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Abstract

The rare, fatal neurodegenerative disorder Niemann-Pick disease type C1 (NPC1) arises from lysosomal accumulation of
unesterified cholesterol and glycosphingolipids. These subcellular pathologies lead to phenotypes of hepatosplenomegaly,
neurological degeneration and premature death. The timing and severity of NPC1 clinical presentation is extremely
heterogeneous. This study analyzed RNA-Seq data from 42 NPC1 patient-derived, primary fibroblast cell lines to determine
transcriptional changes induced by treatment with 2-hydroxypropyl-β-cyclodextrin (HPβCD), a compound currently under
investigation in clinical trials. A total of 485 HPβCD-responsive genes were identified. Pathway enrichment analysis of these
genes showed significant involvement in cholesterol and lipid biosynthesis. Furthermore, immunohistochemistry of the
cerebellum as well as measurements of plasma from Npc1m1N null mice treated with HPβCD and adeno-associated virus
gene therapy suggests that one of the identified genes, GPNMB, may serve as a useful biomarker of treatment response in
NPC1 disease. Overall, this large NPC1 patient-derived dataset provides a comprehensive foundation for understanding the
genomic response to HPβCD treatment.
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Introduction
Niemann-Pick disease, type C (NPC) is an autosomal recessive
lysosomal storage disorder (LSD) with an incidence between 1
in 120 000 and 150 000 live births (1). The majority of causative
mutations (95%) have been identified in the lysosomal trans-
membrane protein NPC1 (NPC1 disease, OMIM #257220), whereas
a much smaller proportion (5%) have been identified in the
smaller soluble protein NPC2 [NPC2 disease, OMIM #607625 (1–
3)]. Functional impairment of either NPC1 or NPC2 disrupts lyso-
somal cholesterol transport, resulting in abnormal accumulation
of cholesterol and glycosphingolipids within late endosomal/
lysosomal (LE/L) structures (4–7).

NPC1 disease has an extremely heterogenous clinical presen-
tation including a variable age of onset that ranges from the
pre/perinatal period to adulthood (8). The earliest pre/perinatal
onset is usually associated with hepatomegaly or splenomegaly,
often progressing to fatal liver disease (9,10) or respiratory com-
plications (11,12). Later onset NPC1 exhibits more insidious neu-
rodegenerative features, including cerebellar-related ataxia and
psychiatric manifestations such as schizophrenia-like symp-
toms or depression (13).

Several investigational therapies for NPC1 are currently
being studied (14). Although the glucosyl ceramide synthase
inhibitor Miglustat (Zavesca) is approved for use by the European
Medical Association and has been correlated with reduced
glycosphingolipid levels, stabilized neurological phenotypes and
reduced mortality risk in NPC1 (15–17), it has not been approved
by the United States Food and Drug Administration (FDA) for the
treatment of NPC disease. The heat-shock protein co-inducer
arimoclomol has also shown promise in murine studies (18),
and is currently part of an NPC clinical trial (NCT02612129,
ClinicalTrials.gov). In addition, advances in genome editing as
well as improvements in gene therapy techniques hold great
promise for the development of effective treatment avenues
for NPC1 and other lysosomal storage disorders (19). Multiple
studies in the null mouse model, Npc1m1N [also known as Npc1nih

(20)], have demonstrated that vectors derived from adeno-
associated virus 9 (AAV9) can deliver NPC1 successfully to both
the liver and brain, resulting in delayed disease progression
and improved lifespan (21–23). However, additional studies are
required before gene therapy can safely progress to clinical
trials in NPC1 patients. Although these potential treatments
represent significant advances in the field, NPC1 remains a fatal
and incurable disease, and novel diagnostics and treatments are
urgently needed to improve patient care.

Preclinical studies using the Npc1m1N mouse model demon-
strated that treatment with the cyclic oligosaccharide derivative
2-hydroxypropyl-β-cyclodextrin (HPβCD) significantly delayed
disease progression and extended lifespan (24–29). These
promising results have recently translated into the completion
of a phase 1-2a clinical trial (NCT01747135, ClinicalTrials.gov)
demonstrating intrathecal treatment with HPβCD slowed NPC1
disease progression (30), and have led to a phase 2b-3 clinical
trial (NCT02534844, ClinicalTrials.gov). Although HPβCD has
been used for many years as an excipient to facilitate drug
delivery, the cellular pathways through which HPβCD functions
to alleviate NPC1 phenotypes are still not well understood.
Several potential models have been suggested to account for
the rapid clearance of accumulated cholesterol from treated
NPC1 cells (29), including mobilization of cholesterol to the
ER, restoration of autophagic flux, exocytosis/endo-lysosomal
secretion of lysosomal material and exchange with lipoprotein
extracellular acceptors (31–37). In addition, HPβCD treatment

has been shown to prevent and reduce artherosclerosis (38,39)
as well as provide neuroprotective effects in animal models
of neurodegenerative disorders such as Alzheimer disease (40)
and Parkinson disease (41). As the usage of HPβCD continues
to increase in the clinical setting, further studies are needed
to identify the underlying mechanism(s) of action of this drug.
Additional work to elucidate the pathways affected by treatment
with HPβCD will facilitate identification of novel drugs and
biomarkers for NPC with the potential for broader impact among
other neurodegenerative disorders.

