases caused by IFNb overexpression.39 Here, we found that lithium significantly

reduced ISGs in the cerebellum of Npc1�/� mouse and NPC1ko fibroblasts, via indirectly inhibiting

STING activation.

SREBP2, whose active form is present at constitutively elevated levels in NPC1 mutant cells, is a key tran-

scription factor for the regulation of sterol and fatty acid synthesis. It activates the transcription of genes

controlling cholesterol biosynthesis (Hmgcr, Hmgcs, etc), cholesterol uptake (Ldlr)21 and fatty acid synthe-

sis such as fatty acid synthase (FASN)45 and acetyl-CoA carboxylase (ACC).46 In addition to its important

role in the regulation of sterol and fatty acid homeostasis in the cell and tissues, SREBP2 was also found

to regulate autophagy genes.47,48 Moreover, SREBP2 has developmental function probably through its

regulation of morphogen signaling without global alteration of the sterol and fatty acid contents.49

Thus, dysregulation of SREBP2 as a result of NPC1 mutations should contribute to the disease phenotypes,

despite the precise role of SREBP2 in NP-C phenotypes remains to be characterized. Lithium not only

reduced the active form of SREBP2 in cultured fibroblasts, but also reduced SREBP2 target gene expression

in both the cerebellum and the liver. Therefore, attenuation of SREBP2 transcriptional activity is likely

another important mechanism of action for lithium treatment in mouse Npc1 models.

Npc1 defects hamper cholesterol transportation from lysosomes to the ER. When the ER cholesterol con-

tent falls below a threshold level, the STING-SCAP-SREBP2 complex exits the ER and is clustered into

COPII vesicles that are moved to the Golgi apparatus, where STING is processed to recruit TBK1 and acti-

vate IRF3-IFN signaling, and SREBP2 is processed to themature form via sequential proteolytic cleavage by

the proteases S1P and S2P. The STING/SREBP2 pathway is significantly activated and aggravates the tran-

scription of ISGs and genes involved in cholesterol uptake and biosynthesis. Lithium did not alter choles-

terol levels in the ER or change the protein levels of NPC1. It appeared to impede the transport of STING/

SREBP2 from the ER to the Golgi. Lithium has been shown to reduce the cytosolic calcium concentra-

tion,28,29which we confirmed. Importantly, we used the calcium chelator BAPTA, which caused a reduction

in cytosolic calcium concentrations and inhibited STING/SREBP2 activation.

Notably, activated SREBP2 was demonstrated to enhance the expression of calcium channel genes, which

are involved in regulating ER calcium homeostasis in fibroblasts from NP-C patients.50 Impaired calcium

balance in lysosomes and the ER in fibroblasts and neurons from Npc1 mutant animal models were pro-

posed by different groups.50–52 Lithium can decrease inositol-1,4,5-trisphosphate (IP3) levels by inhibiting

inositol monophosphatase and reducing binding to ER IP3 receptors, which in turn inhibits Ca2+ release

from the ER to the cytoplasm.53,54 We hypothesize that lithium reduces the synthesis of IP3 by inhibiting

IMPase, thereby lowering the release of ER Ca2+ to the cytoplasm and affecting SREBP2 vesicles involved

in transport from the ER to the Golgi. The balancing intracellular calcium pools is also considered a

Figure 6. Continued

counterstaining with DAPI, cells were imaged with a confocal microscope. Representative optical section images are

shown in E. A second set of images are shown in Figure S4D Percentages of nuclear SREBP2 (nSREBP2) were quantified

and are shown in F. The ratios of SREBP2 staining intensity in Golgi, demarcated by RAB1 staining, to non-Golgi

(excluding nucleus) were also quantified and are shown in G. Each data point represents one cell and more than 25

cells were analyzed. Data are presented as mean G SEM (One-way Anova with Tukey correction). Scale bars are 5 mm.

(H) Lithium acts with the HDAC inhibitor Vorinostat (suberoylanilide hydroxamic acid, SAHA) to further reduces the level

of processed SREBP2. Human NPC1mu fibroblast cells were grown in lipid-free LPDS medium for 24 h and treated with

SAHA (10 mM) and/or lithium (10 mM; Li) for 6 h.
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potential therapeutic strategy for NP-C. Our study does not exclude other possible mechanisms of lithium

that act in parallel or synergy with one involving STING/SERBP2 transport described in this work.

