molecules
Article

Differential Proteomics Reveals miR-155 as a Novel
Indicator of Liver and Spleen Pathology in the
Symptomatic Niemann-Pick Disease, Type C1
Mouse Model
Melissa R. Pergande 1 , Antony Cougnoux 2 , Rathnayake A. C. Rathnayake 1 , Forbes D. Porter 2
and Stephanie M. Cologna 1,3, *
1
2
3

*

Department of Chemistry, University of Illinois at Chicago, Chicago, IL 60607, USA;
mperga2@uic.edu (M.R.P.); rrathn2@uic.edu (R.A.C.R.)
Division of Translational Medicine, Eunice Kennedy Shriver National Institute of Child Health and Human
Development, Bethesda, MD 20879, USA; antony.cougnoux@nih.gov (A.C.); fdporter@mail.nih.gov (F.D.P.)
Laboratory for Integrative Neuroscience, University of Illinois at Chicago, Chicago, IL 60607, USA
Correspondence: cologna@uic.edu; Tel.: +312-413-2762

Academic Editor: Zhenbin Zhang
Received: 1 February 2019; Accepted: 1 March 2019; Published: 12 March 2019




Abstract: Niemann-Pick disease, type C1 (NPC1) is a rare, autosomal recessive, lipid storage
disorder caused by mutations in NPC1. As a result, there is accumulation of unesterified cholesterol
and sphingolipids in the late endosomal/lysosomal system. Clinically, patients can present with
splenomegaly and hepatomegaly. In the current study, we analyzed the differential proteome of the
spleen in symptomatic Npc1−/− mice to complement previous studies focused on the differential
proteome of the liver, and then evaluated biomolecules that may serve as tissue biomarkers. The
proteomic analysis revealed altered pathways in NPC1 representing different functional categories
including heme synthesis, cellular regulation and phosphoinositide metabolism in both tissues.
Differential proteins included several activators of the ubiquitous and critical protein, Akt, a major
kinase involved in multiple cellular processes. Evaluation of Akt revealed decreased expression
in both the liver and spleen tissues of symptomatic Npc1−/− mice. Upstream regulation analysis
also suggested that miR-155 may modulate the differences of known downstream protein targets
observed in our dataset. Upon evaluation of miR-155, we observed an increased expression in the
liver and decreased expression in the spleen of symptomatic Npc1−/− mice. Here, we propose that
miR-155 may be a novel indicator of spleen and liver pathology in NPC1.
Keywords: Niemann-Pick type C1; spleen proteomics; AJS-ESI mass spectrometry; lysosomal storage
disorder; miR-155

1. Introduction
Niemann-Pick disease, type C1 (NPC1) is a rare, autosomal recessive, lipid storage disorder
caused by mutations in NPC1, thereby resulting in intracellular lipid trafficking defects leading to the
accumulation of unesterified cholesterol and sphingolipids in the late endosomal/lysosomal system [1].
This lipid accumulation causes both visceral and neurological defects which may manifest clinically
as hepatosplenomegaly, neonatal jaundice, pulmonary failure or neurodegeneration (reviewed in
References [2–5]). Currently, there is no FDA-approved therapy for NPC1, highlighting the need for a
deeper understanding of altered biological pathways that may provide new therapeutic targets that can
be used to monitor disease progression. The Npc1 null mouse model, hereafter referred to as Npc1−/−
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mice, recapitulates the human disease and presents with progressive cerebellar neurodegeneration,
ataxia, hepatosplenomegaly and a shorted lifespan [6–8].
Although significant advances in understanding NPC1 pathogenesis have been reported, studies
focusing on the spleen and liver have been limited. A subset of patients develop liver dysfunction,
which is particularly relevant for the infantile form of the disease [9]. Remarkably, previous
reports in the literature have indicated that between 45–65% of NPC patients present with neonatal
cholestasis, where 10% die of liver failure prior to 6 months of age [10]. Hepatosplenomegaly is a
well-documented symptom of lysosomal storage disorders, specifically NPC1 [11]. Enlargement of
the liver can cause secondary enlargement of the spleen due to portal hypertension. Furthermore,
early histology studies of Npc1−/− mice reported characteristic histopathologic lesions in hepatocytes
and reticuloendothelial cells of the spleen [12]. Zhang et al. evaluated the cellular components
of the enlarged spleen in Npc1−/− mice and reported an increase in the number of hematopoietic
stem cells and macrophages [13]. In previous studies, we analyzed the differential proteome of the
liver of the NPC1 mouse model at a symptomatic time point of disease progression and identified
potential biomarkers [14]. In this study, we sought to analyze the differential proteome of the spleen to
complement our previous proteomic analysis of the liver. With this information, we aimed to unravel
the molecular mechanism leading to hepatosplenomegaly observed in Npc1−/− mice.
Using differential proteomic technologies, we found new proteins which may serve as biomarkers
for NPC1 spleen and liver pathology. Initially, we used mass spectrometry to perform label-free
quantitative proteomics of spleen tissue in the NPC1 mouse model at a symptomatic time point of the
disease. This was followed by pathway, functional and upstream regulator analysis of proteins with
differential expression between genotypes of both spleen and liver proteomes. Notably, evaluation
of late stage tissues implements a reverse engineering design which permits assessment of newly
discovered biomarkers to monitor disease progression. Differential proteins included several activators
of the ubiquitous and critical protein kinase, Akt. Related, performing upstream regulator analysis
of the differential proteome indicated Tcl1a as a central connection among our data. Tcl1a enhances
Akt phosphorylation which has been reported to be altered in NPC1 [15]. Finally, upstream regulator
analysis of the differential proteomes also suggested that miR-155 may be a transcriptional regulator
of specific altered proteins. Previous studies have shown that miR-155 is a negative regulator of
Phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase-1 expression [16,17]. The results of this study
suggest that miR-155 may be a novel indicator of spleen and liver pathology in NPC1.
2. Results
2.1. Evaluation of the Differential Proteomes
In this study, we evaluated the differential proteomes of both the spleen and liver of Npc1−/−
mice. Analysis of the spleen proteome via AJS-ESI mass spectrometry resulted in the identification
of 39,852 ± 4637 peptides corresponding to 4082 ± 187 proteins (≥2 unique peptides per protein).
Further analysis of the differential proteome of the spleen revealed 849 proteins that were altered in
Npc1−/− mice (≥2 fold and p ≤ 0.05) compared to control. All mass spectrometry results, including
differential protein assignments, are provided in Table S2. Evaluation of the differential proteome
of the spleen revealed that 18.6% of the measured proteins were downregulated while 2.6% were
upregulated (Figure 1A). Given the proximity and complementary nature of the spleen and liver,
we also evaluated the differential liver proteome of the same time point in a more extensive manner
than our previous study [14]. Analysis of the liver revealed that 15.8% of the measured proteome
was found to be downregulated while 7.9% was upregulated (Figure 1B). Venn diagram analysis for
differential proteins in both tissues was overlapped to determine common alterations in each tissue
(Table S3). Figure 1C revealed an overlap of 61 proteins that are downregulated in both tissues. Among
the common downregulated proteins are delta-aminolevulinic acid dehydratase, oxygen-dependent
coproporphyrinogen-III oxidase, ferrochelatase, uroporphyrin, nogen-III synthase, N-myc-interactor,

Molecules 2019, 24, 994

3 of 14

Molecules 2018, 23, x FOR PEER REVIEW

3 of 14

mannose-binding protein
exportin-7.
Figure
1D1D
revealed
an overlap
of of 21
mannose-binding
proteinA,
A,Ran-binding
Ran-bindingprotein
protein3 and
3 and
exportin-7.
Figure
revealed
an overlap
21
proteins
that
are
upregulated
in
both
tissues.
Among
these
upregulated
proteins
are
fatty
acid
proteins that are upregulated in both tissues. Among these upregulated proteins are fatty acid binding
binding protein-5, cathepsin D and macrophage-expressed gene 1 protein. By evaluating the
protein-5,
cathepsin D and macrophage-expressed gene 1 protein. By evaluating the differential
differential proteome of both the liver and spleen, common proteins altered in major visceral organs −/−
proteome
of
both the liver and spleen, common proteins altered in major visceral organs in Npc1
in Npc1−/− mice have been identified and provide insight into the pathology of peripheral NPC1
mice have been identified and provide insight into the pathology of peripheral NPC1 disease.
disease.

