372

tochemistry.®® In the human and mouse cerebral cortex,
microglia along with a subset of neurons coexpress
TREM?2 and DAPI12, although microglial TREM2 is
mainly located intracellularly in the Golgi complex/trans-
Goligi network and exocytic vesicles.>? TREM2, by inter-
acting with plexin-Al, a receptor for Sema6D that plays a
key role in axonal guidance, links the semaphorin-signaling
pathway to the DAP12 signaling pathway.” TREM2 is not
expressed on resting macrophages but is induced on acti-
vated macrophages that infiltrate the tissues from the cir-
culation.® TREM? is expressed intensely on a subset of
CSF monocytes and myelin-laden macrophages in active
demyelinating lesions of MS, whereas microglia express
very weak immunoreactivity for TREM?2 in the normal-
appearing white matter of MS brains.” In contrast to
previous observations,'*'¢ we found that TREM2 is unde-
tectable on microglia in NHD and control brain tissues.
The possibility could not be excluded that these discrepan-
cies are attributable to differences in the species, either
human or mouse, the stage of the underlying pathology,
and the quality of antibodies examined. These studies,
except for our own, validated the antibody specificity by
Western blot. We tested four different anti-TREM2
antibodies available commercially, such as HPA(010917
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Fig. 9 GFAP and MBP expression in Nasu-
Hakola disease (NHD) and control brains.
The panels represent: (a) non-neurological
control (NC)4, the frontal white matter,
GFAP; (b) NHD1, the frontal white matter,
GFAP; (c) NHD1, the basal ganglia, GFAP;
(d) NHD2, the basal ganglia, GFAP; (e) NC2,
the frontal white matter, MBP; and (f)
NHD3, the frontal white matter, MBP.

(Sigma), 2B5 (Novus Biologicals), ab69405 (Abcam),
and ab69868 (Abcam). However, only the antibody
HPA010917 satisfied the specificity and the reactivity to
human TREM2 protein (Fig.3a,b, and other data not
shown). Furthermore, we found TREM2 expression on a
small subset of intravascular monocytes/macrophages in all
the brains examined, suggesting that the anti-TREM2 anti-
body HPA010917 works well on formalin-fixed, paraffin-
embedded tissue sections.

TREM?2 expression is rapidly downregulated in mac-
rophages and microglia by exposure to LPS or IFN-y.!42
TREM?2 is upregulated on macrophages and microglia in
the lesions of experimental autoimmune encephalomyeli-
tis (EAE), and blockade of TREM2 enhances inflamma-
tory demyelination during the effector phase of EAE.®
The levels of TREM?2 expression are elevated in microglia
that accumulate around amyloid plaques in aged APP23
transgenic mice.! All of these observations suggest that
TREM?2 expression on microglia in situ could be transient,
depending on the pathological environments.

A previous study showed that SIRPB1 expressed on
microglia is involved in phagocytosis of amyloid-B in
Alzheimer disease {(AD) brains.™ However, we found that
SIRPB1 and TREMI, capable of serving as alternative

© 2010 Japanese Society of Neuropathology
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Fig. 10 Neurofilament protein, cleaved
caspase-3, and synaptophysin expression in
Nasu-Hakola disease (NHD) and control
brains. The panels represent: (a) non-
neurological control (NC)4, the frontal white
matter, neurofilament (NF); (b) NHD2, the
frontal white matter, NF; (c) NC4, the hip-
pocampus, cleaved caspase-3; (d) NHD3, the
hippocampus, cleaved caspase-3; (e) NC2, the
hippocampus, synaptophysin (SYNAP); and
(f) NHD3, the hippocampus, SYNAP.

DAPI12-binding partners, were expressed chiefly on a
small population of astrocytes in both NHD and control
brains, not excluding their role in astroglial pathology in
NHD. CD163 and MSR1 were expressed chiefly on a
population of perivascular macrophages and some micro-
glia. CD163 is a glycoprotein that belongs to the scaven-
ger receptor cysteine-rich (SRCR) family group B. CD163
acts as a cell-surface scavenger receptor capable of inter-
nalizing the haptoglobin-hemoglobin complex for clear-
ance of the potent oxidant hemoglobin from the
circulation.® MSR1 (CD204) is the scavenger receptor
class A (SR-A) that mediates the endocytosis of modified
low-density lipoproteins (LDLs). The expression of
MSRI1 is enhanced on microglia in AD brains* It is
worthy to note that CD68-positive macrophages with a
giant and bizarre morphology accumulated more often in
NHD brains. They might correspond to the cells positive
for sudanophilic granules described previously.*s These
observations suggest the possible scenario that DAP12-
deficient macrophages that accumulate in NHD brains
are capable of taking up tissue debris but incapable of
efficiently digesting them.

Finally, consistent with previous studies,* we found
that NHD brain lesions were characterized by intense

4.5
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astrogliosis, diffuse demyelination, axonal loss and accu-
mulation of axonal spheroids and numerous calcospheres.
A previous study classified the pattern of intracranial cal-
cification in neurodegenerative diseases into three types
of distinct generation: diffuse deposition within the tunica
media of small and medium-sized vessels (type 1), free
spherical or lobulated concretions in the parenchyma
(type 2), and rows of small calcosherites locating along
the capillaries (type 3).* We identified all three types of
calcification in the basal ganglia of NHD brains. It is
worthy to note that we often identified type 3 calcifica-
tion, the hallmark of the most severe intracranial calcifi-
cation, in NHD brains.

In summary, we found that TREM?2 is undetectable on
microglia in all the brains examined and DAP12-deficient
microglia are well preserved in NHD brains. These obser-
vations suggest that the loss of DAP12/TREM2 function in
microglia might not be primarily responsible for develop-
ment of the neuropathological manifestation of NHD. In
line with this view, NHD patients do not exhibit any
obvious immunological defects despite the complete loss
of DAP12/TREM?2 function in immune cells, but shows
severe defects in bone remodeling due to impaired differ-
entiation and maturation of osteoclasts.” Therefore, we
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could propose the possible scenario that extracranial
factors, such as long-term disturbance of calcium homeo-
stasis, might affect neuronal and glial function, resulting in
induction of the CNS pathology of NHD.
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Abstract

Background: MicroRNAs (miRNAs) mediate posttranscriptional regulation of protein-
coding genes by binding to the 3' untranslated region of target mRNAs, leading to -
translational inhibition, mRNA destabilization or degradation, depending on the
degree of sequence complementarity. In general, a single miRNA concurrently
downregulates hundreds of target mRNAs. Thus, miRNAs play a key role in fine-
tuning of diverse cellular functions, such as development, differentiation, proliferation,
apoptosis and metabolism. However, it remains to be fully elucidated whether a set
of miRNA target genes regulated by an individual miRNA in the whole human
microRNAome generally constitute the biological network of functionally-associated
molecules or simply reflect a random set of functionally-independent genes.

