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Niemann-Pick type C (NPC) disease is a lysosomal storage disorder characterized by cholesterol accu-
mulation caused by loss-of-function mutations in the Npcl gene. NPC disease primarily affects the
brain, causing neuronal damage and affecting motor coordination. In addition, considerable liver
malfunction in NPC disease is common. Recently, we found that the depletion of annexin A6 (ANXA6),
which is most abundant in the liver and involved in cholesterol transport, ameliorated cholesterol
accumulation in NpcI mutant cells. To evaluate the potential contribution of ANXA6 in the progression
of NPC disease, double-knockout mice (Npc1 '~ /Anxa6 /") were generated and examined for lifespan,
neurologic and hepatic functions, as well as liver histology and ultrastructure. Interestingly, lack of
ANXA6 in NPC1-deficient animals did not prevent the cerebellar degeneration phenotype, but
further deteriorated their compromised hepatic functions and reduced their lifespan. Moreover, livers of
Npc1™~/Anxa6~~ mice contained a significantly elevated number of foam cells congesting the
sinusoidal space, a feature commonly associated with inflammation. We hypothesize that
ANXA6 deficiency in NpcZ~/~ mice not only does not reverse neurologic and motor dysfunction, but
further worsens overall liver function, exacerbating hepatic failure in NPC disease. (Am J Pathol 2021,
191: 475—486; https://doi.org/10.1016/j.ajpath.2020.12.009)

Niemann-Pick type C (NPC) disease is an autosomal-recessive
disorder characterized by cholesterol accumulation in endoly-
sosomes of the liver, spleen, and central nervous system (CNS),
with the CNS accumulation causing fatal progressive neuro-
degeneration. NPC disease is mainly caused by loss-of-function
mutations in the Npcl (95%) gene, which encodes the major
cholesterol transporter in endolysosomes." NPC1 deficiency
blocks the exit of cholesterol from endolysosomes, eliciting
cellular and organ dysfunction.” Mice with mutations in the
Npcl gene have been widely used to study the underlying
mechanisms that cause this disease.”
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In the brain and CNS of patients with NPC disease as
well as NPCl-deficient mice, the endolysosomal accumu-
lation of cholesterol and other lipids greatly contribute to
pathologic changes and neurodegeneration such as a marked
loss of cerebellar Purkinje cells, impairing motor tasks.” In
the liver, NPC1 deficiency also causes cholesterol accu-
mulation, which then activates nonparenchymal cells,
including Kupffer and hepatic stellate cells, leading to
progressive inflammation, oxidative stress, apoptosis, and
fibrosis. '? This process correlates with large number of
CD68-positive Kupffer cells in Npc! '~ mouse livers,'* and
some findings suggest that lipid accumulation of Kupffer
cells could induce secretion of inflammatory cytokines, such
as tumor necrosis factor and profibrotic transforming growth
factor B.’

The liver is mainly composed of parenchymal hepato-
cytes (approximately 60% to 70%) and nonparenchymal
endothelial, Kupffer, and stellate cells. In addition, cells of
the biliary track, natural killer cells, as well as adaptive T-
and B-lymphocytes can also be found in the liver."” Kupffer
cells, which constitute 80% to 90% of the resident tissue
macrophages, have zonal distribution associated with dif-
ferences in their size, phagocytic activity, cytokine pro-
duction, cytotoxic capacity, and lysosomal enzyme
activities.'®!” However, cholesterol accumulation in NPC
disease impairs the proper functioning of its endolysosomes,
possibly also compromising Kupffer cell behavior.'®

Interestingly, we previously found that restoration of
hepatic NPC1 expression in Npc! ™~ mice reduced hepa-
tomegaly and hepatic cholesterol level, as well as bile salts,
bilirubin, and transaminase levels in serum, without
ameliorating the onset or progression of neuro-
degeneration.'g’20 In addition, several other endolysosomal
proteins in the vicinity of NPC1 appear to influence NPC1-
dependent activities and may contribute to the complex
NPC pathology.”'

Annexin A6 (ANXAG6) belongs to the family of annex-
ins”* and is expressed in most tissues, being highly abun-
dant in the liver” and brain.”® In the liver, ANXAG6 as a
marker for hepatocytic endosomes”’ is preferentially local-
ized in a subset of pericanalicular (apical) endosomes.”™ "
Interestingly, multiple ANXAG6 interactions likely relevant
for proper hepatic functioning are often linked to NPCI,
such as autophagocytosis, cholesterol homeostasis, lyso-
somal function, or gluconeogenesis.”' Indeed, up-
regulated ANXAG6 levels contributed to the compromised
cholesterol transport in NPCl-deficient cells’’  and
cholesterol-sensitive lysosomal degradation,'® whereas he-
patic ANXAG6 deficiency hindered glucose homeostasis and
survival during liver regeneration.”’