Figure 1. Comparative analysis of the differential proteome of the spleen and liver of 11-week Npc1−/−

Figure 1. Comparative analysis of the differential proteome of the spleen and liver of 11-week Npc1−/−
mice. Differential proteins from the mass spectrometry analysis of the spleen (A) and liver (B) of
mice. −
Differential proteins from the mass spectrometry analysis of the spleen (A) and liver (B) of
Npc1 /− mice where analyzed for downregulated and upregulated proteins. Evaluation of the
Npc1−/− mice where analyzed for downregulated and upregulated proteins. Evaluation of the
proteome of the spleen revealed that 18.6% of the measured proteome was found to be downregulated
proteome of the spleen revealed that 18.6% of the measured proteome was found to be downregulated
while 2.6% was upregulated. The differential proteome of the liver was evaluated and revealed that
while 2.6% was upregulated. The differential proteome of the liver was evaluated and revealed that
15.8% of the measured proteome was found to be downregulated while 7.9% was upregulated. Venn
15.8% of the measured proteome was found to be downregulated while 7.9% was upregulated. Venn
diagram analysis of the downregulated (C) and upregulated (D) proteins was performed to determine
diagram analysis of the downregulated (C) and upregulated (D) proteins was performed to
common altered
proteins.
determine
common
altered proteins.

2.2. Pathway Analysis
2.2. Pathway Analysis

Analysis of the differential proteome of the spleen revealed alterations in multiple pathways

Analysis of the differential proteome of the spleen revealed alterations in multiple pathways
representing
hemesynthesis,
synthesis,cellular
cellular
regulation
phosphoinositide
synthesis
and degradation
representing heme
regulation
andand
phosphoinositide
synthesis
and degradation
(Figure
2A).
These
findings
overlap
the
previous
transcriptomic
analysis
of
the
spleen
Npc1−/−
(Figure 2A). These findings overlap the previous transcriptomic analysis of the spleen of Npc1−/−ofmice
mice
[18]. Decreased
expression
of proteins
the spleen
specific
to heme
biosynthesis
include:
[18]. Decreased
expression
of proteins
in the inspleen
specific
to heme
biosynthesis
include:
uroporphyrinogen-III
synthase, ferrochelatase,
ferrochelatase, 5-aminolevulinate
5-aminolevulinate synthase,
synthase, delta-aminolevulinic
delta-aminolevulinic acid
uroporphyrinogen-III synthase,
dehydratase,
oxygen-dependent
coproporphyrinogen-III
oxidase
and porphobilinogen
deaminase.
acid dehydratase,
oxygen-dependent
coproporphyrinogen-III
oxidase
and porphobilinogen
Related
to this,
decreased
of hemogen
measured.
Heme degradation
was also was
one of the
deaminase.
Related
to this,expression
decreased expression
ofwas
hemogen
was measured.
Heme degradation
also one
of the mostaltered
significantly
altered
pathway
in theliver
differential
liver
proteome
(Figure
2B,Additionally,
Table
most
significantly
pathway
in the
differential
proteome
(Figure
2B, Table
S3).
S3). Additionally,
decreased
expression
of proteins
to Ran
wereinalso
the
decreased
expression
of proteins
specific
to Ran specific
signaling
weresignaling
also found
thefound
spleeninincluding
spleen
including
importin
subunit
beta-1,
exportin-2,
Ran
GTPase-activating
protein-1,
exportin-1
importin subunit beta-1, exportin-2, Ran GTPase-activating protein-1, exportin-1 and importin subunit
and importin
subunit
alpha-1.
Further,ofmanual
inspection of data
massrevealed
spectrometry
data revealed
alpha-1.
Further,
manual
inspection
mass spectrometry
decreased
expression of
decreased
expression
of
additional
Ran
signaling
proteins
including
Ran
binding
protein-3
additional Ran signaling proteins including Ran binding protein-3 and multiple nuclearand
exportin
multiple nuclear exportin and importin proteins: exportin-4, exportin-7, importin-5, importin-7,
and
importin proteins: exportin-4, exportin-7, importin-5, importin-7, importin-11, importin subunit
importin-11, importin subunit alpha-4 and importin alpha subunit-7 (Table S2). Interestingly,
alpha-4 and importin alpha subunit-7 (Table S2). Interestingly, exportin-7 −/−
and Ran-binding protein-3
exportin-7 and Ran-binding protein-3 were
−/also
− decreased in the liver of Npc1 mice (Table S3).

were also decreased in the liver of Npc1

mice (Table S3).

phosphodiesterase beta-1, 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase gamma-2 and
type 2 phosphatidylinositol 4,5-bisphosphate 4-phosphatase levels were altered in the spleen (Table
S3). Proteins related to autophagy were also modified in the spleen including cathepsin E and
ubiquitin-like conjugating enzyme ATG3 which were downregulated while cathepsin D, cathepsin Z
and cysteine
ATG4B were upregulated. Markedly, autophagy was the top ranked altered4 of 14
Molecules
2019, 24,protease
994
pathway of the liver.

Figure 2. Pathway analysis of the differential proteome of the spleen and liver of 11-week Npc1−/− mice.
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sphingosine and sphinganine (Figure 3B).
Proteins related to autophagy were also modified in the spleen including cathepsin E and ubiquitin-like
conjugating enzyme ATG3 which were downregulated while cathepsin D, cathepsin Z and cysteine
protease ATG4B were upregulated. Markedly, autophagy was the top ranked altered pathway of
the liver.
2.3. Functional Analysis
Further analysis of the differential spleen and liver proteomes was performed to further
elucidate functional alterations. Figure 3A shows the top ranked functional pathways modified
in Npc1−/− spleen. These are primarily related to immune function and include: Maturation
of spleen-derived dendritic cells, Adhesion of lymphocytes, Polarization of B lymphocytes and
Adhesion of B lymphocytes, Adhesion of lymphocytes and Cell spreading of lymphocytes. On
the other hand, analysis of the differential liver proteome revealed functional alterations including:
Quantity of leukocytes, neutrophils, myeloid cells, phagocytes as well as alterations of the Quantity of
D -sphingosine and sphinganine (Figure 3B).
2.4. Alterations in Proteins Known to Be Transcriptionally Regulated by Tcl1a
Upstream regulator analysis of the differential spleen proteome implicated T-cell
leukemia/lymphoma protein 1a (Tcl1a) as a common transcriptional regulator of multiple
proteins altered in our dataset and known to be involved in immune function (Figure 4). Tcl1a
is highly abundant in the immune system, specifically in the spleen and plays a central role in
lymphomagenesis [19]. Tcl1a also acts as a co-activator of the ubiquitous and critical, RAC-alpha
serine/threonine-protein kinase (Akt) and as a signal enhancer to other interacting protein
partners [20]. Interestingly, many of the pathways shown in Figure 2 are related to immune function.
Transmembrane glycoprotein NMB is a negative regulator of T-cell activation and observed to act as a
feedback regulator of proinflammatory response in macrophages [21]. Integrin alpha-M plays a pivotal
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Complement C1q subcomponent subunit C has been reported to be essential for development of host
innate immune response [25]. Importantly, previous studies involving complement in Npc1−/− mice
reported that it is not required to mediate neurodegeneration and subsequent neuroinflammation [26].
Together,
these23,data
suggest
that Tcl1a may be a repressor of various proteins of the spleen of Npc15 −of/−14
Molecules 2018,
x FOR
PEER REVIEW
mice that are important for activation and migration of immune cells.