Methods: The complete set of human miRNAs was downloaded from miRBase
Release 16. We explored target genes of individual miRNA by using the Diana-microT
3.0 target prediction program, and selected the genes with the miTG score 2 20 as
the set of highly reliable targets. Then, Entrez Gene IDs of miRNA target genes were
uploaded onto KeyMolnet, a tool for analyzing molecular interactions on the
comprehensive knowledgebase by the neighboring network-search algorithm. The
generated network, compared side by side with human canonical networks of the
KeyMolnet library, composed of 430 pathways, 885 diseases, and 208 pathological
events, enabled us to identify the canonical network with the most significant
relevance to the extracted network.

Results: Among 1,223 human miRNAs examined, Diana-microT 3.0 predicted reliable
targets from 273 miRNAs. Among them, KeyMolnet successfully extracted molecular
networks from 232 miRNAs, The most relevant pathway is transcriptional regulation
by transcription factors RB/E2F, the disease is adult T cell lymphoma/leukemia, and
the pathological event is cancer.

Conclusion: The predicted targets derived from approximately 20% of all human
miRNAs constructed biologically meaningful molecular networks, supporting the view
that a set of miRNA targets regulated by a single miRNA generally constitute the
biological network of functionally-associated molecules in human cells.

© 2011 Satoh and Tabunoki; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Cornmons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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Introduction

MicroRNAs (miRNAs) are a class of endogenous small noncoding RNAs conserved
through the evolution. They mediate posttranscriptional regulation of protein-coding
genes by binding to the 3’ untranslated region (3'UTR) of target mRNAs, leading to
translational inhibition, mRNA destabilization or degradation, depending on the degree
of sequence complementarity [1]. During the biogenesis of miRNAs, the primary miR-
NAs (pri-miRNAs) are transcribed from the intra- and inter-genetic regions of the gen-
ome by RNA polymerase II, followed by processing by the RNase III enzyme Drosha
into pre-miRNAs. After nuclear export, they are cleaved by the RNase III enzyme
Dicer into mature miRNAs consisting of approximately 22 nucleotides. Finally, a sin-
gle-stranded miRNA is loaded onto the RNA-induced silencing complex (RISC), where
the seed sequence located at positions 2 to 8 from the 5’ end of the miRNA plays a
pivotal role in recognition of the target mRNA [2]. At present, more than one thou-
sand of human miRNAs are registered in miRBase Release 16 http://www.mirbase.org,
The 3'UTR of a single mRNA is often targeted by several different miRNAs, while a
single miRNA concurrently reduces the production of hundreds of target proteins [3].
Consequently, the whole miRNA system (microRNAome) regulate greater than 60% of
all protein-coding genes in a human cell [4]. By targeting multiple transcripts and
affecting expression of numerous proteins, miRNAs play a key role in fine-tuning of
diverse cellular functions, such as development, differentiation, proliferation, apoptosis
and metabolism. Therefore, aberrant regulation of miRNA expression is deeply
involved in pathological events that mediate cancers [5] and neurodegenerative disor-
ders [6].

Recent advances in systems biology have made major breakthroughs by illustrating
the cell-wide map of complex molecular interactions with the aid of the literature-
based knowledgebase of molecular pathways [7]. The logically arranged molecular net-
works construct the whole system characterized by robustness, which maintains the
proper function of the system in the face of genetic and environmental perturbations
[8]. In the scale-free molecular network, targeted disruption of limited numbers of cri-
tical components designated hubs, on which the biologically important molecular
interactions concentrate, efficiently disturbs the whole cellular function by destabilizing
the network [9]. Therefore, the identification of the hub in the molecular network con-
structed by target genes of a particular miRNA helps us to understand biological and
pathological roles of individual miRNAs. Recently, Hsu et al. studied the human micro-
RNA-regulated protein-protein interaction (PPI) network by utilizing the Human Pro-
tein Reference Database (HPRD) and the miRNA target prediction program
TargetScan [10]. They found that an individual miRNA often targets the hub gene of
the PPI network, although they did not attempt to characterize relevant pathways, dis-
eases; and pathological events regulated by miRNA target genes.

At present, the question remains to be fully elucidated whether a set of miRNA tar-
get genes regulated by an individual miRNA in the whole human microRNAome. gen-
erally constitute the biological network of functionally-associated molecules or simply
reflect a random set of functionally-independent genes. To address this question, we
attempted to characterize molecular networks of target genes of all human miRNAs by
using KeyMolnet, a bioinformatics tool for analyzing molecular interactions on the
comprehensive knowledgebase.
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Materials and methods

MicroRNA Target Prediction

The complete list of 1,223 human miRNAs was downloaded from miRBase Release 16
http://www.mirbase.org. We searched the target genes of individual miRNA on the
Diana-microT 3.0 target prediction program (diana.cslab.ece.ntua.gr/microT), which
was selected because of the highest ratio of correctly predicted targets over other pre-
diction tools [11]. Diana-microT 3.0 calculates the miRNA-targeted gene (miTG) score
that reflects the weighted sum of the scores of all conserved and non-conserved
miRNA recognition elements (MRE) on the 3'UTR of the target mRNA. The miTG
score correlates well with fold changes in suppression of protein expression [11]. To
optimize the parameter of miRNA-target interaction, we considered the target genes
with a cutoff of the miTG score equal to or larger than 20 as the highly reliable tar-
gets, because we found that the targets with the miTG score < 20 exhibited the signifi-
cantly lower precision score, an indicator of correctness in predicted interactions [11],
compared with those having the score 2 20 (p = 2.78E-08 by Mann-Whitney’s U-test).

Molecular Network Analysis

Ensembl Gene IDs of target genes retrieved by Diana-microT 3.0 were converted into
the corresponding Entrez Gene IDs by using the DAVID Bioinformatics Resources 6.7
program http://david.abcc.nciferf.gov{12], where non-annotated IDs were deleted.
Then, Entrez Gene IDs of miRNA target genes were uploaded onto KeyMolnet.