In this study, we present evidence for lithium as a potential therapeutic for treating NP-C disease in two

Npc1 mouse models. In both Npc1tm(I1061T)Dso and Npc1�/� mice, lithium appeared to improve neurolog-

ical scores, retard the neurological phenotype progression, and increase food intake. In addition, lithium

treatment impeded Purkinje cell degeneration and attenuated neuroinflammation in the cerebellum.

Lithium treatment also showed effects on the liver in the mouse model, as the treatment improved liver

function parameters and reduced lipid droplets in the liver. The combined effect of lithium and vorinostat

shown in Figure 6H also suggests potential for combination therapy with other NP-C drugs. Therefore,

these data provide a justification for human studies to determine therapeutic efficacy of lithium for NP-C

treatment.

Limitations of the study

In the present study, we demonstrate the therapeutic effect of lithium on NP-C. Although we focused on

the effect of lithium on the STING/SREBP2 pathway, we did not identify the direct protein targets of lithium.

Furthermore, the mechanism underlying how lithium regulates intracellular calcium concentration and thus

affects COPII vesicle transport in NP-C need more experimental verification. This is an interesting direction

merited further investigation in the NP-C field.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-SREBP2 antibody NOVUS Cat#100-74543; RRID:AB_1049752

Anti-SREBP2 antibody EMD Millipore Cat#MABS1988

Anti-STING Cell Signaling Technology Cat#50494; RRID:AB_2799375

Anti-pSTING (Ser365) Cell Signaling Technology Cat#72971; RRID:AB_2799831

Anti-TBK1 Cell Signaling Technology Cat#3504; RRID:AB_2255663

Anti-pTBK1 Cell Signaling Technology Cat#5483; RRID:AB_10693472

Anti-pIRF3 (Ser396) Cell Signaling Technology Cat#4947; RRID:AB_823547

Anti-GFAP Biocare Cat#CM065A

Anti-GFAP EMD Millipore Cat#MAB3402; RRID:AB_94844

Anti-calbindin Sigma-Aldrich Cat#C9848; RRID:AB_476894

Anti-Iba1 NOVUS Cat#100-1028; RRID:AB_521594

Alexa546-conjugated anti-RAB1 Santa Cruz Cat#sc-515308

Anti-LAMP1 Cell Signaling Technology Cat#9091S; RRID:AB_2687579

Anti-GM130 BD Biosciences Cat#610822; RRID:AB_398141

DRAQ5� Fluorescent Probe ThermoFisher Cat#6225

Chemicals, peptides, and recombinant proteins

Lithium carbonate Jiangsu Nhwa Pharma Cat#A01-20170717

LDL LEESM BIOSOLUTIONS Cat#360-10

Nimodipine Adooq Cat#A10645

ALLN Sigma-Aldrich Cat#208719

Filipin Sigma-Aldrich Cat#F-9765

BAPTA-AM Cayman Chemical Cat#15551

Fluo-8 AAT Bioquest Cat#21090

BFA MedChemExpress Cat#HY-16592

Critical commercial assays

Lithium Assay Kit Metallic Assay Cat#LI01ME

Free Cholesterol E FUJIFILM Cat#996-02611

Cholesterol Quantitation Kit Sigma-Aldrich Cat#MAK043

RNeasy Plus Mini Kit QIAGEN Cat#74134

iScript cDNA Synthesis Kit BIORAD Cat#1708882

Total cholesterol colorimetric assay kit Biovision Cat#K603

Endoplasmic Reticulum Enrichment Extraction

Kit

Novus Cat#NBP2-29482

Experimental models: Cell lines

Human: NPC1 fibroblasts Coriell Cat#GM03123

Human: Healthy fibroblasts Coriell Cat#GM05659

Mouse: NPC1 fibroblasts: BALB/cNctr This paper N/A

Experimental models: Organisms/strains

Mouse: C57BL/6 Npc1tm(I1061T)Dso Jackson Laboratory N/A

Mouse: BALB/cNctr Npc1m1N/J Jackson Laboratory N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should contact to Prof. Zhijia Ye (yezj918@cqu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d All detailed data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse models

The mutant Npc1tm(I1061T)Dso or Npc1�/� mice were respectively bred using heterozygous pairs of

Npc1tm(I1061T)Dso mice (stock number 027704) or BALB/cNctr-Npc1m1N/J (Npc1+/�) mice (stock number

003092) purchased from the Jackson Laboratories. The general clinical condition of the mice was moni-

tored daily. Custom chow containing lithium carbonate at 1 g/kg chow was given to mutant