Figure 3. Functional analysis of the differential proteome of the spleen and liver of 11-week Npc1−/−
mice.
Differential
proteins
from
spectrometry
analysis
of the spleen
(A)ofand
liver (B)
of−/−
Figure
3. Functional
analysis
of the mass
differential
proteome
of the spleen
and liver
11-week
Npc1
−/− mice where enriched for top biological functions. Significance was determined using a
Npc1
mice. Differential proteins from the mass spectrometry analysis of the spleen (A) and liver (B) of
Right-tailed
exact testfor
totop
determine
probability
pathways from
the Ingenuity
Pathway
Npc1−/− miceFisher’s
where enriched
biological
functions.ofSignificance
was determined
using
a RightAnalysis
Knowledge
Library
to those
most significantly
enriched.
tailed Fisher’s
exact Base
test to
determine
probability
of pathways
from the Ingenuity Pathway Analysis

Knowledge Base Library to those most significantly enriched.

2.5. Altered Expression of Akt in the Spleen and Liver

2.4. Given
Alterations
in Proteins
Known
to be Transcriptionally
Regulated
by Tcl1a total Akt protein expression
that Tcl1a
is a known
co-activator
of Akt, we sought
to evaluate
−/− mice. Western blot analysis revealed significantly
levels Upstream
in the spleenregulator
of 11-weekanalysis
Npc1+/+ and
Npc1
of the differential spleen proteome implicated T-cell
−/−
decreased
expression of
Akt in
Npc1+/+ mice regulator
(Figure 5A).
While Akt
was
leukemia/lymphoma
protein
1aNpc1
(Tcl1a) ascompared
a commontotranscriptional
of multiple
proteins
identified
in
our
current
study,
the
differential
analysis
did
not
result
in
a
statistically
significant
altered in our dataset and known to be involved in immune function (Figure 4). Tcl1a is highly
difference.
finding
to the fact
that in label-free
approaches,
changes
abundant We
in owe
the this
immune
system,
specifically
in the spleen
and mostly
plays alarge
central
rolearein
typically
observed.
In
our
previous
studies,
we
evaluated
the
differential
liver
proteome
of
11-week
lymphomagenesis [19]. Tcl1a also acts as a co-activator of the ubiquitous and critical, RAC-alpha
−/− mice and observed alterations in pathways involved in downstream signaling of Akt [14]
Npc1
serine/threonine-protein
kinase (Akt) and as a signal enhancer to other interacting protein partners
and
these
findings
are
consistent
with
previousshown
microarray
data [18,27].
With this
and the
[20]. Interestingly, many of the
pathways
in Figure
2 are related
toconnection
immune function.
decrease
observed
in
the
spleen,
we
sought
to
evaluate
the
expression
of
Akt
in
the
liver
of
11-week
Transmembrane glycoprotein NMB is a negative regulator of T-cell activation and observed to act as
+/+ and Npc1−/− mice. Western blot analysis revealed significantly decreased expression of total
Npc1
a feedback
regulator of proinflammatory response in macrophages [21]. Integrin alpha-M plays a
Akt
in liverrole
tissue
Npc1−/− compared
to Npc1+/+proliferation
mice (Figure 5B).
we report
decreased
pivotal
infrom
modulating
T-cell mobility,
andTherefore,
differentiation
[22].
Matrix
expression
of
total
Akt
in
both
the
spleen
and
liver
of
Npc1
null
mice
at
end
stage
of
the
disease.
Given
metalloproteinase-9 has been reported to be important for cell migration [23]. Macrophage-expressed
the
wide
numberisofa downstream
signalingprotein
pathways
regulated
additionalof
studies
are needed
gene
1 protein
macrophage-specific
important
forby
theAkt,
maintenance
host defense
[23],
towhich
determine
the
functional
relationship
between
the
observed
decreases
in
the
phosphoinositide
−/−
is consistent with previous reports of increased macrophages in Npc1 mice [13]. Neutrophilic
−/− mice. Additionally, phosphorylation of Akt is an
regulatory
enzymes
observed
Npc1
granule protein
hasand
alsoAkt
been
reportedinto
be a negative
regulator of lymphangiogenesis and tumor
important
regulatory
component
for
signaling
and
evidence
of has
decreased
pAkt in liver
NPC1 has
metastasis [24]. Complement C1q subcomponent subunit C
been reported
to beinessential
for
been
shown
[15],
further
supporting
our
current
findings.
development of host innate immune response [25]. Importantly, previous studies involving
complement in Npc1−/− mice reported that it is not required to mediate neurodegeneration and
subsequent neuroinflammation [26]. Together, these data suggest that Tcl1a may be a repressor of
various proteins of the spleen of Npc1−/− mice that are important for activation and migration of
immune cells.

Molecules 2019, 24, 994

Molecules 2018, 23, x FOR PEER REVIEW

6 of 14

6 of 14

Figure 4. Upstream
regulator analysis of the differential proteome of the spleen from 11-week Npc1−/−
Figure 4. Upstream regulator analysis of the differential proteome of the spleen from 11-week Npc1−/−
− mice suggest that Tcl1a is a
mice. Predicted
regulator regulator
analysis analysis
from 11-week
Npc1−/Npc1
−/− mice suggest that Tcl1a is a
mice. upstream
Predicted upstream
from 11-week
common regulator
of various
of the
spleen.ofAssignment
based onwas
the Ingenuity
common
regulatordeferential
of variousproteins
deferential
proteins
the spleen. was
Assignment
based on the
Pathway Analysis
Knowledge
Base Library.
GPNMB
= Transmembrane
glycoproteinglycoprotein
NMB, GUSB
Ingenuity
Pathway Analysis
Knowledge
Base Library.
GPNMB = Transmembrane
NMB,
= Beta-glucuronidase,
ITGAM = Integrin
alpha-M,
MMP9alpha-M,
= MatrixMMP9
metalloproteinase-9,
MPEG1 =
GUSB = Beta-glucuronidase,
ITGAM
= Integrin
= Matrix metalloproteinase-9,
MPEG1 = Macrophage-expressed
1 protein,
Ngp = Nucleolar
GTP-binding
SNX6 =
Macrophage-expressed
gene 1 protein, Ngp gene
= Nucleolar
GTP-binding
protein
1, SNX6 = protein
Sorting1,nexin
Sorting
nexin =C1q
6, C1QC
= Complement
C1q subcomponent
subunit
C, CELA2A = elastase
Chymotrypsin-like
=
6,
C1QC
=
Complement
subcomponent
subunit
C,
CELA2A
=
Chymotrypsin-like
family
Molecules 2018, 23, x FOR PEER REVIEW
7 of 14
member
D and
member 2A,elastase
CTSD =family
Cathepsin
D 2A,
andCTSD
CTSE==Cathepsin
Cathepsin
E. CTSE = Cathepsin E.