KeyMolnet is a tool for analyzing molecular interactions on the literature-based knowl-
edgebase that contains the contents on 123,000 molecular relationships among human
genes and proteins, small molecules, diseases, pathways and drugs, established by the
Institute of Medicinal Molecular Design (IMMD) (Tokyo, Japan) [13-15]. The core con-
tents are collected from selected review articles and textbooks with the highest reliability,
regularly updated and carefully curated by a team of expert biologists. KeyMolnet contains
a panel of human canonical networks constructed by core contents in the KeyMolnet
library. They represent the gold standard of the networks, composed of 430 pathways, 885
diseases, and 208 pathological events. Detailed information on all the contents is available
from IMMD http://www.immd.co.jp/en/keymolnet/index.html upon request.

We utilized the neighboring network-search algorithm that selects the set of miRNA
target genes as starting points to generate the network around starting points within one
path, composed of all kinds of molecular interactions, including direct activation/inactiva-
tion, transcriptional activation/repression, and the complex formation. By uploading the
list of Entrez Gene IDs onto KeyMolnet, it automatically provides corresponding mole-
cules and a minimum set of intervening molecules as a node on networks. The generated
network was compared side by side with human canonical networks described above. The
algorithm that counts the number of overlapping molecules and/or molecular relations
between the extracted network and the canonical network identifies the canonical network
showing the most statistically significant contribution to the extracted network. This algo-
rithm is essentially based on that of the GO::TermFinder [16]. The significance in the
similarity between the extracted network and the canonical network is scored following
the formula, where O = the number of overlapping molecules and molecular relations for
the pathway or overlapping molecules alone for the disease and the pathological event
between the extracted network and the canonical network, V = the number of molecules



Satoh and Tabunoki BioData Mining 2011, 4:17 Page 4 of 13
http://www.biodatamining.org/content/4/1/17

and/or molecular relations located in the extracted network, C = the number of molecules
and/or molecular relations located in the canonical network, T = the number of total
molecules and/or molecular relations of KeyMolnet, currently composed of approximately
15,700 molecules and 123,000 molecular relations, and the x = the sigma variable that
defines coincidence.

Min(C,V)

Score = —log, (Score (p))  Score(p) = Y f(x)  f(®) =cCy 7-cCvx/rCy (1)
x=0

Results

Molecular Network of MicroRNA Target Genes

Among 1,223 human miRNAs examined, Diana-microT 3.0 predicted the targets from
532 miRNAs (43.5%). Among the 532 miRNAs, 273 miRNAs contained a set of highly
reliable targets showing the miTG score 2 20. Among 273 miRNAs having reliable tar-
gets, KeyMolnet successfully extracted molecular networks from 232 miRNAs. They
are comprised of 19% of total human miRNAs (microRNAome). Then, the generated
network was compared side by side with human canonical networks of the KeyMolnet
library, composed of 430 pathways, 885 diseases, and 208 pathological events. We
found that not all 232 miRNAs contained entire categories of canonical networks
because several miRNAs comprised relatively small numbers of targets. See Additional
file 1 for all the information on 232 miRNAs and their target networks. When top
three pathways, diseases, and pathological events were individually totalized, the most
relevant pathway is ‘transcriptional regulation by RB/E2F’ (n = 39; 6.8% of total), fol-
lowed by ‘TGF-beta family signaling pathway’ (n = 32; 5.6%) and ‘transcriptional regu-
lation by POU domain factor’ (n = 24; 4.2%), the most relevant disease is ‘adult T cell
lymphoma/leukemia’ (n = 68; 12.1%), followed by ‘chronic myelogenous leukemia’ {n =
65; 11.5%) and ‘hepatocellular carcinoma’ (n = 51; 9.1%), and the most relevant patho-
logical event is ‘cancer’ (n = 97; 24.7%), followed by ‘adipogenesis’ (n = 46; 11.7%) and
‘metastasis’ (n = 36; 9.2%) (Figure 1 and Additional file 1).

Next, we identified the large-scale miRNA target networks by uploading targets greater
than 100 per individual miRNA onto KeyMolnet (Table 1). Fifty-two miRNAs that
construct such a large-scale miRNA target network include let-7, miR-9, 17, 19, 20, 26,
27, 29, 30, 32, 92, 93, 96, 98, 101, 106b, 124, 137, 147, 153, 218, 372, 429, 495, 506,
519, 520, 603, and their closely-related family members. The targets of these miRNAs
established highly complex molecular networks, in which the pathways of ‘transcrip-
tional regulation by RB/E2F’, ‘transcriptional regulation by Ets-domain family’, and
‘transcriptional regulation by p53’, the diseases of ‘chronic myelogenous leukemia’ and
‘viral myocarditis’, and the pathological event of ‘cancer’ were notably accumulated
(Table 1). Importantly, distinct members belonging to the same miRNA family, for
example, five miR-30 family members ranging from miR-30a to miR-30e constructed a
virtually identical molecular network (Table 1).

Biological Implications of MicroRNA Target Networks

As described above, the present observations indicated that a set of miRNA target
genes regulated by an individual miRNA generally constitute the biological network of
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Figure 1 The pathways, diseases, and pathological events relevant to 232 miRNA target networks.
Among 1,223 human miRNAs examined, Diana-microT 3.0 identified the set of reliable targets from 273
miRNAs. Among them, KeyMolnet extracted molecular networks from 232 miRNAs. The generated network
was compared side by side with human canonical networks of the KeyMolnet library, composed of 430
pathways, 885 diseases, and 208 pathological events to identify the canonical network showing the most
statistically significant contribution to the extracted network (see Table S1 for all the information). After top
three pathways, diseases, and pathological events were individually totalized, the cumulated numbers of
top 10 of {a) pathway, (b) disease, and (c) pathological event categories are expressed as a bar graph.

functionally-associated molecules in human cells. Therefore, it is highly important to
obtain deeper insights into biological implications of miRNA target networks.