The absence of diagnostic tools and informative biomarkers
is a substantial limitation of current NPC1 treatment (42). Given
the clinical heterogeneity of NPC1, an effective biomarker needs
to recapitulate disease burden and also correlate with response
to disease treatment. Furthermore, a biomarker that can be
measured non-invasively with broadly accessible techniques
is preferred to minimize patient discomfort and maximize
utility across various clinical settings. Although no known
biomarkers of NPC1 consistently exhibit all of these charac-
teristics, genomic and lipidomic approaches have identified
several promising candidates, many of which are currently
employed for patient screening and diagnosis. These include N-
palmitoyl-O-phosphocholineserine [previously known as lyso-
sphingomyelin-509; (43–46)], cholestane-3β,5α,6β-triol (47–51),
7-ketocholesterol (47–50,52), 24(S)-hydroxycholesterol (30,33)
and the bile acid 3β,5α,6β-trihydroxycholanoyl-glycine (53,54).
Additional studies have highlighted proteins as potential
biomarkers, including transmembrane glycoprotein NMB
(encoded by GPNMB, and referred to as GPNMB hereafter), fatty
acid binding protein 3, calbindin D, lysozyme, galectin-3 and
cathepsins (47,48,55–60). GPNMB encodes a widely expressed
type I transmembrane protein that has been implicated in
numerous processes, including pigmentary glaucoma, immune
response modulation, bone development and mineralization,
protection from neuroinflammation, acceleration of wound
healing and obesity/obesity-related inflammation [reviewed
in (61,62)]. GPNMB is transcriptionally activated by MITF, a
member of the Mit/TFE family of transcription factors known
to be associated with autophagy and lysosomal biogenesis
(63,64), and GPNMB is also a downstream target of the lysosomal
transcription factor TFEB (65).

We performed transcriptome analysis of primary fibroblasts
derived from 42 NPC1 patients to gain a comprehensive
view of genes and biological pathways affected by HPβCD
treatment in a large NPC1 patient cohort. Untreated and
HPβCD-treated cell lines from the same patient were paired
for differential expression analysis to control for patient
heterogeneity. Although patients exhibited variability in gene
expression responses to treatment, 485 differentially expressed
transcripts were identified across the full dataset, including
GPNMB as well as many genes related to cholesterol and lipid
pathways. Plasma levels of soluble GPNMB protein (sGPNMB)
in Npc1m1N/m1N mice directly correlated with both disease
progression and phenotype severity in the context of HPβCD
treatment. GPNMB protein levels in the cerebellum of Npc1m1N/m1N

mice mirrored those of sGPNMB in plasma, with HPβCD
treatment lessening the elevated cerebellar levels present in
Npc1m1N/m1N mice. In addition, lower plasma sGPNMB levels were
identified in Npc1m1N/m1N mice treated with AAV9-mediated
NPC1 gene therapy. This study provides both an extensive
transcriptomic profile associated with HPβCD treatment in
NPC1 patients as well as evidence suggesting plasma GPNMB
levels may serve as a useful biomarker in the treatment of
NPC1.

ClinicalTrials.gov
ClinicalTrials.gov
ClinicalTrials.gov
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Results
Differential gene expression analysis of HPβCD-treated
primary fibroblasts from NPC1 patients

Primary skin fibroblasts were collected by skin biopsy from
42 NPC1 patients as part of a natural history study of NPC1
disease at the National Institutes of Health (NCT00344331, Clin-
ical Trials.gov). The fibroblast cells from each individual were
treated with 300 μM HPβCD for 24 h, as previously described (32),
whereas a second parallel culture from each patient remained
untreated. Lysotracker red (Lysotracker), which selectively stains
acidic compartments/lysosomes, was used to quantitate the
lysosomal storage phenotype in both the treated and untreated
cultures from each NPC1 patient (Fig. 1A). We previously demon-
strated that methyl-β-cyclodextrin (MβCD) treatment resulted
in visible alterations in Lysotracker staining of NPC1 patient
fibroblasts (66). Similarly, the HPβCD-treated NPC1 cells showed
a significant change in Lysotracker staining in comparison with
untreated cells from the same patient (paired t-test P < 0.0001,
Supplementary Material, Fig. S1), demonstrating that 24 h of
HPβCD treatment in these NPC1 patient-derived cell lines was
sufficient to induce changes in a lysosome/cellular phenotype
associated with disease.