In this study, analysis of double-knockout mice lacking
NPC1 and ANXA6 (Npcl ™ /Anxa6 ") revealed a signif-
icant reduction of lifespan compared with Npcl ™~ mice,
which correlated with a slight amelioration of some neuro-
logic functions but overall worsening in motor coordination
abilities. In addition, loss of ANXA6 in NPCl-deficient
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animals decreased hepatic cholesterol esters (CEs) without
modifying unesterified cholesterol (UC) levels, deteriorated
hepatic function, and markedly increased the number of
foam cells in the liver, indicating increased liver inflam-
mation. In conclusion, ANXAG6 depletion is highly detri-
mental for the hepatic physiologic processes of NPC-
deficient mice.

Materials and Methods

Animals

Two genetic crosses using homozygous Anxa6 > and
heterozygous Npcl™~" mice on the C57BL/6 genetic
background (99% pure) were performed to generate parental
Npcl = JAnxa6™'~ mice. After two additional crosses, the
F2 generation of wild-type (WT), Anxa6 ", Npcl ", and
Npcl ™" /Anxa6™~ animals was analyzed. Mice were
maintained in a 12-hour light/dark cycle and allowed food
and water ad libitum. With regard to diet, mice were fed
with regular low-cholesterol, low-fat cereal—based rodent
chow diet (2014 Teklad Global 14% protein rodent main-
tenance diet; Envigo, Indianapolis, IN).

Genotype Analysis

Genomic DNA extraction and PCR genotyping were per-
formed using the Accustart II Mouse Genotyping Kit
(Quanta BioScience Inc., Gaithersburg, MD). The Npcl
knockout alleles were detected as described previously.'”
The Anxa6 knockout alleles were detected using Anxa6
primers (forward 5-GAGGCTCTGTCCACGACTT-3’ and
reverse 5-CCAATAAAGTCACTGGTTCATC-3’) and a
primer for the Neomycin resistance gene cassette (5'-
TCTGGACGAAGAGCATCA-3'), resulting in a 250-bp
product for the WT Anxa6 allele and a 500-bp product for
the Anxa6 knockout allele.

Morphologic Analysis

Eight-week—old mice were euthanized by decapitation.
Immediately after, the livers and brains were removed and
processed for histology and protein and RNA extraction as
previously described.”'~”” Briefly, liver and brain tissues
were fixed in 4% paraformaldehyde (Electron Microscopy
Sciences, Hatfield, PA) in 0.1 mol/L sodium phosphate pH
7.2 for 96 hours. After fixation, liver tissues were paraffin-
embedded, sectioned (12 pm), and stained with hematoxy-
lin and eosin (H&E) or Masson’s trichrome stain. Brain
tissues were cryoprotected with 30% sucrose in phosphate-
buffered saline with 0.02% sodium azide and frozen in dry-
ice—cooled 2-methylbutane. Serial sagittal sections (30-pwm
thick) were cut on a cryostat and collected as free-floating
sections. Some were stained with Cresyl violet (Nissl
staining) as previously described,”* others were stained with
filipin (125 pg/mL for 3 hours),”” and yet others were
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processed for immunohistochemistry. For nuclei staining,
TO-PRO-3 (Invitrogen, Carlsbad, CA) was used. Anti-
ionized calcium-binding adaptor molecule 1 (IBA1; Wako,
Richmond, VA) and anti—glial fibrillary acidic protein
(GFAP; Dako North America Inc., Carpinteria, CA) anti-
bodies were used for free-floating immunofluorescence as
previously described.’® Anti—calbindin D-28k was used for
the detection of Purkinje cells in the cerebellum. Sections
were incubated with biotinylated secondary antibodies
(Swant, Marly, Switzerland) and developed with dia-
minobenzidine, as previously described.” Calbindin stain-
ing was analyzed in eight slices per animal separated by 240
pm using a magnification of x10 with an Olympus BX50
fluorescence microscope coupled with an Olympus XC30
camera (Olympus, Tokyo, Japan). Filipin-stained samples
were visualized using a Zeiss LSM880 laser scanning
confocal microscope (Carl Zeiss Microscopy GmbH, Jena,
Germany). The quantification of Purkinje cells was per-
formed using ImageJ software version 1.51 (NIH, Bethesda,
MD; https://imagej.nih.gov/ij)’’ as previously described.”®