The protooncogene c-myb is a key transcription factor for normal development of
hematopoietic cells. A recent study showed that miR-15a targets c-myb, while c-myb
binds to the promoter of miR-15a, providing an autoregulatory feedback loop in
human hematopoietic cells [17]. Consistent with this study, we found ‘transcriptional
regulation by myb’ as the most relevant pathway to the miR-15a target network (the
score = 602; the score p-value = 7.39E-182) (Figure 2 and Additional file 1). These
observations propose a scenario that miR-15a synchronously downregulates both c-
myb itself and downstream genes transcriptionally regulated by c-myb, resulting in

Page 5 of 13
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Table 1 The large-scale human microRNA target networks

MicroRNA Number Molecules  Top Pathway  Score p-Value Top Disease = Score p-Value Top Score p-Value
of in Pathological
Targets KeyMolnet Event
Networks
hsa-let-7a 244 1022 Transcriptional 593 2.69E-179 Viral 113 1.21E-34 Cancer 206 1.31E-62
regulation by myocarditis
P53
hsa-let-7b 242 1016 Transcriptional 594 1.83E-179 Viral 113 9.32E-35 Cancer 206 7.66E-63
regulation by myocarditis
p53
hsa-let-7c 243 1020 Transcriptional 593 2.49E-179 Viral 113 1.11E-34 Cancer 206 1.10E-62
regulation by myocarditis
p53
hsa-let-7d 145 885 Transcriptional 836 2,18E-252 Chronic 72 1.95E-22 Cancer 130 9.68E-40
: regulation by myelogenous
RB/E2F leukemia
hsa-let-7e 236 " Transcriptional 575 890E-174 Viral 116 1.20E-35 Cancer 175 1.86E-53
regulation by myocarditis
p53
hsa-let-7f 244 1022 Transcriptional 593 2.69E-179 Viral 113 1.21E-34 Cancer 206 131E-62
regulation by myocarditis
p53
hsa-let-7g 245 1022 Transcriptional 593 2.69E-179 Viral 113 1.221E-34 Cancer 206 131E-62
regulation by myocarditis
p53
hsa-let-7i 245 1022 Transcriptional 593 269E-179 Viral 113 1.21E-34 Cancer 206 131862
regulation by myocarditis
P53
hsa-miR-9 352 115 Transcriptional 340 528E-103 Hepatocellular 72 1.69€-22 Cancer 1717 350E-52
regulation by carcinoma
PPARa
hsa-miR- - 195 961 Transcriptional 971 3.27E-293 Chronic 92 2.83E-28 Cancer 181 3.58E-55
17 regulation by myelogenous
RB/E2F leukemia
hsa-miR- 226 1094 Transcriptional 760 2.10E-229 Chronic 113 126E-34 Cancer 253 704877
19a regulation by myelogenous
RB/E2F leukemia
hsa-miR- 225 1094 Transcriptional 760 2.10E-229 Chronic 13 1.26E-34 Cancer 253 7.04E-77
19b regulation by myelogenous
RB/E2F leukemia
hsa-miR- 165 1038 Transcriptional 856 1.64E-258 Chronic 87 6.09E-27 Cancer 85 3.33E-26
20a regulation by myelogenous
RB/E2F leukemia
hsa-miR- 198 981 Transcriptional 962 2.35E-290 Chronic 98 3.39E-30 Cancer 183 6.98E-56
20b regulation by myelogenous
RB/E2F leukemia
hsa-miR- 148 672 Transcriptional 919 - 1.76E-277 Chronic 107 6.15E-33 Cancer 181 3.20E-55
26a regulation by myelogenous
RB/E2F leukemia
hsa-miR- 148 672 Transcriptional 919 1.76E-277 Chronic 107 6.15E-33 Cancer 181 3.20E-55
26b regulation by myelogenous
RB/E2F leukemia )
hsa-miR- 229 1192 Transcriptional 1022 2.23E-308 Chronic 95 1.96E-29 Cancer 194  3.05E-59
27a regulation by myelogenous
CREB . leukernia
hsa-miR- 261 1337 Transcriptional 1022 2.23E-308 Chronic 94 451E-29 Cancer 21 4.11E-64
27b regulation by myelogenous
CREB leukemia
hsa-miR- 119 543 Transcriptional 430 4.36E-130 Glioma 85 346E-26 Cancer 139 141642
2%a regulation by
Ets-domain
family
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Table 1 The large-scale human microRNA target networks (Continued)
hsa-miR- 118 578 Transcriptional 422 1.15E-127 Glioma 82 1.55E-25 Cancer 146 144E-44
29b regulation by

Ets-domain

family
hsa-miR- 118 543 Transcriptional 430 4.36E-130 Glioma 85 3.46E-26 Cancer 139 141E-42
29¢ regulation by

Ets-domain

family
hsa-miR- 455 1494 Transcriptional 777 9.43E-235 Chronic 86 1.11E-26 Cancer 195  2.39E-59
30a regulation by myelogenous

RB/E2F leukemia
hsa-miR- 455 1480 Transcriptional 781 1.08E-235 Chronic 87 7.016-27 Cancer 188  192E-57
30b regulation by myelogenous

RB/E2F leukemia
hsa-miR- 454 1495 Transcriptional . 778 6.13E-235 Chronic 86 1.15E-26 Cancer 191 3.63E-58
30c regulation by myelogenous

RB/E2F leukemia
hsa-miR- 452 1491 Transcriptional 778 7.28E-235 Chronic 86 1.01E-26 Cancer 195  1.96E-59
30d regulation by myelogenous

RB/E2F leukemia
hsa-miR- 455 1481 Transcriptional 780 1.29E-235 Chronic 87 7.25E-27 Cancer 188 2.05E-57
30e . regulation by myelogenous

RB/E2F leukemia
hsa-miR- 261 905 Transcriptional 842 2.74E-254 Gastric cancer 80 8.85E-25 Cancer 157 4.19E-48
32 regulation by

RB/E2F
hsa-miR- 219 642 Transcriptional 335 1.51E-101 'Viral 59 1.62E-18 Epithelial- 83 7.76E-26
92a regulation by myocarditis mesenchymal

MEF2 transition
hsa-miR-~ 258 701 Transcriptional 328 1.59E-99  Viral 60 1.23-18 Cancer 94 397E-29
92b regulation by myocarditis

MEF2
hsa-miR- 195 958 Transcriptional 972 2.37E-293  Chronic 92-  247E-28 Cancer 181 277E-55
93 regulation by myelogenous

RB/E2F leukemia
hsa-miR- 142 688 Transcriptional 407 3/42E-123 Viral 36 1.06E-11 Cancer 106 1.37E-32
96 regulation by myocarditis