RNA-Seq data from all untreated and HPβCD-treated fibrob-
lasts were analyzed to identify differentially expressed genes
(DEGs) that were shared across the entire patient dataset (see
Materials and methods). Heterogeneity among these individuals
is highlighted in a principal components analysis (PCA) plot
(Fig. 1B) as well as a clustered heatmap (Supplementary Material,
Fig. S2), where the tight clustering of paired HPβCD-treated
and untreated samples from each patient indicated that patient
origin contributes significantly to the observed variation in gene
expression. The separation into two distinct groups along the
X-axis by Principal Component 1 was not related to HPβCD
treatment but instead attributable to sex-specific differential
gene expression (Supplementary Material, Fig. S3), which has
been observed in other studies (67–69). Collectively, interpatient
variation and sex differences account for larger variability in the
dataset than HPβCD treatment. To control for this variability, ‘cell
line’ was used as a blocking factor when assessing differential
expression. This blocking method allowed the statistical analy-
ses to focus on the specific effect due to HPβCD. Overall, HPβCD
induced moderate, statistically significant changes in expres-
sion levels of 485 genes (Supplementary Material, Table S1), as
illustrated by an MA plot of the log2 fold change in untreated
vs. HPβCD treated cells plotted against base mean read counts
(Fig. 1C). In addition, HPβCD treatment was associated with a
heterogenous response, as the difference in log2 fold changes
in gene expression levels between untreated and HPβCD-treated
cells varied across our patient cohort (Supplementary Material,
Fig. S4).

The majority of the 485 DEGs were downregulated in
response to HPβCD treatment (74%, 359 out of 485, Supple-
mentary Material, Table S1). Functional enrichment analysis
of the 485 DEGs revealed that the top five canonical pathways
were related to cholesterol biosynthesis and the mevalonate
pathway, and the top five molecular and cellular functions
were associated with cell death and survival, lipid metabolism,
small molecule biochemistry, vitamin and mineral metabolism
and cellular development [Ingenuity Pathway Analysis (IPA),
www.ingenuity.com, Table 1]. The predicted upstream regulators
included well-known lipid synthesis regulators, including
SREBF1-regulated pathways which were downregulated in the
dataset (Supplementary Material, Table S2). These pathways and

predicted regulators are consistent with previous studies sug-
gesting that HPβCD treatment of NPC1-deficient cells at lower,
therapeutic-level concentrations resulted in mobilization of
cholesterol to the ER and downregulation of SREBF1 downstream
targets (29,70,71).

Notably, the cholesterol pathway genes SREBF2, HMGCS1,
HMGCR and LDLR were downregulated. These results are
consistent with reports from previous studies analyzing HPβCD-
treated tissues from Npc1m1N/m1N mice (26,72,73), and reflect
alterations in cholesterol sensing and synthesis pathways as
a result of cholesterol mobilization. Comparison of the 485
DEGs with a previously curated list of 435 human lysosomal
genes (74) along with PubMed literature searches found that
37 DEGs encode lysosomal proteins (Supplementary Material,
Table S1). Since abnormal autophagy has been shown in
NPC1 mutant cells (75–79), the DEGs were also compared
with 524 known autophagy-related genes (http://autophagy.
lu/index.html). This comparison along with PubMed searches
identified 35 autophagy-related genes (Supplementary Material,
Table S1). In addition, the 485 DEG list was examined for
previously identified downstream targets of TFEB, the master
transcription factor known to regulate lysosomal function
as well as many aspects of autophagy (65,80,81). Forty-eight
TFEB target genes were present in the 485 DEGs, suggesting
TFEB-regulated pathways were altered in response to HPβCD
treatment (Supplementary Material, Table S1).

Overall, the small number of DEGs suggests that early HPβCD
treatment does not have a widespread effect on gene expres-
sion, but instead exerts a targeted impact on relevant pathways.
Indeed, 218 of the 485 DEGs (45%) had previously published data
linking them to lysosomes/endosomes, cholesterol synthesis
or signaling pathways, lipid signaling/processing or autophagy
(Supplementary Material, Table S1). The perturbation of lysoso-
mal pathways is also highlighted by the presence of 14 genes
associated with lysosomal storage disorders within this gene
list (Supplementary Material, Table S1). In addition, the lysoso-
mal/mTORC1 regulator FLCN and its interacting partners FNIP1
and FNIP2 all show downregulated expression following HPβCD
treatment (82). Many of the remaining genes are indirectly impli-
cated in lysosomal and lipid-related pathways, including 17
genes related to obesity/insulin resistance [such as LPIN1, LPIN2
and ENPP1 (83,84)] as well as PCSK9, which has been suggested
as a central regulator of LDLR and may have broad roles in
lipid metabolism and cardiovascular health (85,86). Overall, this
DEG list representing cell lines from over 40 NPC1 individuals
provides the largest transcriptome analysis to date of NPC1
patients, presenting a broad picture of the many lysosomal and
lipid/cholesterol pathways that are affected by HPβCD treatment
of NPC1 cells.