Biochemical Analysis and Western Blotting

Blood was collected by intracardiac puncture into BD
Microtainer tubes (Becton Dickinson Co., Franklin Lakes,
NJ). Serum was collected after centrifugation of blood
samples at 6000 x g for 1 minute at 4°C in Serum Heparin
Separator Tubes (Becton Dickinson). Serum parameters
were determined by the core facility of Hospital Clinic i
Provincial de Barcelona as previously described’' for at
least five mice for each parameter. UC and CEs were
determined using the Amplex Red Cholesterol Assay kit
(Molecular Probes, Eugene, OR) according to the manu-
facturer’s instructions. Western blotting was performed
using rabbit anti-NPC1 (Abcam, Cambridge, UK), rabbit
anti-ANXAG6, goat anti—glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH; Genescript, Piscataway, NJ), rabbit
anti—calbindin D-28K (Swant), mouse anti—a-tubulin
(Sigma-Aldrich, St Louis, MO), mouse anti-GAPDH (Mil-
lipore Corp, Burlington, MA), rabbit anti-GFAP (Dako),
and rabbit anti-IBA1 (Wako). The intensity of calbindin,
IBA1, and GFAP signals was quantified using Gelpro32
version 4.0.0.4 (Media Cybernetics Inc., Rockville, MD),
and results were normalized to a-tubulin or GAPDH.

Quantitative PCR

Total RNA was extracted using QIAzol lysis reagent and
RNeasy Lipid Tissue Mini kit (Qiagen, Hilden, Germany) in
accordance with the manufacturer’s protocol. A total of 1 pg
of RNA was reversed transcribed using a High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA). In a final volume of 20 pL of real-time
PCR Brilliant SYBRGreen QPCR Master Mix (Stratagene,
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San Diego, CA), 2 pL of 1:20 diluted cDNA, specific
primers I11b forward 5'-TGCCACCTTTTGA-
CAGTGATG-3' and reverse 5'-AAGGTCCACGGGAAA-
GACAC-3/; Tnf forward 5'-GTCCCCAA
AGGGATGAGAAGT-3' and reverse 5-ACAAGGTA-
CAACCCATCGGC-3’; 116 forward 5'-TCCTCTCTG
CAAGAGACTTCC-3' and reverse 5'-CTGCAAGTG-
CATCATCGTTGT-3'; Tbp forward 5'-CACCCCTTG-
TACCCTTCAC-3’ and reverse 5'-TTCACTCTTG
GCTCCTGTGC-3"), and standard PCR amplification pro-
tocol (10 minutes at 95°C; 45 cycles of 30 seconds at 95°C,
15 seconds at 60°C, and 30 seconds at 72°C; and 10 seconds
at 95°C and 60 seconds at 65°C) were used for PCR anal-
ysis using the LightCycler system (Roche Diagnostics,
Hoffmann-La Roche, Basel, Switzerland). Values
were normalized to the mouse Tbp mRNA in each sample.””

Electron Microscopy

For electron transmission microscopy, livers were taken
from mice after administration of anesthesia after intracar-
dial perfusion with 2.5% glutaraldehyde in phosphate
buffer. Liver samples were then fixed overnight in 2.5%
glutaraldehyde and 4% paraformaldehyde and postfixed in
osmium tetroxide and embedded in Spurr (Sigma-Aldrich).
Images were acquired from ultrathin sections using a JEOL-
1010 electron microscope (JEOL USA Inc., Peabody, MA)
with a SC1000 ORIUS-CCD digital camera (Gatan Inc.,
Pleasanton, CA).

Behavioral Assessment

Sensory capabilities of mice were evaluated by using the
SHIRPA (SmithKline Beecham, Harwell, Imperial College,
Royal London Hospital phenotype assessment) standard
task battery, and muscular strength and motor coordination
were examined by the wire hanger test previously
described.””*! Motor behavior was further analyzed using
the ﬁcz(igprint test, the open field test, and the balance beam
test. 7

Statistical Analysis

Data are expressed as the means == SEM. Statistical analysis
of mouse survival was performed with a log-rank (Mantel-
Cox) test, and analysis of interaction was performed with a
two-way analysis of variance with ad hoc Bonferroni
posttest. Statistical comparison of four groups was per-
formed using one-way analysis of variance with ad hoc
Sidak posttest. Statistical analysis was performed in
GraphPad Prism software version 8 (GraphPad Software,
San Diego, CA).