2.5. Altered Expression of Akt in the Spleen and Liver
Given that Tcl1a is a known co-activator of Akt, we sought to evaluate total Akt protein
expression levels in the spleen of 11-week Npc1+/+ and Npc1−/− mice. Western blot analysis revealed
significantly decreased expression of Akt in Npc1−/− compared to Npc1+/+ mice (Figure 5A). While Akt
was identified in our current study, the differential analysis did not result in a statistically significant
difference. We owe this finding to the fact that in label-free approaches, mostly large changes are
typically observed. In our previous studies, we evaluated the differential liver proteome of 11-week
Npc1−/− mice and observed alterations in pathways involved in downstream signaling of Akt [14] and
these findings are consistent with previous microarray data [18,27]. With this connection and the
decrease observed in the spleen, we sought to evaluate the expression of Akt in the liver of 11-week
Npc1+/+ and Npc1−/− mice. Western blot analysis revealed significantly decreased expression of total
Akt in liver tissue from Npc1−/− compared to Npc1+/+ mice (Figure 5B). Therefore, we report decreased
expression of total Akt in both the spleen and liver of Npc1 null mice at end stage of the disease. Given
the wide number of downstream signaling pathways regulated by Akt, additional studies are needed
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[29] and Phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase 1 [16,17], both proteins which were
observed to be decreased in our mass spectrometry analysis (Table S2). With this insight, we
measured the relative expression of miR-155 in the liver and spleen of 9-week Npc1+/+ and Npc1−/−
mice, a slightly earlier time point than the initial proteomic studies. Figure 6A reveals a decreased
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Upstream transcriptional regulator analysis of the differential spleen proteome also implicated
micro RNA-155 (miR-155) as a possible modulator of altered biological processes found in this study.
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Figure 6. miR-155 analysis of spleen and liver tissue from 9-week Npc1+/+ and Npc1−/− mice. miR-155
was selected for evaluation by quantitative real-time PCR in spleen and liver tissue from Npc1+/+ and
Npc1−/− mice (N = 5 for each genotype). The levels of miR-155 were significantly decreased in the
(A) spleen and increased in the (B) liver of Npc1−/− mice. The expression level of the miR-155 in each
tissue was normalized to endogenous U6 snRNA.