Ets-domain

family
hsa-miR- 162 671 Transcriptional 549 4.73E-166 Viral 85 266E-26 Cancer 126 1.42E-38
98 regulation by myocarditis

Myb
hsa-miR- 188 806 Transcriptional 492 1.10E-148 Hepatocellular 70 6.40E-22 Cancer 127 4.26E-39
101 regulation by carcinoma

AP-1
hsa-miR- 164 1028 Transcriptional 854 7.21E-258 Chronic 87 548E-27 Cancer 85 2.93E-26
106b regulation by myelogenous

RB/E2F leukemia
hsa-miR- 285 1346 Transcriptional 756 3.57E-228 Chronic 83 9.34E-26 Cancer 185  1.90E-56
124 regulation by myelogenous

RB/E2F leukemia
hsa-miR- 288 941 Transcriptional 339 1.19E-102 Adult T cell 66 1.30E-20 Cancer 179 1.00E-54
137 regulation by lymphoma/

MITF family leukemia
hsa-miR- 199 867 Transcriptional 805  4.06E-243 Chronic 113 660E-35 Cancer 132 257E-40
147 regulation by myelogenous )

RB/E2F leukemia
hsa-miR- 154 1019 Transcriptional 507 2.35E-153 Multiple 60 6.44E-19 Cancer 174 431E-53
153 regulation by myeloma

Myb
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Table 1 The large-scale human microRNA target networks (Continued)
hsa-miR- 155 830 Transcriptional 344 228E-104 Hepatocellular 69 1.63E-21 Cancer 136 1.52E-41
218 regulation by carcinoma

AP-1
hsa-miR- 101 562 Transcriptional 1022 2.23E-308 Chronic 85 1.90E-26 Cancer 144 275E-44
372 regulation by myelogenous

RB/E2F leukemia
hsa-miR- 123 634 Transcriptional 918 2.45E-277 Chronic 76 1.71€-23 Cancer 130 5.28E-40
429 regulation by myelogenous

RB/E2F leukemia
hsa-miR- 156 601 Transcriptional 431 2.14E-130 Rheumatoid 77 5.90E-24 Adipogenesis 79 1.32E-24
495 regulation by arthritis

Ets-domain

family
hsa-miR- 394 1536 Transcriptional 317 4.69E-96  Viral 99 1.73E-30 Cancer 172 143E-52
506 regulation by myocarditis

Ets-domain

family
hsa-miR- 281 1256 Transcriptional 811 5.32E-245 Chronic 106 1.34E-32 Cancer 220 8.03E-67
519 regulation by myelogenous

RB/E2F leukemia
hsa-miR- 281 1256 Transcriptional 811 5.32E-245 Chronic 106 1.34E-32 Cancer 220 803E-67
519b-3p regulation by myelogenous

RB/E2F leukemia
hsa-miR- 281 1256 Transcriptional 811 5.32E-245 Chronic 106 1.34E-32 Cancer 220 803E-67
519¢-3p regulation by myelogenous

RB/E2F leukemia
hsa-miR- 184 690 Transcriptional 1022 2.23E-308 Chronic 94 6.95E-29 Cancer 146 1.12E-44
520a-3p regulation by myelogenous

RB/E2F . leukemia
hsa-miR- 182 690 Transcriptional 1022 2.23E-308 Chronic 94 6.95E-29 Cancer 146 1.12E-44
520b regulation by myelogenous

RB/E2F leukemia
hsa-miR- 182 690 Transcriptional 1022 2.23E-308 Chronic 93 9.28E-29 Cancer 145 1.77E-44
520c-3p regulation by myelogenous

RB/E2F leukemia
hsa-miR- 183 690 Transcriptional 1022 2.23E-308 Chronic 94 6.95E-29 Cancer 146 1.12E-44
520d-3p regulation by myelogenous

RB/E2F leukemia
hsa-miR- 184 690 Transcriptional 1022 2.23E-308 Chronic 94 6.95E-29 Cancer 146 1.12E-44
520e regulation by myelogenous '

RB/E2F leukemia
hsa-miR- 252 1150 Transcriptional 344 3.26E-104 Multiple 84 4.36E-26 Cancer 161 4.24E-49
603 regulation by myeloma

Ets-domain

family

Among 1,223 human miRNAs examined, Diana-microT 3.0 predicted reliable targets from 273 miRNAs. Among them, KeyMolnet extracted molecular
networks from 232 miRNAs. The generated network was compared side by side with human canonical networks of the KeyMolnet library, composed of
430 pathways, 885 diseases, and 208 pathological events. The canonical pathways, diseases, and pathological events with the most statistically significant
contribution to the extracted network are shown. The table contains only the large-scale miRNA target networks generated by importing targets greater
than 100 per individual miRNA into KeyMolnet. See Additional file 1 for all the information on 232 miRNAs and their target networks,

efficient inactivation of the whole molecular network governed by the hub gene c-myb.
These results suggest a collaborative regulation of gene expression at both transcrip-
tional and posttranscriptional levels that involve coordinated regulation by miRNAs
and transcription factors.

The retinoblastoma protein Rb/E2F pathway acts as a gatekeeper for G1/S transition
in the cell cycle. The Rb/E2F-regulated G1 checkpoint control is often disrupted in
cancer cells. A recent study showed that miR-106b is directly involved in posttranscrip-
tional regulation of E2F1 [18]. E2F1 activates transcription of miR-106b, while miR-
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extracelular

mitochondria nuclens

Figure 2 Molecular network of miR-15a targets. By the “neighboring” network-search algorithm,
KeyMolnet illustrated a highly complex network of miR-15a targets that has the most statistically significant
relationship with the pathway of ‘transcriptional regulation by myb’. Red nodes represent miR-15a direct
target molecules predicted by Diana-microT 3.0, whereas white nodes exhibit additional nodes extracted
automatically from the core contents of KeyMolnet to establish molecular connections. The molecular
relation is indicated by solid line with arrow (direct binding or activation), solid line with arrow and stop
(direct inactivation), solid line without arrow (complex formation), dash line with arrow (transcriptional
activation), and dash line with arrow and stop (transcriptional repression). The transcription factor myb is
highlighted by a blue circle.

106b targets E2F1, serving as a miRNA-directed negative feedback loop in gastric can-
cer cells [18]. Supporting these findings, we identified ‘transcriptional regulation by
Rb/E2F as the most relevant pathway to the miR-106b target network (the score =
854; the score p-value = 7.21E-258) (Figure 3, Table 1 and Additional file 1). The rela-
tionship between miR-106b and Rb/E2F would provide another example of coordinated
regulation of gene expression by miRNAs and transcription factors.