Decreased sGPNMB levels are associated with HPβCD
treatment and AAV gene therapy

GPNMB was one of the DEGs that was downregulated in response
to HPβCD treatment (Fig. 1C). GPNMB was previously identified
as a potential biomarker for NPC1 disease (59,87) as well as the
lysosomal storage disorder Gaucher disease (88–90). In contrast,
none of the other previously published biomarker candidates
[fatty acid binding protein 3, calbindin D, lysozyme, galectin-3
and cathepsins (47,48,55–60)] showed differential expression in
response to HPβCD treatment. GPNMB was also identified as a
highly relevant biomarker by IPA analysis (Supplementary Mate-
rial, Table S3), and a well-characterized GPNMB ELISA assay was
available (see Materials and methods). In addition, differential

Trials.gov
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab194#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab194#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab194#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab194#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab194#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab194#supplementary-data
www.ingenuity.com
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http://autophagy.lu/index.html
http://autophagy.lu/index.html
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab194#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab194#supplementary-data
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Figure 1. Analysis of differentially expressed genes in NPC1 patient-derived fibroblasts treated with HPβCD. (A) Experimental design. Individual cell lines were

established from each patient, then split into cultures that were treated with saline or HPβCD. Lysotracker staining was performed on a subset of cells from each

culture. The mRNA from each culture was subjected to RNA-Seq and differential expression analysis, in which pairwise comparisons between saline- and HPβCD-

treated samples from the same patient were used. (B) Principal component analysis (PCA) plot showing that the differences between sex (PC 1) are much greater than

the difference between saline-treated (orange) and HPβCD-treated (teal) cells. The blue lines connect data points from the same patient. (C) MA plot summarizing

results of the differential expression contrast using ‘cell line’ as a blocking factor to control for the patterns observed in (B). Significantly different genes with FDR < 0.1

are shown in orange. Magnitude of the effect (log2 fold change) is on the y-axis, and the normalized read count (averaged across all replicates) is on the x-axis.

mRNA expression of GPNMB was present in NPC1 patient fibrob-
lasts relative to controls (91–93), and multiple studies found
differential expression of Gpnmb mRNA and GPNMB protein in
tissues of Npc1m1N/m1N mice in comparison to Npc1+/+ control
mice (57,58,87,94,95). Therefore, we chose to further character-
ize GPNMB expression levels in Npc1m1N/m1N mice undergoing
potential therapeutic interventions.

To determine if GPNMB protein levels correlated with the
presentation and progression of NPC1 disease phenotypes in
mutant mice, plasma levels of sGPNMB protein were quantified
by ELISA in Npc1m1N/m1N mice over the time course of disease.
Npc1m1N/m1N mutant mice and Npc1+/+ controls received serial
injections of either saline or HPβCD from postnatal day (P7)
through 9 weeks of age (which is the natural end-stage of

disease), and plasma was serially collected from weeks 3–
9 to measure sGPNMB levels (Fig. 2A). HPβCD treatment was
associated with strikingly decreased lipid accumulation in
the liver of Npc1m1N/m1N mice (9-week old) compared with age-
matched, saline-injected Npc1m1N/m1N mice, as demonstrated by
reduced CD68-positive foamy macrophages with increased lipid
storage in the liver (Fig. 2B, Supplementary Material, Fig. S5).
This is consistent with the expected phenotypic improvements
from HPβCD treatment (26,28,72). Interestingly, immunohis-
tochemistry detected notable increases in GPNMB protein
in the cerebellum of 9-week-old saline-injected Npc1m1N/m1N

mice compared with Npc1+/+ (Fig. 2C, left two panels). HPβCD
treatment of Npc1m1N/m1N mice greatly reduced these high
GPNMB levels to levels approaching those seen in Npc1+/+ mice

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab194#supplementary-data
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Table 1. Top canonical pathways and molecular and cellular functions from IPA of differentially expressed genes in HPβCD-treated NPC1
fibroblasts

Top canonical pathways P-value Overlap

Superpathway of cholesterol biosynthesis 8.61E−17 48.3% (14/29)
Cholesterol biosynthesis I 2.97E−11 61.5% (8/13)
Cholesterol biosynthesis II (via 24,25-dihydrolanosterol) 2.97E−11 61.5% (8/13)
Cholesterol biosynthesis III (via desmosterol) 2.97E−11 61.5% (8/13)
Superpathway of geranylgeranyldiphosphate biosynthesis I (via mevalonate) 9.70E−07 33.3% (6/18)