477


https://imagej.nih.gov/ij
http://ajp.amjpathol.org

Meneses-Salas et al

Results
Characterization of Npc1 7~ /Anxa6™/~ Mice

To determine the contribution of ANXAG6 in the neuronal
and hepatic dysfunction associated with NPC disease,
Npcl ™~ /Anxa6™~"~ double-knockout mice were generated.
PCR genotyping (not shown) and Western blotting
(Figure 1A) confirmed the identity of genotypes generated
(>14 mice per genotype). We initially assessed the lifespan
of each strain. Similar to previous studies, the lifespan of
Anxa6~'~ animals was not affected,®'*>> but was reduced for
Npcl™ mice to a mean of 69 days'’ compared with con-
trols (>1 year). However, ANXAG6 deficiency further
compromised the lifespan of Npcl '~ mice because survival
of Npcl™~/Anxa6™"~ mice was significantly reduced to a
mean of 62 days (Figure 1B). In addition, both WT and
Anxa6 ™'~ animals had a gradual weight increase during a 2-
to 12-week period. Both Npcl ™~ and Npel ™ /Anxa6™"~
animals had a slightly reduced body weight compared with
that for controls, which gradually increased until week 7 and
decreased thereafter (Figure 1C). When sex differences were
analyzed with reference to lifespan and weight, no statistical
differences were detected for all four strains (data not
shown).

Given that ANXAG depletion can ameliorate cholesterol
accumulation in Npcl mutant cells,”’ we aimed to determine
whether loss of ANXAG6 improved aspects of the neurologic
and motor phenotype of Npcl™’~ mice.”"* *° Overall
sensory and physical condition was initially assessed using
the SHIRPA standardized battery test and the wire hanger
test. SHIRPA analysis revealed a partial amelioration of the
sensory capabilities in Npcl " /Anxa6~’~ compared with
those in Npcl’~ mice, which presented a significant
decrease in the SHIRPA score compared with WT mice
(Figure 2A). In addition, loss of ANXAG6 partially improved
muscular strength in NpcI ™~ mice (Figure 2B). However,

A B

Npcl ™" /Anxa6™"~ mice moved significantly less in the
wire hanger than did the controls (Figure 2C), and both
Npcl™~ and Npcl ™ /Anxa6™~ mice used a smaller
number of limbs to stay up in the hanger (Figure 2D).
Altogether, these results suggest an underlying alteration
in motor coordination. The balance beam test was used
to assess whether ANXAG6 deficiency affected motor coor-
dination in Npcl™~ mice. As previously described,”’
Npcl™~ mice presented an alteration in motor coordina-
tion in both wooden and iron rods compared with controls
(Figure 2, E—H). ANXAG6 deletion in Npc! '~ mice did not
improve their motor capacities (Figure 2, E—H). In
fact, Npcl ' /Anxa6~’~ mice moved significantly less
than Npcl™~ mice in a more motor-demanding
context (Figure 2G), suggesting a worsening of the
Npcl™~ phenotype with loss of ANXA6. We further
analyzed motor behavior in the open field. No differences
were found regarding anxiety among control, NpcI ™", and
Npcl ™~ /Anxa6™"~ mice (Supplemental Figure S1, A and
B). Interestingly, ANXAG6 deficiency improved the stereo-
typic phenotype in NpcI ™~ mice (Figure 2I). In line with
the results in the balance beam test, not only Npcl ™~ but
also Npel ™~ /Anxa6™"~ mice stood up less and for shorter
times in the open field without the help of the wall (Figure 2,
J and K), a very motor coordination-demanding phenotype.
However, no differences compared with WT mice were
observed in the rearing behavior when using the wall as a
support or in the distance traveled (Supplemental Figure S1,
C—E). Finally, NpcI ™"~ /Anxa6~"~ mice fell off significantly
more than controls after standing up (Figure 2L). Overall,
these results indicate that ANXAG deficiency does not
improve, but rather worsens, some parameters of the motor
phenotype in Npcl ™~ mice.

Cerebellar Purkinje cell loss is a hallmark of cerebellar
neurodegeneration in patients with NPC disease and Npcl
knockout mouse models that contributes to compromised
motor coordination.” Even though no gross cerebellar
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expression in liver samples isolated from 8-week—old wild-type (WT), Anxa6~~, Npc1™~, and Npc1 ™~ /Anxa6~~ mice. Glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) was used as a loading control. Molecular weight markers are indicated. B: Survival of WT, Anxa6~~, Npc1™~, and Npc1 ™~ /Anxa6 ™~
mice. The lifespan (%) in days is given. Nonstatistically significance sex differences were observed (not shown). C: Body weight in WT, Anxa6~~, Npc1™~,
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Behavioral and cerebellar evaluation of 8-week—old Npc1™~/Anxa6~~ mice. Behavior was assessed using SHIRPA (SmithKline Beecham,