We found ‘transcriptional regulation by p53’ as the most relevant pathway to the tar-
get network of all let-7 family members except for let-7d (Table 1). It is worthy to
note that the tumor suppressor p53 regulates the expression of components of the
miRNA-processing machinery, such as Drosha, DGCRS, Dicer, and TARBP2, all of
which have p53-reponsive elements in their promoters [19]. Furthermore, Dicer and
TARBP2, along with p53, serve as a target of the let-7 family miRNAs, suggesting a
close link between p53 and let-7 in miRNA biogenesis [19]. The expression of let-7
family members was greatly reduced in certain cancer cells [20].

The micropthalmia associated transcription factor (MITF), a basic helix-loop-helix
zipper (bHLH-Zip) transcription factor, acts as not only a master regulator of melano-
cyte differentiation but also an oncogene promoting survival of melanoma. Recent stu-
dies indicate that MITF is a direct target of both miR-137 and miR-148b [21,22].
Again, we identified ‘transcriptional regulation by MITF family’ as the most relevant
pathway to both miR-137 (the score = 339; the score p-value = 1.19E-102) and miR-
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extracellutar

cytoplasm

nucltens

Figure 3 Molecular network of miR-106b targets. By the “neighboring” network-search algorithm,
KeyMolnet illustrated a highly complex network of miR-106b targets that has the most statistically
significant relationship with the pathway of 'transcriptional regulation by Rb/E2F. Red nodes represent miR-
106b direct target molecules predicted by Diana-microT 3.0, whereas white nodes exhibit additional nodes
extracted automatically from the core contents of KeyMolnet to establish molecular connections. The
molecular relation is indicated by solid line with arrow (direct binding or activation), solid line with arrow
and stop (direct inactivation), solid line without arrow {(complex formation), dash line with arrow
{transcriptional activation), and dash line with arrow and stop {transcriptional repression). The transcription
factor E2F is highlighted by a blue circle.

148b (the score = 40; the score p-value = 3.91E-142) target networks (Table 1 and
Additional file 1).

Cellular responsiveness to glucocorticoids (GCs) is regulated by the delicate balance
of the glucocorticoid receptor (GR) protein, GR coactivators and corepressors, GR
splice variants and isoforms, and regulators of GR retrograde transport to the nucleus.
A recent study showed that miR-18a targets the GR protein, and thereby inhibits GR-
mediated biological events in neuronal cells [23]. Consistent with this, we found ‘tran-
scriptional regulation by GR’ as the most relevant pathway to the miR-18a target net-
work (the score = 1022; the score p-value = 2.23E-308) (Additional file 1).

Zinc finger transcription factors ZEB1 and ZEB2 act as a transcriptional repressor of
E-cadherin. A recent study showed that the expression of miR-200b, which targets
both ZEB1 and ZEB2, was downregulated in the cells that undergo TGF-beta-induced
epithelial to mesenchymal transition (EMT), and was lost in invasive breast cancer
cells [24]. We identified ‘transcriptional regulation by ZEB’ as the third-rank significant
pathway (the score = 155; the score p-value = 1.88E-47) and ‘EMT" as the third-rank
significant pathological event relevant to the miR-200b target network (the score = 61;
the score p-value = 4.15E-19) (Additional file 1).

Discussion

In general, a single miRNA concurrently downregulates hundreds of target mRNAs by
binding to the corresponding 3'UTR of mRNA via either perfect or imperfect sequence
complementarity [3]. Such fuzzy mRNA-miRNA interactions result in the redundancy
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of miRNA-recognized targets. By targeting multiple transcripts and affecting expression
of numerous proteins at one time, miRNAs regulate a wide range of cellular functions,
such as development, differentiation, proliferation, apoptosis and metabolism. There-
fore, we have the question whether a set of miRNA target genes regulated by an indivi-
dual miRNA generally constitute the biological network of functionally-associated
molecules or simply reflect a random set of functionally-independent genes. If the for-
mer is the case, what kind of biological networks does the human microRNAome most
actively regulates?

To address these questions, first we identified the set of credible target genes for all
individual human miRNAs by using the Diana-microT 3.0 program. Then, we investi-
gated miRNA target networks by applying them to KeyMolnet, a bioinformatics tool
for analyzing molecular interactions on the comprehensive knowledgebase. Diana-
microT 3.0 identified highly reliable targets from 273 miRNAs out of 1,223 all human
miRNAs. Previous studies showed that the list of predicted targets for each miRNA
varies among different miRNA target prediction programs armed with distinct algd-
rithms, such as TargetScan 5.1 http://www.targetscan.org, PicTar (pictar.mdc-berlin,
de), miRanda http://www.microrna.org and Diana-microT 3.0 [25]. Therefore, miRNA
target networks are to some extent flexible, depending on the target prediction pro-
gram employed. Among the programs described above, we have chosen Diana-microT
3.0 because of the highest ratio of correctly predicted targets over other prediction
tools and the simplicity of setting a cut-off point for detection of reliable miRNA-tar-
get interactions based on the miTG score [11].

Here we found that highly reliable targets of substantial numbers of human miRNAs
actually constructed biologically meaningful molecular networks. These observations
strongly supported the theoretical view that miRNA target genes regulated by an indi-
vidual miRNA in the whole human microRNAome generally constitute the biological
network of functionally-associated molecules. A recent study showed that interacting
proteins in the human PPI network tend to share restricted miRNA target-site types
than random pairs, being consistent with our observations [26].

We also found that there exists a coordinated regulation of gene expression at the
transcriptional level by transcription factors and at the posttranscriptional level by
miRNAs in miRNA target networks. Recently, Cui et al. investigated the relationship
between miRNA and transcription factors in gene regulation [27]. Importantly, they
found that the genes with more transcription factor-binding sites have a higher prob-
ability of being targeted by miRNAs and have more miRNA-binding sites.