Top molecular and cellular functions P-value range Number of molecules

Cell death and survival 1.08E−04 to 1.94E−18 201
Lipid metabolism 1.59E−04 to 1.20E−13 92
Small molecule biochemistry 1.59E−04 to 1.20E−13 92
Vitamin and mineral metabolism 1.59E−04 to 1.20E−13 41
Cellular development 1.17E−04 to 1.07E−12 166

(Fig. 2C). Furthermore, increased sGPNMB levels were present
in saline-treated Npc1m1N/m1N mice from weeks 7 to 9 (Fig. 2D,
Supplementary Material, Fig. S6). HPβCD-treated Npc1m1N/m1N

mice did not show increased sGPNMB, and instead maintained
consistent sGPNMB levels from weeks 3 to 9 that were not signif-
icantly different from Npc1+/+ mice (Fig. 2D and Supplementary
Material, Fig. S6). These results show that sGPNMB acts as a
robust biomarker of disease progression in this animal model.

To further explore sGPNMB as a potential biomarker, plasma
was collected at 9 weeks from Npc1m1N/m1N mutant mice
treated with an AAV9 gene therapy vector, AAV9.EF1a(s).hNPC1
(Fig. 3A), previously described by our group to improve lifespan
and other NPC1 phenotypes (21). Systemic treatment with
AAV9.EF1a(s).hNPC1 reduced the foam cells and abnormal lipid
storage present in the liver (Fig. 3B), consistent with gene therapy
treatment improving disease-related phenotypes. Furthermore,
these AAV9.EF1a(s).hNPC1-treated mice exhibited significantly
lower plasma sGPNMB levels than saline-injected Npc1m1N/m1N

control mice (Fig. 3C). Taken together with the results in HPβCD-
treated Npc1m1N/m1N mice, this suggests that measurement of
sGPNMB levels can be used to monitor the biological response
to different potential therapeutics in a preclinical setting using
this NPC1 animal model.

Discussion
Many of the complex cellular pathways regulating lipid and
cholesterol homeostasis throughout the cell are centrally
focused on the lysosome (96–100). The lysosomal localization
of NPC1 protein and its crucial role in cholesterol transport
suggests that these signaling pathways may be affected in NPC1
mutant cells, and thus knowledge of the genomics underlying
these pathways could be used to develop targeted treatments
in NPC1 disease. However, genomic-based studies on NPC1
disease have faced many obstacles, including the limited patient
numbers inherent in studying a rare disease as well as the high
levels of clinical and genetic heterogeneity observed among
NPC1 patients. To address these issues, this study generated
comprehensive RNA-Seq data on paired, untreated and HPβCD-
treated fibroblasts from 42 NPC1 patients with diverse NPC1
mutations (detailed in Supplementary Material, Table S4),
making it the largest published transcriptome analysis of NPC1
patients to date. The larger size of this dataset compared with
previous efforts has now allowed a broad, genome-wide view
of shared, significant gene expression changes across multiple
patients with varied NPC1 mutations and genetic backgrounds.

Our analysis suggests that initial HPβCD treatment induces
moderate and specific changes in gene expression, as opposed
to widespread alteration of the transcriptional landscape. These
expression changes correlate with previous data showing that
cholesterol biosynthesis pathways are affected in conjunction
with SREBP2 downstream targets. A recent study examining
Npc1m1N/m1N mutant mice 24 h after HPβCD treatment found that
suppressed sterol synthesis was a primary response in liver and
spleen (101), which correlates with our fibroblast data indicating
downregulation of cholesterol synthesis pathway genes at 24 h
post-treatment. In addition, our study found that out of 628
previously identified TFEB target genes (65,80,81), 48 were altered
in response to HPβCD treatment, suggesting enrichment of these
targets in our dataset. These data correlate with a recent study
on NPC1 mutant fibroblasts which reported that TFEB upregu-
lation and activation of TFEB-governed CLEAR network genes is
associated with increased autophagy and lysosomal movement
to the ER in response to cyclodextrin treatment (102).

Our results also revealed the involvement of lysosomal and
autophagy genes in the HPβCD response of NPC1 mutant cells.
Recent reports have shown the importance of autophagy in NPC1
disease biology, suggesting future studies of autophagy and
NPC1 disease may be warranted (75–79). Overall, the 485 genes
identified in this study expand our knowledge of cholesterol-
and lipid-related pathways affected by HPβCD treatment in
the context of NPC1 mutations, and also may highlight novel
biomarkers to track disease progression and efficacy of inter-
ventions. This publicly available dataset will provide a robust
foundation for future analyses on the genetics of NPC1 as well as
the effects of HPβCD on NPC1 patients, including perturbations
in basal lysosomal functions and autophagy pathways.