3. Discussion
In the current study, we used capillary LC-MS/MS to perform label-free quantitative proteomics
and analyzed the differential proteome of the spleen of Npc1−/− mice at an end-point in disease
progression. These data revealed unique alterations of the proteome and furthermore, when analyzed
in conjunction with the differential liver proteome provided insight into alterations in NPC1. Our
results from the analysis of the spleen were overlapped with results from our previous study of the
liver proteome at the same time point of disease progression. Analysis of the datasets revealed changes
in pathways related to heme synthesis, immunity, phosphoinositide metabolism and autophagy in
both the liver and spleen. We also evaluated the expression of total Akt in both tissues and observed
a decrease in both the spleen and liver of Npc1−/− mice. In addition, evaluation of miR-155 was
observed to be decreased in the spleen and increased in the liver of Npc1−/− mice. With this, we
propose that miR-155 may be a novel monitor of spleen and liver pathology in NPC1.
The differential proteome of Npc1 mutant spleen tissue revealed decreased expression of all
enzymes specific for the synthesis of heme. In addition, alterations in multiple enzymes involved
in this pathway were also observed in the liver, although more pronounced in the spleen. It is
important to note that the amount of free intracellular heme is the main rate-limiting step in this
pathway [31]. Additionally, cells can employ a longer lasting control over expression via regulation
of transcription and translational mRNA 5-aminolevulinic acid synthase through the formation of
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heme-DNA adducts [32,33]. Moreover, reduced heme synthesis can result in cytochrome deficiency,
specifically heme can induce mRNA synthesis of cytochrome P-450. In previous studies, investigation
of the P450 system in Npc1−/− mice revealed significant changes in the gene expression of many P450
associated genes across the entire lifespan of the mice [34]. Alteration in these cytochrome enzymes
can result in the generation of reactive oxygen species [35]. Similar alterations in enzymes involved
in heme biosynthesis have been reported in liver tissue suggesting impairment of lymphocytes in
patients with malignant lymphoproliferative disorders [35]. Markedly, we observed a decrease in
hemogen in the spleen, a protein responsible for the proliferation and differentiation of hematopoietic
cells, potentially a result of the availability of free heme. Further, our data revealed alterations of
specific proteins related to the activation and function of macrophages in both tissues, supporting the
previously reported increase in the number of activated macrophages in the tissues [18]. Additional
experiments would be needed to determine whether the alterations of heme degradation enzymes are
directly related to the impairment and migration of immune cells in visceral NPC1 organs. In general,
the findings of this study suggest possible alterations in both the liver and spleen in the feedback
mechanisms that regulate the synthesis of heme, a molecule needed for the proper function of proteins
such as hemoglobin. Additional studies measuring the amount of intracellular heme concomitant to
the expression of heme regulated mRNAs would be needed in order to confirm this hypothesis.
Proteomic analysis in the spleen and liver also implicated alterations in ras-related nuclear
(Ran) signaling. This signal transduction pathway is essential for cell cycle progression, nuclear
envelope structure and function and translocation of RNA and proteins though nuclear pores.
Cluzeau et al. performed microarray analysis in the liver across the lifespan of Npc1−/− mice and
observed decreased expression of both Ran Guanine nucleotide exchange factor and Ran GTPase
activating protein supporting our proteomic data and suggesting the regulation of this pathway
occurs at the transcription level [27]. Indeed, studies regarding Ran signaling and immune function
have been reported. Nieland et al. observed that lymphoma cells transfected with Ran become less
tumorigenic [36]. Sekimoto et al. observed STAT-1 translocation to nuclei depends on Ran and its
GTPase activity [37]. Notably, STATs are essential for immune function [38]. Suzuki et al. also observed
an increase of STATs in NPC1 with consecutive activation of the toll-like receptor-4 pathway [39].
Here, we also observed decreased expression of Stat1, Stat3, Stat5A and Stat5B in the spleen. Thus, we
propose that the altered expression of Ran signaling proteins may result in cellular trafficking defects
that could impair functions related to immunity in Npc1−/− mice.
We also observed a significant decrease of total Akt in both liver and spleen of Npc1−/− mice.
Akt is a serine/threonine kinase that is critical in signal transduction pathways involved in cell
proliferation, apoptosis, angiogenesis and diabetes. Each of the three isoforms (Akt1, Akt2 and Akt3)
display a high degree of sequence homology but differ slightly in the localization of their regulatory
phosphorylation sites and expression distribution. Studies in NPC1 patient fibroblasts have reported
decreased phosphorylation of Akt [40]. Analysis of liver transcriptome revealed decreased expression
of Akt2 in Npc1−/− mice [27]. Therefore, with reasonable inference, we believe that the major form of
Akt detected in this experiment is Akt2, however further studies evaluating the expression of each
isoform would be needed to confirm this assumption. Members of the Tcl1 family have been reported
to bind to the PH domain of Akt to enhance the substrates phosphorylation [41]. Interestingly, Du et al.
reported that activation of the Akt/mTOR pathway increased NPC1 protein degradation by ∼50% [42].
Additional studies would be needed to evaluate whether alterations in Tcl1a are directly responsible
for the decreased phosphorylation of Akt observed in NPC1. The results of this study suggest that
therapeutic intervention stimulating the activity of the Akt signaling pathway may prove beneficial in
the treatment of NPC1; however, overexpression studies monitoring Akt signaling members in parallel
with the measurement of lysosomal cholesterol and disease phenotype would be needed to support
this hypothesis. On the other hand, the targeting of specific pathways regulated by Akt may pose a
challenge as it is the central signaling member to multiple downstream pathways.
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Upstream transcriptional regulator analysis suggested that miR-155 may be functionally related
to NPC1 pathophysiology. We measured the expression of miR-155 in Npc1+/+ and Npc1−/− tissues
and observed decreased expression in the spleen and increased expression in the liver of Npc1-/mice. miR-155 is a multifunctional miRNA that is highly expressed in activated B and T-cells
and macrophages and also plays a role in various physiological and pathological processes such
as hematopoiesis and immunity [43,44]. Deregulation of miR-155 has been reported to be highly
expressed in certain cancers, specifically those malignancies of B cell or myeloid origin and transgenic
over-expression of miR-155 in mice results in cancer [43,45]. This micro RNA is also increased in
Parkinson disease and implicated in neurodegeneration [46]. In a screening of miRNAs in NPC1
fibroblasts, miR-155 was found to exhibit decreased expression [47]. In this study, we observed tissue
specific alterations. Therefore, these data suggest that alterations in miR-155 may be cell type specific,
supporting the divergence between our spleen and liver results. More recently, overexpression of
miR-155 in the liver of transgenic mice was observed to alter the expression profile of hepatic genes
associated with lipid metabolism [30]. To the best of our knowledge, this is the first report of altered
expression of miR-155 in Npc1−/− mice. Further evaluation of altered miR-155 expression would be
needed to determine whether the decreased expression in the spleen is related to the activation of
immune cells and increased expression in the liver related to liver failure in NPC1.
4. Materials and Methods
4.1. Reagents and Chemicals
All reagents were acquired from Sigma-Aldrich (St. Louis, MO, USA) and used as received unless
otherwise noted.
4.2. Animal Breeding and Tissue Collection
All animal experiments were performed according to NICHD, NIH and UIC institutional
animal care committee- approved protocols (Approved numbers: NICHD 18-002 and UIC 18-163).
Npc1+/+ and Npc1−/− mice (BALB/cNctr-Npc1m1N/m1N , Jackson Laboratories) were euthanized via
CO2 asphyxiation at 9-weeks (N = 5 for each genotype) and 11-weeks of age (N = 3 for each genotype)
and spleen and liver tissues collected, flash frozen on dry ice and stored at −80 ◦ C until analysis.
4.3. Sample Preparation for Proteomic Analysis
Samples were thawed on ice and protein lysates made for each of the 11-week control and mutant
tissues. Cells were lysed in RIPA buffer (50 mM Tris pH 8, 150 mM NaCl, 1% Triton-X 100, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate, complete EDTA-free proteinase inhibitor cocktail (Roche,
Basel, Switzerland)) and protein concentration was determined by BCA assay (Pierce-Thermo, San
Jose, CA, USA). Control and mutant lysate pools were made by combining equal amount of protein
from each animal (1.2 mg total for each tissue pool). Next, a recombinant green fluorescent protein
(GFP) internal standard was spiked in at a concentration of 100 fmol per 1 µg protein extract prior
to sample preparation via the filter-aided sample preparation (FASP) as previously described [48,49].
Briefly, proteins where diluted in 8 M urea, reduced with 5 mM dithiothreitol (DTT) for 20 min at
55 ◦ C, alkylated with 20 mM iodoacetamide at room temperature for 20 min and buffer exchanged
with 50 mM ammonium bicarbonate. Trypsin was added (1:25 wt/wt) and proteins digested overnight
at 37 ◦ C. Peptides were eluted with 80 µL of 50 mM ammonium bicarbonate followed by a final 100 µL
rinse of the filter with 100 mM sodium chloride. Samples were desalted and concentrated using an
HLB cartridge (Waters Corporation, Milford, MA, USA). The resulting digest for each genotype was
fractionated into 20 samples using a Waters XBridge BEH130 C18 3.5 µm 4.6 × 250 mm column using
a Lab Alliance HPLC system as previously described [50]. All samples were dried and re-suspended
in 45 µL of 0.1% (v/v) formic acid prior to mass spectrometry analysis.
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4.4. LC-MS/MS Analysis
Proteomic analysis was performed via label-free quantitative mass spectrometry using an Agilent
6550 iFunnel Q-TOF LC/MS system controlled by Agilent Mass Hunter acquisition software. The
mass spectrometer was operated in 2 GHz extended dynamic range mode, data dependent acquisition
performed in positive ion mode and internal reference mass calibration m/z 922.0098 was used. Ten
microliters of each fraction were loaded onto a 2.1 × 100 mm Poroshell 120 EC-18, 2.7 µm column
(Agilent Technologies Inc., Santa Clara, CA, USA). Mobile phase A was 0.1% formic acid and mobile
phase B was acetonitrile. Peptide separation was performed using the following gradient: 3% B
at 0–5 min, 30% B at 45 min, 60% B at 50 min, 90% B at 53 min, hold at 90% B until 60 min at a
flow rate of 200 µL/min. Acquisition parameters for mass spectrometry analysis were as follows:
10 MS scans/second (m/z 300–1700), 3 MS/MS scans/second (m/z 50–1700) and maximum precursor
selection of the top 20 ions of charge states ≥2 with collision energy maintained with slope = 3 and
offset = 2 for +2 charge state species and slope = 3.6 and offset = −4.8 for species with charge state
≥3. Source parameters were as follows: drying gass temperature (250 ◦ C), drying gas flow (14 L/min),
nebulizer (35 psi), sheath gas temperature (250 ◦ C), sheath gas flow (11 L/min), VCap (3,500 V) and Oct
1 RF Vpp (750 V). Analysis of each fraction was performed in triplicate and all raw mass spectrometry
data was deposited and is publicly available at ftp://massive.ucsd.edu/MSV000083201.
4.5. Protein Identification and Relative Quantification
LC-MS/MS data was analyzed using Spectrum Mill Version B.06.00.201 HF1 (Agilent Technologies
Inc., Santa Clara, CA, USA) against the UniprotKB/SwissProt database (2017), which contained 16,935
sequences for Mus musculus. An in-house GFP database was created in Spectrum Mill and incorporated
into database searches. All search parameters were as follows: precursor mass tolerance was 20 ppm
and fragment mass tolerance was 50 ppm, enzyme was trypsin with two missed cleavages and
carbamidomethylation (C) as a fixed modification and oxidation (M) and deamidation (NQ) as variable
modifications. Auto thresholds were used for peptide identification to achieve a target 1% false
discovery rate. Search results from Spectrum Mill were imported into Mass Profiler Professional
(Agilent Technologies Inc., Santa Clara, CA, USA) for label-free quantitation using the median peptide
abundance for each protein. Here, the intensity for all identified GFP proteins was plotted and reviewed
(Figure S1), where it was determined that normalization between replicates was not needed. Retention
times of eluting peptides from comparative samples were aligned prior to analysis. Only peptides
with charges from +2 to +4 containing two or more isotopic peaks were included and proteins were
further filtered to those containing a minimum of 2 unique peptides prior to relative quantification.
4.6. Differential Proteome Analysis
Following mass spectrometry analysis, we sought to evaluate common proteomic-based
alterations in the liver and spleen in NPC1. First, we compared the spleen and liver differential
proteomes (fold change ≥ 2 and p ≤ 0.05) using Venn diagram analysis using the Mass Profiler
Professional software. It is important to note that the differential liver proteome data came from our
previous results [14]. Next, pathway and functional analysis were performed using the differential
proteins from both datasets using the Ingenuity Pathway Analysis software (IPA, Ingenuity Systems,
Redwood City, CA, USA). Here, significance was determined using a Right-tailed Fisher’s exact test to
calculate a p-value to determine probability of pathways and biofunctions from the IPA Knowledge
Base to those most significantly enriched. Lastly, upstream transcriptional regulator analysis was used
to predict transcriptional regulators for the differential proteome of the spleen and liver.
4.7. Western Blot Analysis
The RIPA generated protein lysates for each of the 11-week animals were subject to electrophoresis
and Western blotting. Here, the samples were denatured in Laemmli buffer containing 50 mM DTT at