Harwell, Imperial College, Royal London Hospital phenotype assessment) (A), wire hanger test (B—D), wooden balance beam (E—F), iron balance beam (G—H),
and open field (I-L). Data are expressed as means &= SEM. n = 5 to 10 per genotype. *P < 0.05, **P < 0.01, and ***P < 0.001 versus wild-type (WT) mice;

P < 0.05, TP < 0.01, and TP < 0.001 versus Anxa6~ mice; P < 0.05.

histologic abnormalities were observed using Nissl staining
(Supplemental Figure S1F), we found an equal loss of
Purkinje cells in the cerebellum of NpcI ™~ and Npcl ™~/
Anxa6™"~ mice compared with controls, as indicated by
calbindin staining and protein levels (Figure 3, A and B). In
addition, protein levels, as well as the number of IBA1- and
GFAP-positive cells (microglia and astrocytes, respectively)
were similarly increased in the cerebellum of 8-week—old
Npcl™~ and Npcl ™ /Anxa6~'~ mice compared with WT
or Anxa6~'~ animals (Supplemental Figure S2, A—C).
Moreover, filipin staining confirmed an accumulation of UC
mainly in the remaining Purkinje cells of Npcl™~ and
Npcl ™ /Anxa6~"~ mice (Figure 3C). Altogether, these re-
sults suggest that the slight worsening in motor coordination
and the decreased lifespan in Npcl ™~ /Anxa6™'~ mice were
not consequences of increased cerebellar degeneration or
inflammation but rather caused by disturbances in other
brain areas or organs.

Biochemical and Cellular Hepatic Alterations in the
Npc1™~/Anxa6 "~ Mice

Hepatomegaly, which is characterized by an increase in the
hepatic index (liver weight/body weight), is another feature
of NPC disease that was observed not only in Npcl ™~ mice
but also in the Npcl " /Anxa6~’~ animals compared with
controls (WT and Anxa6 ") (Figure 3A). Hence, ANXA6
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deficiency did not significantly add to the liver enlargement
observed on NPC1 loss of function (Figure 4A).

As described previously,”’ WT and Anxa6~~ animals had
comparable values for markers of liver damage (Figure 4,
B—F). However, we observed a significant increase in the
serum aspartate, alanine aminotransferase, and alkaline phos-
phatase levels in Npel ™" as well as Npel ™ /Anxa6™"~
mice, implying increased hepatic damage and suggesting a
further worsening of liver function in NpcI ™"~ mice on Anxa6
gene deletion. Next, we analyzed UC, triglycerides (TGs), free
circulating fatty acids, and lipoprotein-associated cholesterol
levels in the serum (Figure 4, G—K). Although total UC,
high-density lipoprotein cholesterol, and fatty acids were
comparable in all four mouse strains, low-density lipoprotein
cholesterol was elevated in both Npcl™~ and Npcl ™~/
Anxa6~"" animals (Figure 4K).

Given the multiple changes in hepatic cholesterol and TG
metabolism in Npcl ™~ mice'' and the link between
ANXAG6 and cholesterol transport,”” lipid droplet forma-
tion,>® and liver metabolism,3' we next determined UC and
CEs as well as TG levels in liver homogenates. In line with
previous reports,' "> livers from NPC1-deficient animals
contained highly elevated levels of UC (Figure 4L). Despite
the recently observed restoration of cholesterol export in
ANXAG6-depleted Npcl mutant epithelial cells,”’ UC levels
remained highly elevated in Npcl ™ /Anxa6™’~ livers
(Figure 4L). Remarkably, CEs were undetectable in
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Npcl ™~ IAnxa6~"~ livers (Figure 4M), supporting a role for
ANXAG6 in cholesterol transport routes that involve CE
hydrolysis in endolysosomes or lipid droplets, or reester-
ification of UC in the endoplasmic reticulum. Somewhat
unexpectedly, hepatic TG levels in Npcl '~ /Anxa6™’~ mice
were increased compared with the control (WT, Anxa6 ")
and Npcl ™~ animals (Figure 4N).”'”? In correlation with
the elevated TG levels in Npcl ™ /Anxa6™"~ livers
(Figure 4N), circulating TG levels were slightly decreased
in these animals (Figure 4H).