A recent study by miRNA expression profiling of thousands of human tissue samples
revealed that diverse miRNAs constitute a complex network composed of coordinately
regulated miRNA subnetworks in both normal and cancer tissues, and they are often
disorganized in solid tumors and leukemias [28]. During carcinogenesis, various miR-
NAs play a central role, acting as either oncogenes named oncomir or tumor suppres-
sors termed anti-oncomir, by targeting key molecules involved in apoptosis, cell cycle,
cell adhesion and migration, chromosome stability, and DNA repair [5]. Many miRNA
gene loci are clustered in cancer-associated genomic regions [29]. Furthermore,
miRNA expression signatures well discriminate different types of cancers with distinct
clinical prognoses [30]. In the present study, KeyMolnet analysis of miRNA target net-
works showed that the most relevant pathological event is ‘cancer’, when top three
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pathological events were overall cumulated. Furthermore, the highly relevant diseases
include ‘adult T cell lymphoma/leukemia’, ‘chronic myelogenous leukemia’, and ‘hepa-
tocellular carcinoma’. These observations suggest that the human microRNAome plays
a more specialized role in regulation of oncogenesis. Therefore, the miRNA-based ther-
apy directed to targeting multiple cancer-associated pathways simultaneously might
serve as the most effective approach to suppressing the oncogenic potential of a wide
range of cancers.

Conclusion

The reliable targets predicted by Diana microT 3.0 derived from approximately 20% of
all human miRNAs constructed biologically meaningful molecular networks by Key-
Molnet. These observations support the view that miRNA target genes regulated by an
individual miRNA in the whole human microRNAome generally constitute the biologi-
cal network of functionally-associated molecules. In the human miRNA target net-
works, the most relevant pathway is transcriptional regulation by transcription factors
RB/E2F, the disease is adult T cell lymphoma/leukemia, and the pathological event is
cancer. In miRNA target networks, there exists a coordinated regulation of gene
expression at the transcriptional level by transcription factors and at the posttranscrip-
tional level by miRNAs.

Additional material

Additional file 1: KeyMolnet identifies microRNA target networks in 232 human miRNAs. The prediction of
target genes of individual miRNA was performed by Diana-microT 3.0. Entrez Gene IDs of miRNA target genes
were uploaded onto KeyMolnet. The generated network was compared side by side with human canonical
networks composed of 430 pathways, 885 diseases, and 208 pathological events of the KeyMolnet library. Top-
three pathways, diseases, and pathological events with the statistically significant contribution to the extracted
network are shown.
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Abstract A synthetic analog of sphingosine named
FTY720 (Fingolimod), phosphorylated by sphingosine
kinase-2, interacts with sphingosine-1-phosphate (S1P)
receptors expressed on various cells. FI'Y720 suppresses
the disease activity of multiple sclerosis (MS) chiefly by
inhibiting S1P-dependent egress of autoreactive T lym-
phocytes from secondary lymphoid organs, and possibly by
exerting anti-inflammatory and neuroprotective effects
directly on brain cells. However, at present, biological
effects of FI'Y720 on human microglia are largely
unknown. We studied FTY720-mediated apoptosis of a
human microglia cell line HMOG. The exposure of HMO6
cells to non-phosphorylated FTY720 (FTY720-non-P)
induced apoptosis in a dose-dependent manner with IC50
of 10.6 & 2.0 uM, accompanied by the cleavage of
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caspase-7 and caspase-3 but not of caspase-9. The apop-
tosis was inhibited by Z-DQMD-FMLK, a caspase-3 inhib-
itor, but not by Pertussis toxin, a Gi protein inhibitor,
suramin, a S1P3/S1P5 inhibitor, or W123, a S1P1 com-
petitive antagonist, although HMOG expressed S1P1, S1P2,
and S1P3. Furthermore, both phosphorylated FTY720
(FTY720-P) and SEW2871, S1P1 selective agonists, did
not induce apoptosis of HMOG6. Genome-wide gene
expression profiling and molecular network analysis indi-
cated activation of transcriptional regulation by sterol
regulatory element-binding protein (SREBP) in FTY720-
non-P-treated HMOG cells. Western blot verified activation
of SREBP2 in these cells, and apoptosis was enhanced by
pretreatment with simvastatin, an activator of SREBP2,
and by overexpression of the N-terminal fragment
of SREBP2. These observations suggest that FTY720-non-
P-induced apoptosis of HMOG6 human microglia is inde-
pendent of S1P receptor binding, and positively regulated
by the SREBP2-dependent proapoptotic signaling pathway.

Keywords Apoptosis - Cholesterol - FTY720 -
Microglia - S1P1 - SREBP2

Abbreviations

CNS Central nervous system

DAVID Database for Annotation, Visualization,
and Integrated Discovery

EDG Endothelial differentiation gene

FTY720-non-P  Non-phosphorylated form of FT'Y720

FTY720-P Phosphorylated form of FTY720

G3PDH Glyceraldehyde-3-phosphate
dehydrogenase

GPCR G-protein-coupled receptor

INSIG1 Insulin-induced gene 1

LDLR Low density lipoprotein receptor
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MS Mulitiple sclerosis

OopPC Oligodendroglial progenitor cell

S1P Sphingosine-1-phosphate

SPHK2 Sphingosine kinase-2

SREBP Sterol regulatory element-binding
protein

PARP Poly-ADP-ribose-polymerase

PTX Pertussis toxin

Introduction

FTY720 (Fingolimod) is a synthetic analog of sphingosine
generated by chemical modification of myriocin, a natural
product of the fungus Isaria sinclairii. FTY720, phosphor-
ylated by endogenous sphingosine kinase-2 (SPHK2), is
converted into the biologically active form FTY720-P that
binds to sphingosine-1-phosphate (S1P) receptors expressed
on various cells (Brinkmann et al. 2010). S1P receptors
belong to the endothelial differentiation gene (EDG)
receptor family of G-protein-coupled receptors (GPCRs).
FTY720-P interacts with S1P1, S1P3, S1P4, and S1P5 but
not with S1P2. S1P1, S1P2, and S1P3 are distributed widely
in the immune system, cardiovascular system, and the cen-
tral nervous system (CNS), and S1P4 expression is more
restricted to the lung, spleen, and thymus, while S1P5 is
located chiefly on the skin, spleen, and brain. FT'Y720-P not
only serves as an agonist for S1P receptors, but also acts as a
functional antagonist for S1P1 by downregulating the
receptor expression via internalization, ubiquitination, and
proteasomal degradation (Mullershausen et al. 2009). The
latter induces unresponsiveness to endogenous S1P.