Molecules 2019, 24, 994

11 of 14

70 ◦ C for 10 min before loading onto a 12% NuPage Bis-Tris gel. Proteins were separated by SDS-PAGE
(120 V for ~90 min) and transferred to a nitrocellulose membrane via a Western blotting apparatus
(Novex Life Technologies, Carlsbad, CA, USA) at 12 V for 45 min. Membranes were blocked in a
solution of 5% (wt/v) nonfat dry milk and 0.1% (v/v) Tween-20 (PBS-T) overnight before addition of
primary antibody (anti-Akt/PKB clone SKB1, 1:1000 dilution, Millipore) followed by the addition of
HRP conjugated secondary antibody (anti-mouse IgG 1: 2500 dilution) in 5% (wt/v) milk PBS-T for
one hour. Excess secondary antibody was removed by washing with PBS-T three times before protein
bands were visualized by incubation with Pico West Blotting Substrate (Thermo Pierce Biotechnology,
Rockford, IL, USA) and imaging on an Azure c300 imaging system (Dublin, CA, USA). Western blot
signals were compared via densitometry analysis using ImageJ (v1.52a) [51]. GraphPad Prism (v5.01)
(San Diego, CA, USA) was used to determine statistical significance using an unpaired t-test.
4.8. RNA Isolation and qRT-PCR Analysis
Total RNA was extracted from the spleen and liver tissue of the 9-week control and mutant mice
with TRIzol reagent and 1 µg of each sample reversely transcribed with SuperScript III (Thermo Fisher
Scientific Waltham, MA, USA) as previously described [30,52]. Quantitative RT-PCR was done using
a Bio-Rad CFX qRT-PCR system (Biorad, Foster City, CA, USA) with Fast SYBR Green Master Mix
(Thermo Pierce Biotechnology, Rockford, IL, USA). All primers (Integrated DNA Technologies Skokie,
IL, USA) were used as received. Transcript levels of miR-155 and U6 snRNA (endogenous control)
were carried out as previously described [30]. The sequences for each primer can be found in Table
S1. Each SYBR green reaction was performed with 4 µL cDNA, 10 µL Fast SYBR Green Master Mix,
0.4 µM forward primer, 0.4 µM reverse primer and water to adjust the final volume to 20 µL. All
the reaction mixtures were incubated in a 96-well plate at 95 ◦ C for 2 min, followed by 40 cycles of
94 ◦ C for 15 s and 60 ◦ C for 1 min. miR-155 expression levels were calculated (2−∆∆Ct ) via the Livak
method [53]. Statistical significance between groups was determined using an unpaired t-test in the
GraphPad Prism software.
5. Conclusions
This study reports alterations of biomolecules in the spleen and liver at a late stage of NPC1
that may be indicators of visceral organ pathology. Analysis of the proteomes from the spleen and
liver of Npc1-/- mice revealed alterations in pathways related to heme synthesis, cellular regulation,
phosphoinositide metabolism and autophagy in both tissues. Evaluation of total Akt revealed
decreased expression in both the liver and spleen. Additionally, we observed decreased expression of
miR-155 in the spleen and conversely, increased expression in the liver of Npc1−/− mice.
Supplementary Materials: Supplementary Materials are available online. Figure S1: GFP peptide intensities;
Table S1: Primers used for miRNA analysis; Table S2: Mass spectrometry analysis of spleen proteomics; Table S3:
Venn diagram results; Table S4: Pathway analysis results; Table S5: Function analysis results.
Author Contributions: M.R.P., F.D.P. and S.M.C. conceived, designed experiments and wrote the manuscript. A.C.
performed animal work and tissue collection. R.A.C.R. performed RNA extraction. M.R.P. performed experiments
and analyzed data. All authors revised and approved the manuscript.
Funding: This work has been supported by the Department of Chemistry, College of Liberal Arts and Science,
University of Illinois at Chicago. Financial support from the Illinois DFI Fellowship program (to M.R.P.) is
acknowledged. A.C. and F.D.P. acknowledge the intramural research program of the Eunice Kennedy Shriver,
National Institute of Child Health and Human Development. The authors are grateful for support from the Ara
Parseghian Medical Research Fund, University of Notre Dame, South Bend, Indiana.
Acknowledgments: We would also kindly thank William Russell from the UTMB Mass Spectrometry facility for
the assistance with informatics analysis and Professor Wonhwa Cho from the Department of Chemistry at the
University of Illinois at Chicago for the generous donation of the anti-Akt antibody.
Conflicts of Interest: The authors declare no conflict of interest.

Molecules 2019, 24, 994

12 of 14

References
1.
2.
3.
4.
5.
6.
7.

8.

9.

10.
11.
12.
13.
14.

15.

16.

17.

18.

19.

20.