Taken together, ANXAG6 deficiency may influence
cholesterol transport routes that involve cholesterol dees-
terification or /reesterification in the livers of Npc/ ™~ mice.
In addition, elevated hepatic TG levels in Npcl =/
Anxa6~"" animals may indicate that loss of ANXAG alters
the impact of NPC1 deficiency on hepatic TG metabolism,”’
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and further analysis beyond the scope of this study would be
required to address this point. In support of the biochemical
data, filipin staining (as a readout of UC distribution and
content) in frozen liver sections found a clearly increased
fluorescence intensity only in Npcl ™~ and Npcl™
“/AnxA6~"~ samples (Supplemental Figure S3).

Next, liver histologic analysis in H&E- and Masson’s
trichrome—stained samples from the same lobule of 8-
week—old animals were compared. As recently reported, the
morphology and overall architecture of livers from WT and
Anxa6~’~ mice was comparable (Figure 5A).°1% In
contrast, liver sections from Npcl™~ and Npcl ™~/
Anxa6~’~ animals revealed an elevated number of pale
foamy macrophages. Quantification of Masson’s
trichrome—stained sections identified an even higher abun-
dance of these foam cells in Npcl ™" /Anxa6™~ liver
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Analysis of hepatic function of 8-week—old Npc1 ™~ /Anxa6 ™/~ mice. A: Hepatic index (liver weight/body weight x 100) of the four genotypes is

given as indicated. B—F: Serum levels of aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase, total protein, and albumin.
G—K: Serum levels of total unesterified cholesterol (UC), triglycerides (TG), free fatty acids (FA), high-density lipoprotein cholesterol (HDL-C), and low-density
lipoprotein cholesterol (LDL-C). L—N: Hepatic UC, esterified cholesterol (EC), and TG levels. Data are expressed as means + SEM. n = 6 per group (A); n = 6 to
11 per genotype (B—F) ; n = 6 to 11 per group (6—K); n = 6 to 11 per group (L—N). *P < 0.05, **P < 0.01, and ***P < 0.001 versus wild-type (WT) mice;
P < 0.05, 1P < 0.01, and TP < 0.001 versus Anxa6 7~ mice; #P < 0.01, #*P < 0.001.

sections compared with Npcl " animals (approximately
20%) (Figure 5B). Together with the swelling of hepato-
cytes, this produced an obliteration of sinusoidal spaces all
over the acinus.

The important increment of Kupffer cells in NpcI ™~ and
Npcl ™ /Anxa6™"~ livers prompted us to analyze the in-
flammatory response by the assessment of the expression
levels of three proinflammatory cytokines. Quantitative RT-
PCR analysis clearly found a significant increase of Tnf
mRNA levels detected in the livers of Npc! "~ and Npcl ™~/
Anxa6 ™’ mice but very low levels of I11b and no significant
changes of /6 (Supplemental Figure S4). Therefore, elevated
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Tnf (probably from dendritic and Kupffer cells) seems to not
be responsible for trigger hepatic inflammation or production
of 116 by hepatic stellate cells. Further work is necessary to
elucidate the consequence of decreased Tnf levels in the
Npcl ™ /Anxa6™"~ (Supplemental Figure S4B) in the
context of hepatic physiology.

Finally, ultrastructural analysis of 8-week—old mice
livers (Figure 5C) confirmed the normal architecture of
hepatocytes and sinusoidal cells and spaces in WT and
Anxa6~"~ livers. However, in Npcl ~~ and Npcl -
Anxa6 '~ micrographs, a drastic alteration of the liver plate
architecture was evident. As with the H&E- and Masson’s
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A

a1

Figure 5

Fcs per field (n)
3.3

Liver histologic analysis of 8-week—old Npc1 ™~ /Anxa6~/~ mice. A: Representative hematoxylin and eosin staining of wild-type (WT), Anxa6~/~,

Npc1™~, and Npc1™~ /Anxa6 ™~ liver sections. Arrowheads indicate foam cells (fcs). Scale B: Representative Masson’s trichrome staining of Npc1 ~~and Npc1™7~/

Anxa6 /" liver sections. Arrowheads indicate fcs. The number of fcs per field were quantified. C: Representative electron microscopy images of WT, Anxa6~~, Npc1

_/_

and Npc1™~/Anxa6 ™~ liver sections. Asterisk indicates lipid droplets. The red arrowhead points to the autophagosome, and boxed areas indicate the endoplasmic
reticulum (ER)—mitochondria (mit)-endolysosome (LE/Lys) contact sites. Data are expressed as means & SD. n = 10 to 11 fcs per group (B); ***P < 0.001 compared
Npc1 ~“"to Npc1 4 */Anxa6*/ ~ mice. Scale bars: 50 pm (B); 5 um (C, top row); 0.5 pm (C, bottom row). CV, central vein; gly, glycogen; K, Kupffer cell; LE, late endosome;