Of note, some RNA-Seq results reported here do not correlate
with previous analyses. For example, the downregulation of the
autophagy protein SQSTM1 in our dataset agreed with results
from human neurons with reduced NPC1 expression generated
from embryonic stem cells (77), but contrasts with data showing
HPβCD treatment increased SQSTM1 levels in Npc1 mutant
cells and also in Alzheimer disease model mice (78,102,103).
These differences may reflect differing experimental conditions,
including effective HPβCD concentrations and/or length of
treatment, thus each study may measure very different phases
of cellular response to HPβCD. The 24 h timepoint after 300 μM
HPβCD treatment used in our study likely measures conditions
where NPC1 mutant cells are still sensing excess unesterified
cholesterol that has been released from lysosomes. Future
studies examining a time course of the transcriptional response

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab194#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab194#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab194#supplementary-data
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Figure 2. GPNMB levels are increased in Npc1m1N/m1N mutant mice and reduced by HPβCD treatment. (A) Experimental design. Mice received serial injections of

HPβCD between 1 and 9 weeks of age, and serial plasma collection was performed for sGPNMB measurement by ELISA. (B) CD68 immunohistochemistry (brown

staining) of liver sections demonstrated that the notable increase in foam cells characteristic of Npc1m1N/m1N mutant mice (lower left panel) is greatly reduced by

HPβCD treatment (lower right panel). Saline-injected and HPβCD-treated Npc1+/+ controls are shown for comparison (upper left and right panels, respectively). Scale

bar = 100 μm. (C) Immunostaining of midline sagittal sections of the cerebellum showed that elevated levels of GPNMB protein were present in 9-week-old saline-

injected Npc1m1N/m1N mice (dark brown staining, lower left panel) when compared with the GPNMB levels in saline-injected Npc1+/+control mice (upper left panel).

HPβCD-treated Npc1m1N/m1N mice (lower right panel) showed lower GPNMB expression in the cerebellum when compared with saline-injected Npc1m1N/m1N mice.

HPβCD treatment of Npc1+/+ controls (upper right panel) did not affect GPNMB expression. Scale bar = 200 μm. (D) Levels of sGPNMB in plasma rose in untreated

Npc1m1N/m1N mutant mice and were significantly different from Npc1+/+ controls. In contrast, sGPNMB levels remained low in HPβCD-treated mice and were not

statistically different from those of Npc1+/+ mice. The mice shown in (D) were divided into two cohorts; see Supplementary Material, Fig. S6 for detailed, repeated

measures data on individual mice, as well as a description of statistical analyses.

to HPβCD will be useful to resolve these questions and capture
a clearer understanding of the cellular changes in NPC1 mutant
cells in response to HPβCD.

NPC1 disease presentation is extremely heterogenous, with
broad phenotypic variations across patients, and even in
patients with the same NPC1 mutation (10,104–106). Our large
transcriptome analysis revealed that this striking variability is
also present at the mRNA expression level. These results could
be explained by the presence of genetic variants elsewhere in
the genome that are capable of modifying the NPC1 phenotype
(107), including HPβCD treatment response. Of note, differences
in treatment response have also been reported in the phase
1/2a clinical trial, as a subset of patients, ‘responders’, had
a better response to HPβCD treatment compared with ‘non-
responders’ (30). This variability emphasizes the need for a
reliable biomarker that could consistently measure disease
hallmarks in spite of such complexity.

Our study supports GPNMB as a robust NPC1 biomarker,
both for disease progression and to measure response to ther-
apeutic treatments in both peripheral and neuronal tissues. Our

studies found that GPNMB expression is significantly altered
in NPC1 fibroblasts in response to HPβCD treatment across a
large panel of patients that are heterogeneous in both NPC1
mutation type and gene expression profiles, thus indicating that
GPNMB has the potential to act as a biomarker across a highly
variable patient cohort. The significant changes in sGPNMB lev-
els identified in both HPβCD-treated as well as gene therapy-
treated Npc1m1N/m1N mutant mice demonstrated that sGPNMB
level alterations are not solely limited to HPβCD treatment but
also appear to correlate with disease severity and therapeu-
tic efficacy. Furthermore, overexpression of GPNMB protein in
the cerebellum of Npc1m1N/m1N mutant mice was reduced with
HPβCD treatment, indicating systemic HPβCD administration is
able to exert changes in the brain. These results also suggest
changes in gene expression of primary fibroblast cells could
act as surrogates of disease severity and treatment response in
plasma and the CNS. Importantly, these sGPNMB alterations are
present in plasma and can be easily assayed by ELISA, therefore
this molecule could be readily evaluated as a biomarker with
minimal patient discomfort.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab194#supplementary-data
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Figure 3. Reduced sGPNMB levels are present in Npc1m1N/m1N mutant mice that

received AAV9.EF1a(s).hNPC1 gene therapy treatment. (A) Experimental design.