Vanier, M.T.; Millat, G. Niemann-Pick disease type C. Clin. Genet. 2003, 64, 269–281. [CrossRef] [PubMed]
Sturley, S.L.; Patterson, M.C.; Balch, W.; Liscum, L. The pathophysiology and mechanisms of NP-C disease.
Biochim. Biophys. Acta 2004, 1685, 83–87. [CrossRef] [PubMed]
Ory, D.S. Niemann-Pick type C: A disorder of cellular cholesterol trafficking. Biochim. Biophys. Acta 2000,
1529, 331–339. [CrossRef]
Kelly, D.A.; Portmann, B.; Mowat, A.P.; Sherlock, S.; Lake, B.D. Niemann-Pick disease type C: Diagnosis and
outcome in children, with particular reference to liver disease. J. Pediatr. 1993, 123, 242–247. [CrossRef]
Liu, B.; Li, H.; Repa, J.J.; Turley, S.D.; Dietschy, J.M. Genetic variations and treatments that affect the lifespan
of the NPC1 mouse. J. Lipid Res. 2008, 49, 663–669. [CrossRef]
Morris, M.D.; Bhuvaneswaran, C.; Shio, H.; Fowler, S. Lysosome lipid storage disorder in NCTR-BALB/c
mice. I. Description of the disease and genetics. Am. J. Pathol. 1982, 108, 140–149.
Harzer, K.; Massenkeil, G.; Frohlich, E. Concurrent increase of cholesterol, sphingomyelin and
glucosylceramide in the spleen from non-neurologic Niemann-Pick type C patients but also patients possibly
affected with other lipid trafficking disorders. FEBS Lett. 2003, 537, 177–181. [CrossRef]
Loftus, S.K.; Morris, J.A.; Carstea, E.D.; Gu, J.Z.; Cummings, C.; Brown, A.; Ellison, J.; Ohno, K.;
Rosenfeld, M.A.; Tagle, D.A.; et al. Murine model of Niemann-Pick C disease: Mutation in a cholesterol
homeostasis gene. Sciences (New York N. Y.) 1997, 277, 232–235. [CrossRef]
Parra, J.; Klein, A.D.; Castro, J.; Morales, M.G.; Mosqueira, M.; Valencia, I.; Cortes, V.; Rigotti, A.; Zanlungo, S.
Npc1 deficiency in the C57BL/6J genetic background enhances Niemann-Pick disease type C spleen
pathology. Biochem. Biophys. Res. Commun. 2011, 413, 400–406. [CrossRef] [PubMed]
Beltroy, E.P.; Richardson, J.A.; Horton, J.D.; Turley, S.D.; Dietschy, J.M. Cholesterol accumulation and liver
cell death in mice with Niemann-Pick type C disease. Hepatology 2005, 42, 886–893. [CrossRef] [PubMed]
vom Dahl, S.; Mengel, E. Lysosomal storage diseases as differential diagnosis of hepatosplenomegaly.
Best Pract. Res. Clin. Gastroenterol. 2010, 24, 619–628. [CrossRef] [PubMed]
Adachi, M.; Volk, B.W.; Schneck, L. Animal model of human disease: Niemann-Pick Disease type C. Am. J.
Pathol. 1976, 85, 229–232. [PubMed]
Zhang, B.; Yang, C.; Qiao, L.; Li, Q.; Wang, C.; Yan, X.; Lin, J. Telocytes: A potential defender in the spleen of
Npc1 mutant mice. J. Cell. Mol. Med. 2017, 21, 848–859. [CrossRef] [PubMed]
Pergande, M.R.; Zarate, E.; Haney-Ball, C.; Scesa, G.; Davidson, C.D.; Givogri, M.I.; Bongarzone, E.R.;
Cologna, S.M. Proteomic analysis via standard-flow liquid chromatography and thermal focusing
electrospray ionization elucidates altered liver proteins in late stage Niemann-Pick, type C1 disease.
Bioanalysis. (under review)
Pacheco, C.D.; Kunkel, R.; Lieberman, A.P. Autophagy in Niemann-Pick C disease is dependent upon
Beclin-1 and responsive to lipid trafficking defects. Hum. Mol. Genet. 2007, 16, 1495–1503. [CrossRef]
[PubMed]
Yang, L.; Liu, L.; Ying, H.; Yu, Y.; Zhang, D.; Deng, H.; Zhang, H.; Chai, J. Acute downregulation of miR-155
leads to a reduced collagen synthesis through attenuating macrophages inflammatory factor secretion by
targeting SHIP1. J. Mol. Histol. 2018, 49, 165–174. [CrossRef] [PubMed]
Lu, Z.J.; Wu, J.J.; Jiang, W.L.; Xiao, J.H.; Tao, K.Z.; Ma, L.; Zheng, P.; Wan, R.; Wang, X.P. MicroRNA-155
promotes the pathogenesis of experimental colitis by repressing SHIP-1 expression. World J. Gastroenterol.
2017, 23, 976–985. [CrossRef] [PubMed]
Alam, M.S.; Getz, M.; Safeukui, I.; Yi, S.; Tamez, P.; Shin, J.; Velazquez, P.; Haldar, K. Genomic expression
analyses reveal lysosomal, innate immunity proteins, as disease correlates in murine models of a lysosomal
storage disorder. PLoS ONE 2012, 7, e48273. [CrossRef] [PubMed]
Virgilio, L.; Lazzeri, C.; Bichi, R.; Nibu, K.; Narducci, M.G.; Russo, G.; Rothstein, J.L.; Croce, C.M. Deregulated
expression of TCL1 causes T cell leukemia in mice. Proc. Natl. Acad. Sci. USA 1998, 95, 3885–3889. [CrossRef]
[PubMed]
Paduano, F.; Gaudio, E.; Mensah, A.A.; Pinton, S.; Bertoni, F.; Trapasso, F. T-Cell Leukemia/Lymphoma
1 (TCL1): An Oncogene Regulating Multiple Signaling Pathways. Front. Oncol. 2018, 8, 317. [CrossRef]
[PubMed]

Molecules 2019, 24, 994

21.

22.
23.

24.
25.

26.
27.

28.

29.

30.

31.
32.
33.
34.

35.

36.

37.

38.
39.