Npc1tm(I1061T)Dso mice at 6 weeks of age and to Npc1�/� mice at 3 weeks of age. Food consumption was

monitored every day and survival time was recorded. Neurological functions were also assessed weekly

starting at two weeks after lithium treatment with a four-point disease severity scoring system. This system

was developed based on a previously describedmurine neurobehavioral symptomatic scoring scale for the

assessment of neurodegenerative disease models.14,36,37 Five different parameters, namely ledge, hin-

dlimb, gait, kyphosis, and tremor, were assessed on a scale of 0–3 from zero (normal) to a maximum of

3.0. Each test was performed multiple times by three individuals who were blinded to the treatment.

Once the animals began to show difficulty in accessing the pelleted diet, they were also provided access

to a powdered form of this diet. When a mouse was unable to right itself from either side within 30 s, the

mice were euthanized and death was recorded. All of the mice in the experiments were randomized, and

animal experiments were approved by the Animal Care and Use Committee of Army Medical University

(amuwec20181550).

Cells

Human NPC1 fibroblasts (GM03123, NPC1mu) and control fibroblasts (GM05659, NPC1WT) were obtained

from the Coriell Cell Repository (Coriell.org). All cells were grown at 37 �Cwith 5% CO2 in Dulbecco’s modi-

fied Eagle’s medium (DMEM) with 15% fetal calf serum, nonessential amino acids, and 1% penicillin-strep-

tomycin overnight. The isolation of mouse Npc1�/� fibroblasts (NPC1ko) and control fibroblasts (NPC1wt)

were described previously.55 In brief, skin tissues were collected and digested with trypsin for 12 h at

4�C. The epidermis was then stripped and the remaining tissues were digested with 0.25% collagenase I

(Thermo Fisher) for 1 hat 37 �C. The digested cells were then filtered through a 75-mm cell strainer and

Continued
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Recombinant DNA

SCAP Mouse shRNA Lentiviral Particle BGI N/A

Software and algorithms

FlowJo BD Version 10

Prism GraphPad Software Version 8.0.1

ImageJ ImageJ Version 1.48K

SAS SAS Institute, Cary, NC Version 9.4
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resuspended in a normal medium supplemented with 10% fetal bovine serum and 1% streptomycin/

penicillin.

METHOD DETAILS

Western blotting

Cells were changed to DMEM with 5% lipoprotein-deficient bovine serum (LPDS) 24 h before experiments.

In addition, ALLN (25 mg/mL, Sigma‒Aldrich, Cat. #208719) was added 1 h before cell harvest. Cells were

harvested with trypsin-EDTA and centrifuged at 1,0003g for 5minat 4 �C. After resuspension, the cells were
washed with ice-cold PBS twice and then pelleted again. Finally, the cells were lysed in a lysis buffer (20 mM

Tris-HCl, pH 8. 120 mM KCl; 1 mM DTT; 1 mM EDTA; 2 mM EGTA; 0.1% Triton X-; 0.5% NP-40) containing a

cocktail of inhibitors (1 mM benzamidine; 10 mg/mL antipain; 1 mg/mL leupeptin; 40 mg/mL aprotinin;

100 mM NaF; 20 mM Na2MoO4; 20 mM b-glycerophosphate; 2 mM Na3VO4; 1 mM PMSF; 1 mg/mL

caspase-3 inhibitor Ac-DMQD-CHO). The protein contents of the lysates were determined, and the

same amounts of proteins were analyzed by Western blotting.

Filipin, LAMP1 and DRAQ5 staining

Filipin, LAMP1 and DRAQ5 staining was performed as described previously56 with simple modifications. In

brief, cells were plated on glass bottom dishes (Mattek, P06G-1.5-14-F, Ashland, MA) and treated as

described in the text. They were then fixed in 4% formaldehyde for 15 minat room temperature. After

washing with PBS twice, cells were permeabilized with 0.2% saponin in PBS and incubated overnight at

4�C with 1:200 anti-LAMP1 (CST, 9091S, Danvers, MA) diluted in 5% normal donkey serum. After a PBS

wash, the cells were incubated with secondary antibody and 50 mg/mL filipin (Sigma, F9765, St. Louis,

MO) diluted in 5% normal donkey serum for 1.5 hat room temperature. Cells were then washed with PBS

and stained with 1: 1000 DRAQ5 (Thermo Fisher, 6225, Waltham, MA) followed by imaging using fluores-

cence microscopy.

Plasma lithium concentration determination

Lithium concentrations in mouse plasma were determined using a lithium assay kit (Metallic Assay,

Cat#LI01ME).