Mice received a single injection of saline or AAV9.EF1a(s).hNPC1 at weaning,

and plasma was collected at 9 weeks of age. (B) CD68 staining of liver sec-

tions demonstrated that the increased foam cells characteristic of Npc1m1N/m1N

mutant mice (middle panel, saline-treated) are reduced by gene therapy treat-

ment (right panel). Saline-treated Npc1+/+ controls are shown for comparison.

Scale bar = 100 μm. (C) Mice receiving gene therapy exhibited significantly lower

sGPNMB levels at 9 weeks of age in comparison to age-matched, saline-injected

Npc1m1N/m1N mutant mice (P = 0.012, t-test).

The molecular details of GPNMB function in the setting of
NPC1 remain uncharacterized. Previously, GPNMB was reported
as overexpressed in NPC1 in comparison to normal cells/tissues
and suggested as a potential disease biomarker (59). Broader
studies of expression variation in NPC1 correlate with these
results, revealing that GPNMB mRNA or protein expression is
altered by NPC1 mutations in 6 out of 8 studies from NPC1
patients and mouse models (57,58,91–95,108). GPNMB occurs
as a transmembrane protein localized to endosomes/lysosomes
and melanosomes, but it also can act as a secreted, soluble
factor following cleavage and release of its extracellular portion
(109–112). GPNMB is implicated in lysosomal function and
autophagy, and it is a downstream target of TFEB, a master

regulator of numerous lysosomal genes (65,111,113). Of note,
GPNMB is overexpressed in another lysosomal storage disorder,
Gaucher disease, and its expression level correlates with phe-
notype severity (88–90,114). In addition, GPNMB has been linked
to several diseases and processes, including neuro-protective
properties in Parkinson disease and Alzheimer disease (and
related animal models), regulation of cell differentiation and
modulation of inflammation (61,62,115–123).

The slowly progressing nature of many rare diseases such
as NPC1 adds complexity to the already difficult process of
therapeutic development. Emphasis in recent years has been
placed on biomarker discovery and development. Biomarkers
present opportunities to not only track disease progression and
understand genotype–phenotype correlations, but also deter-
mine or monitor efficacy of therapeutic compounds. A validated
biomarker can be used as a surrogate endpoint for clinical trials,
which can be especially useful for diseases such as NPC1 where
clinically significant decline occurs over many years. Herein, we
show the utility of GPNMB as a treatment-related biomarker
for both HPβCD and gene therapy in NPC1 murine studies. Our
results along with corroborating work from multiple groups sug-
gest continued development of GPNMB is warranted, including
further studies to validate that both plasma- and CSF-derived
GPNMB can act as a biomarker in NPC1 patients.

Materials and Methods
Cell culture, RNA isolation, Lysotracker staining and
HPβCD treatment

Primary skin fibroblasts from NPC1 patients were obtained with
consent as part of a natural history study of NPC1 disease at
the National Institutes of Health (NCT0034433, ClinicalTrials.go
v) approved by the Eunice Kennedy Shriver National Institute of
Health Institutional Review Board. A diverse range of NPC1 muta-
tions were present across the patient cohort (Supplementary
Material, Table S4). Cell lines were cultured in DMEM (Invitrogen,
Waltham, MA, USA, Catalog no. 11995-040) supplemented with
10% fetal bovine serum in a humidified incubator with 5% CO2

at 37◦C. A parallel set of cells from each line was also treated
with 300 μM of 2-hydroxypropyl-ß-cyclodextrin (HPßCD; Sigma-
Aldrich, St. Louis, MO, USA, Catalog no. C0926) for 24 h. Prior to
isolation of RNA for sequencing, a portion of the culture was
stained with Lysotracker-red (Lysotracker, Invitrogen, catalog no.
L7528).

Levels of Lysotracker were analyzed by fluorescence-
activated cell sorter (FACS) analysis as previously published (66).
This was done coincidently with cells being harvested for RNA
isolation with TRIzol reagent (ThermoFisher, Waltham, MA, USA,
catalog no. 15596018) and purified with Qiagen RNA Easy Mini
Columns (Qiagen, Germantown, MD, USA, Catalog no. 74104).
RNA quality was assessed using a Bioanalyzer (Angilent, Inc.,
Santa Clara, CA, USA).