13 of 14

Ripoll, V.M.; Irvine, K.M.; Ravasi, T.; Sweet, M.J.; Hume, D.A. Gpnmb is induced in macrophages by
IFN-gamma and lipopolysaccharide and acts as a feedback regulator of proinflammatory responses.
J. Immunol. (Baltimore, MD 1950) 2007, 178, 6557–6566. [CrossRef]
Bertoni, A.; Alabiso, O.; Galetto, A.S.; Baldanzi, G. Integrins in T Cell Physiology. Int. J. Mol. Sci. 2018, 19,
485. [CrossRef] [PubMed]
Song, J.; Wu, C.; Korpos, E.; Zhang, X.; Agrawal, S.M.; Wang, Y.; Faber, C.; Schafers, M.; Korner, H.;
Opdenakker, G.; et al. Focal MMP-2 and MMP-9 activity at the blood-brain barrier promotes
chemokine-induced leukocyte migration. Cell Rep. 2015, 10, 1040–1054. [CrossRef] [PubMed]
Spilsbury, K.; O’Mara, M.A.; Wu, W.M.; Rowe, P.B.; Symonds, G.; Takayama, Y. Isolation of a novel
macrophage-specific gene by differential cDNA analysis. Blood 1995, 85, 1620–1629. [PubMed]
Roumenina, L.T.; Sene, D.; Radanova, M.; Blouin, J.; Halbwachs-Mecarelli, L.; Dragon-Durey, M.A.;
Fridman, W.H.; Fremeaux-Bacchi, V. Functional complement C1q abnormality leads to impaired immune
complexes and apoptotic cell clearance. J. Immunol. (Baltimore MD 1950) 2011, 187, 4369–4373. [CrossRef]
[PubMed]
Lopez, M.E.; Klein, A.D.; Scott, M.P. Complement is dispensable for neurodegeneration in Niemann-Pick
disease type C. J. Neuroinflamm. 2012, 9, 216. [CrossRef] [PubMed]
Cluzeau, C.V.; Watkins-Chow, D.E.; Fu, R.; Borate, B.; Yanjanin, N.; Dail, M.K.; Davidson, C.D.; Walkley, S.U.;
Ory, D.S.; Wassif, C.A.; et al. Microarray expression analysis and identification of serum biomarkers for
Niemann-Pick disease, type C1. Hum. Mol. Genet. 2012, 21, 3632–3646. [CrossRef] [PubMed]
Thai, T.H.; Calado, D.P.; Casola, S.; Ansel, K.M.; Xiao, C.; Xue, Y.; Murphy, A.; Frendewey, D.; Valenzuela, D.;
Kutok, J.L.; et al. Regulation of the germinal center response by microRNA-155. Sciences (New York N. Y.)
2007, 316, 604–608. [CrossRef] [PubMed]
Mycko, M.P.; Cichalewska, M.; Cwiklinska, H.; Selmaj, K.W. miR-155-3p Drives the Development of
Autoimmune Demyelination by Regulation of Heat Shock Protein 40. J. Neurosci. Off. J. Soc. Neurosci.
2015, 35, 16504–16515. [CrossRef] [PubMed]
Lin, X.; Jia, J.; Du, T.; Li, W.; Wang, X.; Wei, J.; Lin, X.; Zeng, H.; Yao, L.; Chen, X.; et al. Overexpression of
miR-155 in the liver of transgenic mice alters the expression profiling of hepatic genes associated with lipid
metabolism. PLoS ONE 2015, 10, e0118417. [CrossRef] [PubMed]
Hoffman, R.; Ibrahim, N.; Murnane, M.J.; Diamond, A.; Forget, B.G.; Levere, R.D. Hemin control of heme
biosynthesis and catabolism in a human leukemia cell line. Blood 1980, 56, 567–570. [PubMed]
Bottomley, S.S.; Muller-Eberhard, U. Pathophysiology of heme synthesis. Semin. Hematol. 1988, 25, 282–302.
[PubMed]
Braidotti, G.; Borthwick, I.A.; May, B.K. Identification of regulatory sequences in the gene for
5-aminolevulinate synthase from rat. J. Biol. Chem. 1993, 268, 1109–1117. [PubMed]
Nicoli, E.R.; Al Eisa, N.; Cluzeau, C.V.; Wassif, C.A.; Gray, J.; Burkert, K.R.; Smith, D.A.; Morris, L.;
Cologna, S.M.; Peer, C.J.; et al. Defective Cytochrome P450-Catalysed Drug Metabolism in Niemann-Pick
Type C Disease. PLoS ONE 2016, 11, e0152007. [CrossRef] [PubMed]
Schoenfeld, N.; Epstein, O.; Lahav, M.; Mamet, R.; Shaklai, M.; Atsmon, A. The heme biosynthetic pathway
in lymphocytes of patients with malignant lymphoproliferative disorders. Cancer Lett. 1988, 43, 43–48.
[CrossRef]
Nieland, J.D.; Haks, M.C.; Kremers, B.L.; Leupers, T.J.; Bakker, A.Q.; Offringa, R.; Kruisbeek, A.M. Functional
analysis of Ran/TC4 as a protein regulating T-cell costimulation. Cancer Gene Ther. 1998, 5, 259–273.
[PubMed]
Sekimoto, T.; Imamoto, N.; Nakajima, K.; Hirano, T.; Yoneda, Y. Extracellular signal-dependent nuclear
import of Stat1 is mediated by nuclear pore-targeting complex formation with NPI-1, but not Rch1. EMBO J.
1997, 16, 7067–7077. [CrossRef] [PubMed]
Reich, N.C. STATs get their move on. JAK-STAT 2013, 2, e27080. [CrossRef] [PubMed]
Suzuki, M.; Sugimoto, Y.; Ohsaki, Y.; Ueno, M.; Kato, S.; Kitamura, Y.; Hosokawa, H.; Davies, J.P.;
Ioannou, Y.A.; et al. Endosomal accumulation of Toll-like receptor 4 causes constitutive secretion of cytokines
and activation of signal transducers and activators of transcription in Niemann-Pick disease type C (NPC)
fibroblasts: A potential basis for glial cell activation in the NPC brain. J. Neurosci. Off. J. Soc. Neurosci. 2007,
27, 1879–1891.

Molecules 2019, 24, 994

40.

41.
42.

43.
44.

45.

46.
47.

48.
49.

50.
51.
52.
53.

14 of 14

Wos, M.; Komiazyk, M.; Pikula, S.; Tylki-Szymanska, A.; Bandorowicz-Pikula, J. Activation of mammalian
terget of rapamycin kinase and glycogen synthase kinase-3beta accompanies abnormal accumulation of
cholesterol in fibroblasts from Niemann-Pick type C patients. J. Cell. Biochem. 2018. [CrossRef]
Laine, J.; Kunstle, G.; Obata, T.; Sha, M.; Noguchi, M. The protooncogene TCL1 is an Akt kinase coactivator.
Mol. Cell 2000, 6, 395–407. [CrossRef]
Du, X.; Zhang, Y.; Jo, S.R.; Liu, X.; Qi, Y.; Osborne, B.; Byrne, F.L.; Smith, G.C.; Turner, N.; Hoehn, K.L.; et al.
Akt activation increases cellular cholesterol by promoting the proteasomal degradation of Niemann-Pick C1.
Biochem. J. 2015, 471, 243–253. [CrossRef] [PubMed]
Tili, E.; Croce, C.M.; Michaille, J.J. miR-155: On the crosstalk between inflammation and cancer. Int. Rev.
Immunol. 2009, 28, 264–284. [CrossRef] [PubMed]
Rodriguez, A.; Vigorito, E.; Clare, S.; Warren, M.V.; Couttet, P.; Soond, D.R.; van Dongen, S.; Grocock, R.J.;
Das, P.P.; Miska, E.A.; et al. Requirement of bic/microRNA-155 for normal immune function. Science 2007,
316, 608–611. [CrossRef] [PubMed]
van den Berg, A.; Kroesen, B.J.; Kooistra, K.; de Jong, D.; Briggs, J.; Blokzijl, T.; Jacobs, S.; Kluiver, J.;
Diepstra, A.; Maggio, E.; et al. High expression of B-cell receptor inducible gene BIC in all subtypes of
Hodgkin lymphoma. Geneschromosomes Cancer 2003, 37, 20–28. [CrossRef]
Singh, A.; Sen, D. MicroRNAs in Parkinson’s disease. Exp. Brain Res. 2017, 235, 2359–2374. [CrossRef]
[PubMed]
Ozsait, B.; Komurcu-Bayrak, E.; Levula, M.; Erginel-Unaltuna, N.; Kahonen, M.; Rai, M.; Lehtimaki, T.;
Laaksonen, R. Niemann-Pick type C fibroblasts have a distinct microRNA profile related to lipid metabolism
and certain cellular components. Biochem. Biophys. Res. Commun. 2010, 403, 316–321. [CrossRef] [PubMed]
Wisniewski, J.R. Quantitative Evaluation of Filter Aided Sample Preparation (FASP) and Multienzyme
Digestion FASP Protocols. Anal. Chem. 2016, 88, 5438–5443. [CrossRef] [PubMed]
Pergande, M.R.; Nguyen, T.T.A.; Haney-Ball, C.; Davidson, C.D.; Cologna, S.M. Quantitative, Label-Free
Proteomics in the Symptomatic Niemann-Pick, Type C1 Mouse Model Using Standard Flow Liquid
Chromatography and Thermal Focusing Electrospray Ionization. Proteomics 2019. (accepted).
Batth, T.S.; Francavilla, C.; Olsen, J.V. Off-line high-pH reversed-phase fractionation for in-depth
phosphoproteomics. J. Proteome Res. 2014, 13, 6176–6186. [CrossRef]
Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods
2012, 9, 671–675. [CrossRef] [PubMed]
Varkonyi-Gasic, E.; Wu, R.; Wood, M.; Walton, E.F.; Hellens, R.P. Protocol: A highly sensitive RT-PCR method
for detection and quantification of microRNAs. Plant Methods 2007, 3, 12. [CrossRef] [PubMed]
Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2(-Delta Delta C(T)) Method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds are not available from the authors.
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