Lys, Lysosome; mit, mitochondria; n, nucleus; sin, sinusoidal space.

trichrome—stained sections (Figure 5, A and B), enlarged
hepatocytes and an obliteration of sinusoidal spaces attrib-
utable to the increased number and size of foam cells
(Kupffer cells) was evident. At high magnification,
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enlarged, rounded and less electron-dense mitochondria in
the Anxa6~" livers were observed, which may reflect ob-
servations from others reporting compromised mitochon-
drial morphogenesis in liver, retina, and primary fibroblasts
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from Anxa6 " mice.”* In addition, a prominent presence of
prototypical endolysosomes with multilamellar and
electron-dense, vacuole-like structures in hepatocytes but
also nonparenchymal cells in both NpcI ™~ and Npcl ™~/
Anxa6™"" livers was apparent. This striking morphologic
feature is believed to be triggered by the lack of NPCI,
causing an enlargement of this compartment attributable to
the accumulation of cholesterol, sphingomyelin, and other
lipids. In addition, the number of lipid droplets and
glycogen granules, the latter being abundant in Npcl ™~
livers (Figure 5C), was strongly decreased in Npcl ™~/
Anxa6™"~ hepatocytes compared with those from Npcl ™~
animals. These findings could indicate a higher glycogen
consumption and be possibly related to the metabolic dif-
ficulties with hepatic glucose homeostasis observed during
liver regeneration and high-fat feeding of ANXA6-deficient
animals.”'”* In addition, and in line with increasing evi-
dence for altered interorganelle communication in cells
lacking NPC1 and/or ANXAG6,> the liver of Npcl ~~ and
Npcl ™" /Anxa6™"~ mice also revealed endolysosomes in
close contact with mitochondria and mitochondria sur-
rounded by endoplasmic reticulum and endolysosomes in a
Npcl ™ "/Anxa6™"~ hepatocyte.

Discussion

During the last three decades, several murine as well as
other Npc! "~ animal models have proven valuable for the
dissection of the physiologic defects and pathology associ-
ated with NPC disease.”® >’ We found that, while ANXAG6
deficiency in Npcl-knockout mice partially ameliorated
some sensory and physical phenotypes, other aspects of
motor coordination worsened. Npc! " /Anxa6~’~ mice had
a decreased lifespan compared with Npc/ "~ mice. This was
not a consequence of increased cerebellar degeneration but
correlated with aggravated liver damage in NPCl1-deficient
animals lacking ANXAG6. Highly elevated numbers
and size of foam cells congesting the sinusoidal space in
Npcl ™ /Anxa6~"" livers indicate upregulated inflammatory
events, suggesting that ANXA6 deficiency in Npcl
knockout mice exacerbates hepatic malfunction in NPC
disease. However, we cannot rule out that decreased sur-
vival in the Npcl™ " /Anxa6™~ mice could also be influ-
enced by damage to other areas in the CNS not analyzed in
this study because only restoration of NPC1 expression in
the CNS was able to restore a normal lifespan in NPC1-
deficient animals.®’ Moreover, because different genetic
backgrounds have dissimilar consequences for Npcl
knockout mice lifespan,l() 61763 we cannot dismiss a role of
the genetic background in reduced Npcl " /Anxa6~~ mice
survival.

Recently, we found that ANXAG6 depletion reduced
cholesterol accumulation in endolysosomes and reestab-
lished interorganelle communication in cell lines lacking
NPC1.”' Hence, ANXAG6 deficiency may overcome some
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pathologic features in NPCl-deficient mice. Indeed,
SHIRPA analysis revealed a partial amelioration of sensory
capabilities and an improvement in muscular strength in
Npcl ~~/Anxa6~"~, whereas other aspects of motor coor-
dination were worsened in Npcl ' /Anxa6 ™'~ mice as
compared with those in Npc/ "~ mice. These results suggest
that behavioral and motor coordination defects in Npcl ™~
mice may be differentially regulated by ANXA6-dependent
and -independent cholesterol export routes from endolyso-
somes to other specific organelles. Interestingly, ANXA6
deficiency did not prevent loss of Purkinje cells in Npcl ™~
animals, a hallmark of cerebellar neurodegeneration in NPC
disease. In addition, Npc! "~ and Npcl ™~ /Anxa6 ™'~ mice
had similar levels of cerebellar neuroinflammation, previ-
ously reported to contribute to the NpcI’~ mice pheno-
type.”* Altogether, these results suggest that worsening of
motor coordination and decreased lifespan in Npcl ™
“/Anxa6™’" mice might be attributable to complications in
other areas of the CNS and other organs rather than the
cerebellum.