Blood and tissue total cholesterol content determination

Blood samples were collected from the orbital vein. The blood samples were centrifuged at 4,0003g at 4�C
for 10min after coagulation. Cholesterol levels weremeasured as previously described2,57 using a kit (Wako

996–02611, FUJIFILM). For the tissue total cholesterol content determination, minced tissues (20 mg) were

extracted with 1 mL of isopropanol in a glass tube at 4 �C overnight with rotation. After centrifugation, the

supernatants were dried with nitrogen and resuspended in isopropanol. Total cholesterol concentrations

were determined using theWako kit. The data were normalized to the tissue weight and presented asmg/g

tissue.

Brain immunofluorescence

Paraffin sections were subjected to deparaffinization and incubated overnight with an antibody against

calbindin (1:500 dilution), a mouse monoclonal antibody against GFAP (1:100 dilution) or a polyclonal anti-

body against Iba1 (1:100 dilution) diluted in 2% BSA buffer. Next day, sections were washed and stained

with an Alexa647-conjugated secondary antibody. After mounted with a mounting medium containing

DAPI, the cells were imaged with a Leica SP5 confocal microscope.

Calcium flux assay

Cells were cultured in DMEM supplemented with 5% LPDS for 24 h and then detached by using 0.25%

trypsin/EDTA. The cells were then pelleted and resuspended in Ca2+ assay buffer (HBSS with 1.26 mM

Ca2+ and 0.89 mMMg2+, 20 mM HEPES, and 0.5% BSA) containing 4 mM Fluo-8 for 20 minat room temper-

ature. The cells were subsequently washed with Ca2+ assay buffer and incubated in Ca2+ buffer for 15 minat

room temperature before being analyzed with a BD LSRII cytometer. The basal Ca2+ level was determined,

followed by the addition of lithium carbonate and then BAPTA-AM. The cytometry data were analyzed us-

ing FlowJo (Version 10).
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Immunocytostaining

Cells were seeded on a coverslip and fixed with 4% PFA for 10 min followed by permeabilization with 0.01%

saponin for 5 min. After being blocked with 2% BSA in PBS for 1 h, cells were incubated with 1:100 diluted

primary antibodies in blocking buffer at 4 �C overnight, followed by incubation with fluorescence conju-

gated-secondary antibodies. Slides were mounted with mounting medium containing DAPI and imaged

under a Leica SP5 confocal microscope. The localization of SREBP2 in the nucleus or Golgi was quantified

with ImageJ (v1.48K), where GM130 or RAB1 was used as reference markers for Golgi.

Determination of relative mRNA levels

Total RNA was obtained from cells and tissue using the RNeasy Plus Mini Kit (QIAGEN, Cat#74134), and

cDNA was synthesized using the iScript cDNA Synthesis Kit (BIORAD, Cat#1708891). Quantitative real-

time PCR was carried out using an iQ SYBR Green Supermix (BIORAD, Cat#1708882) on a CFX96 Real-

time PCR Detection System. The mRNA levels are expressed relative to the housekeeping gene, b-actin

(cell sample) or GAPDH (animal tissue) and are calculated by the comparative CT method.

ER cholesterol determination

ER cholesterol measurements were performed as described previously.58 Cells were seeded in four 100mm

dishes for each condition at day 0. On day 2, cells were changed to DMEM medium with 5% lipoprotein-

deficient serum (LPDS). At Day 3, cells were switched to DMEM medium containing 5% LPDS, 1 mM lova-

statin, and 10 mM mevalonate. On day 4, the cells were harvested. A portion of the harvested cells (5%

of total) were used for total cellular cholesterol determination. The remaining 95% of the harvested cells

were used for ER membrane isolation using the Endoplasmic Reticulum Enrichment Extraction Kit (Novus,

NBP2-29482, Centennial, CO). Cholesterol was then extracted from isolated ER membranes, and the

amount of total cholesterol was determined using a total cholesterol colorimetric assay kit (Biovision,

K603, Milpitas, CA). Cholesterol contents in the ER are expressed as the molar percentage of total cellular

cholesterol.

QUANTIFICATION AND STATISTICAL ANALYSIS

Linear mixed effect model analysis was carried out to analyze the longitudinal animal experimental data,

including ataxia scores and food consumption. Random intercept was used to incorporate the correlation

of observations within in same subject.

Statistical analyses for mouse studies were performed using SAS 9.4 (Cary, NC), whereas analyses for other

studies were performed with GraphPad Prism software (version 8.0.1). The statistical significance was set as

p < 0.05, two-sided.
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