RNA sequencing and analysis

RNA sequencing (RNA-Seq) was performed at the NIH Intra-
mural Sequencing Center (NISC) using a HiSeq400 instrument
(Illumina, San Diego, CA, USA). Poly-A selected stranded mRNA
libraries were constructed from 0.51 μg total RNA using the
Illumina TruSeq Stranded mRNA Sample Prep Kit, version 2
according to manufacturer’s instructions except where noted.
The resulting cDNA was fragmented using a Covaris E210. Ampli-
fication was performed using 10 cycles to minimize the risk

ClinicalTrials.gov
ClinicalTrials.gov
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab194#supplementary-data
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of over-amplification. Unique barcode adapters were applied to
each library. Libraries were pooled for sequencing. The pooled
libraries were sequenced on multiple lanes of a HiSeq 4000 to
achieve a minimum of 42 million 76 base read pairs. The data
were processed using RTA version 1.18.54 and CASAVA 1.8.2.
Sequence data will be made available through dbGaP, study
accession number phs002392.v1.p1.

Demultiplexed 76-bp paired-end reads were aligned to the
GRCh38 human reference using HISAT2 v2.10 (124). Reads were
then counted in genes with the featureCounts program of the
subread package v1.6.4 using the GENCODE release 28 annota-
tions (125). For the PCA and clustered heatmaps (Fig. 1B, and
Supplementary Material, Figs S2, S3 and S4) we used counts
normalized with the DESeq2 v1.22.1 variance stabilizing trans-
form (126). These analyses indicated the majority of the cell
lines were clustered into pre/post-treatment pairs. One sample
pair (NPC2) behaved differently, with the pre-treatment sample
clustering into its own top-level cluster, suggesting this sample
was an outlier (Supplementary Material, Fig. S2), and thus it
was removed from the pre-post treatment contrast. Differential
expression was performed using raw counts provided to DESeq2.
The primary contrast presented here used cell line as a blocking
factor. That is, it used the model ‘∼treatment + cell line’ and
extracted the contrast only for the treatment effect. A gene was
considered differentially expressed if the false discovery rate
(FDR) was <0.1, as recommended by DESeq2 parameters (126).
The MA plot shows the shrunken log2 fold change calculated by
DESeq2 using the ‘normal’ method.

Pathway analysis was performed with Ingenuity pathway
analysis software (Qiagen, Germantown, MD, USA) using the
485 DEG set. Literature searches were performed in PubMed for
all 485 genes, using each gene name as a search term paired
with ‘lysosome’, ‘autophagy’, ‘lipids’, ‘cholesterol’, ‘NPC’ or
‘cyclodextrin’.

Colony management and genotype identification

Colonies were maintained in a specific pathogen free AAALAC-
approved facility by following the standard protocol of the
Institutional Animal Care and Use Committee from the National
Human Genome Research Institute (NHGRI). Mating between
heterozygous BALB/cNctr-Npc1m1N/J mice (Jackson Laborato-
ries, Bar Harbor, ME, USA, stock number: 003092) generated
Npc1m1N/m1N mutant offspring. Mice were housed between two
and five adult mice per cage (regardless of their genotype). DNA
for genotype analysis (20) was extracted from tail biopsies at P10
and purified using a Gentra Puregene Mouse Tail Kit (Qiagen,
Germantown, MD, USA).

Mouse HPβCD, AVV treatment and plasma extraction

Mice received serial subcutaneous injections of either saline or
HPβCD starting at postnatal day (P7) and continued to receive
injections every other day from P7 to P21 as previously described
in (127). From P21 onward, injections were administered three
times per week. Plasma was collected serially by retro-orbital
bleeding, but collection alternated between two cohorts of mice
in each treatment group (see Supplementary Material, Fig. S6), so
that blood collection was performed on each mouse every other
week and blood volume drawn based on body weight as per NIH
ACUC guidelines.

AAV gene therapy [AAV9.EF1a(s).hNPC1] was performed as
previously described (21) with a dose of 4.3 × 1012 gene copy (GC)
per mouse. Plasma collection was performed at 9 weeks for each
group.

Tissue histology and immunohistochemistry

Liver histology for both Hematoxylin and eosin stain (H&E)
and anti-CD68 were performed as previously described (107).
Immunohistochemistry for GPNMB expression in cerebellum
was performed by Histoserv (Germantown, MD, USA) using
mouse osteoactivin/GPNMB antibody following manufacturer’s
instructions (catalog # AF2330, R&D systems, Minnesota USA)
with biotin-conjugated anti-mouse IgG as a secondary antibody.

sGPBMB measurement and analysis

Soluble GPNMB levels (sGPNMB) were measured from plasma
samples in triplicates (1:50 dilution) by ELISA (catalog # DY2330,
R&D systems, Minneapolis, MN, USA) as described per manufac-
turer. The aspiration and washing steps were performed using
an automatic microplate washer and dispenser (405 TS, BioTek,
Winooski, VT, USA). The optical density was measured at 450 nm
using a microplate reader (Epoch 2, BioTek, Winooski, VT, USA).
Interpolated concentrations were reported in ng/ml.

Statistical analysis

All statistical analyses were performed using Prism software
(GraphPad).
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