Although the elevated hepatic cholesterol content in
Npcl ™" /Anxa6~'~ mice was comparable to those from
Npcl™~ animals,''""” a markedly elevated number of
foam (Kupffer) cells filled with an increased quantity of
endolysosomes and complex multilamellar structures
was identified. These morphologic changes could be
related to an altered RAB7 activity. Interestingly,
ANXAG6-depleted Npcl mutant cells are characterized by
elevated RAB7 activity, the master regulator of late
endosomal functionality. Downregulation of RAB7 ac-
tivity also occurs during liver steatosis induced by a
cholesterol-rich diet®” or ethanol exposure,”® and cor-
relates with impaired fusion of the autophagic machin-
ery with lipid droplets, leading to an accumulation of
hepatocellular lipids.®®

A remarkable feature of Npcl " /Anxa6™~ livers was the
substantially decreased number of lipid droplets and
glycogen granules, indicating a much higher turnover of
neutral lipids and glycogen compared with the Npcl ™~
animals. These morphologic changes correlated with the
drastic reduction in the amount of cholesteryl esters, sug-
gesting that ANXAG6 deficiency in Npcl-ko mice indeed
alters steps in cholesterol transport in endolysosomes, the
endoplasmic reticulum, and/or lipid droplets, where dees-
terification and reesterification of cholesterol occurs. In
addition, we and others found, by confocal and electron
microscopy, morphologic alterations in mitochondria of
hepatocytes from Npcl %" and Anxa6~~ mice’ possibly
as a consequence of the increased cholesterol levels in the
liver®® but also indicative of the detrimental Ca®" signaling
and respiration of these animals.”® In line with the decrease
in cholesterol levels in Npcl ™ /Anxa6™~~ mice and in
agreement with recent publications,”’”*”” we noticed a
slight improvement of mitochondria morphology in close
contact with the endoplasmic reticulum in the livers from 8-
week—old Npcl ™ /Anxa6™"~ mice.
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The drastically increased number of foam (Kupffer) cells
in Npcl™~"~/Anxa6~’" livers indicates inflammatory events
that exacerbate hepatic dysfunction possibly explaining the
significantly reduced lifespan of these animals. However,
the role of inflammation in NPC liver dysfunction is still
controversial and nonprotective, but protective roles of in-
flammatory macrophages in NPC livers have also been
reported.”*%~ 72 A plausible explanation could be that
hepatic macrophage subpopulations, including yolk
sac—derived resident Kupffer cells, bone marrow
monocyte—derived macrophages, and peritoneal macro-
phages’® differentially contribute to beneficial or detri-
mental effects on liver damage. However, although
transplanted bone marrow—derived mesenchymal stem cells
can prevent the loss of NpcI ™"~ mouse Purkinje neurons by
correcting sphingolipid metabolism, this had no major effect
on mouse survival, suggesting rather minor function in the
overall animal pathology.”*

Kupffer cells could indeed be central to the aggravated
inflammation in Npcl ™" /Anxa6™"~ livers because they
respond to hepatocyte injuries via activation of NF-kB
—dependent proinflammatory cytokine secretion. In fact,
Kupffer cell depletion not only prevented the development
of nonalcoholic steatohepatitis’>’® but also partially rescued
NPC liver damage,'" the latter correlating with inhibition of
NF-kB—dependent inflammatory events.”” In Npcl "~/
Anxa6™~ livers, ANXAG6 deficiency may facilitate
increased recruitment of infiltrating monocytes or promote
proliferation of resident Kupffer cells in the perivenous re-
gion, leading to an elevated cytokine release and cytotoxic
activity.'® The underlying mechanism remains to be clari-
fied, but the infiltration of monocyte-derived or peritoneal
macrophages, which are recruited on tissue damage’” and
actively secrete cytokines and have high cytotoxic capac-
ity,'® appears as a feasible cause. In addition, the ability of
ANXAG6 to modulate tumor necrosis factor secretion’® and
to bind to the p65 subunit of NF-kB’’ may contribute to the
phenotype observed here.

Highly elevated lipid storage in hepatic endolysosomes is
a hallmark of NPC disease,”*® with Kupfter cells out of the
liver cell population displaying the most pronounced lipid
storage. Although restoration of hepatic NPC1 expression in
Npel™ reduced liver inflammation and foamy appearance
of Kupffer cells, this did not correlate with an increased
lifespan of mice with NPC disease.”’ On the basis of this
study, we speculate that lack of ANXAG6 in NpcI ™~ mice is
detrimental for hepatic physiology and related to a Kupffer
cell—dependent inflammatory response.
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