Recent clinical trials indicate that FT'Y720 has promis-~
ing therapeutic effects on multiple sclerosis (MS), 2 human
demyelinating disease affecting exclusively the CNS white
matter (Brinkmann et al. 2010). Oral administration of
FTY720 reduces the number of gadolinium-enhanced
lesions on MRI and decreased annual relapse rate in the
patients with relapsing-remitting MS (Kappos et al. 2006).
Consequently, US Food and Drug Administration (FDA)
approved FTY720 as the first oral medication for MS in
September 2010. FT'Y720-mediated immunomodulatory
effects on the disease activity of MS are chiefly attributable
to inhibition of S1P-dependent egress of autoreactive T
lymphocytes from secondary lymphoid organs (Brinkmann
et al. 2010).

Increasing evidence indicates that FTY720, capable of
passing the blood-brain barrier due to its lipophilicity,
exerts anti-inflammatory and neuroprotective effects within
the CNS by interacting with a battery of S1P receptors
expressed on neural cells (Dev et al. 2008). Reactive
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astrocytes in active MS lesions show a robust increase in
S1P1 and S1P3 expression, where FT Y720-P inhibits
production of proinflammatory cytokines from astrocytes
(Van Doorn et al. 2010). FTY720-P persistently down-
regulates S1P1 expression on astrocytes, and thereby
attenuates the disease activity of experimental autoimmune
encephalomyelitis (EAE), an animal model of MS (Choi
et al. 2011). FTY720-P induces rapid phosphorylation of
ERK1/2 and activates the PI3-kinase/Akt pathway in rat
oligodendrocyte progenitor cells (OPCs), and subsequently
protects OPCs from apoptosis caused by proinflammatory
mediators (Coelho et al. 2007). FTY720-P promotes pro-
cess extension of human OPCs and enhances their survival
(Miron et al. 2008).

Microglia, acting as antigen-presenting cells and proin-
flammatory effector cells in the CNS, play a central role in
development of demyelinating lesions in MS (Jack et al.
2005). Therefore, it is possible that FTY720 acts directly
on microglia at the site of inflammation in MS brains.
S1Pl-expressing cells positive for CD68, a marker of
microglia/macrophages, are accumulated in MS lesions
(Van Doorn et al. 2010). Rat microglial cells express
mainly S1P1 and S1P3 (Dev et al. 2008). In mouse orga-
notypic cerebellar cultures affected with lysolecithin-
induced demyelination, FT'Y720-P induces proliferation of
microglia (Miron et al. 2010), while FTY720 reduces the
accumulation of reactive microglia/macrophages in the
lesions of traumatic brain injury (Zhang et al. 2007).
FTY720 reduces the lesion size of cerebral infarct in mice
with middle cerebral artery (MCA) occlusion and improves
neurological deficits, accompanied by a decrease in the
number of activated microglia/macrophages and apoptotic
neurons (Wei et al. 2011). FTY720-P does not affect the
global cytokine production by cultured human microglia
(Durafourt et al. 2011). However, at present, immuno-
modulatory effects of FTY720 on human microglia remain
largely unknown. The aim of the present study is to
investigate biological effects of FTY720 on a human
microglial cell line HMO6.

Methods
Human Microglia Cell Line HMOG6

The HMO6 cell line was established by immortalizing
cultured microglia isolated from human embryonic telen-
cephalon tissues with a retroviral vector PASK1.2 encod-
ing v-myc oncogene (Nagai et al. 2001). HMOG6 cells
express the markers of the microglia/macrophage line-
age cells, including CD11b, CD68, CD86, HLA-ABC,
HLA-DR, and ricinus communis agglutinin lectin-1
(RCA), serving as a model of human microglia both in
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vitro and in vivo (Narantuya et al. 2010). The cells were
maintained in Dulbecco’s Modified Eagle’s medium
(DMEM; Invitrogen, Carlsbad, CA, USA) supplemented
with 10% fetal bovine seram (FBS), 100 U/ml penicillin
and 100 pg/ml streptomycin (feeding medium). Human
neural and non-neural cell lines other than HMOG6 were
described elsewhere. LDH release from cultured cells was
assessed by using a LDH cytotoxicity detection kit (Takara
Bio, Shiga, Japan).

Chemicals

Non-phosphorylated FTY720 (FTY720-non-P; Calbio-
chem, Darmstadt, Germany) and (S)-FTY720 phosphate
(FTY720-P; Echelon Biosciences, Salt Lake City, UT,
USA) were usually dissolved in dimethyl sulfoxide
(DMSO), providing the stock solution at the concentration
of 10 mM. For negative controls, the inclusion of DMSO at
the concentration of 0.1% v/v (1:1000 dilution) was
applied. We found that the solvent alone never induces
apoptosis of HMOG6 at any incubation time. Sphingosine
1-phosphate (SI1P) was obtained form Sigma, St. Louis,
MO, USA. SEW2871, a selective S1P1 agonist and W123,
a competitive S1P1 antagonist were obtained from Cayman
Chemical, Ann Arbor, MI, USA. Suramin, a S1P3/S1P5
inhibitor, Z-DQMD-FMK, a caspase-3 inhibitor, and sim-
vastatin, a HMG-CoA reductase inhibitor were obtained
from Calbiochem. Pertussis toxin (PTX), a Gi protein
inhibitor, was obtained form - Seikagaku Biobusiness,
Tokyo, Japan.

RT-PCR Analysis

Total cellular RNA was extracted by using TRIZOL
(Invitrogen). RNA treated with DNase I was processed for
¢DNA synthesis using oligo(dT),q primers and SuperScript
I reverse transcriptase (Invitrogen). Then, ¢cDNA was
amplified by PCR using HotStar Taq DNA polymerase
(Qiagen, Valencia, CA, USA) and a panel of sense and
antisense primer sets following: 5'aagcgctctttacttggtcge
tgg3’ and 5'tgatctccaccctteccagtgeat3’ for an 189 bp prod-
uct of S1P1; 5'ccacagacctgggtgatgttgd’ and 5'tccecttaaatgetgee
tgeed’ for a 200 bp product of S1P2; Sactttgggctccagagtct
ttc3’ and 5'cattctacgcacaggaaatgtagtg3’ for an 193 bp
product of S1P3; 5'gttgcagtcttgegtgtggatge3’ and 5'ggtgac
catgggaagcccatttgd’ for an 183 bp product of S1P4; 5ag-
ggaatggcatgegeaaagld’ and 5'cttctatggetcecaccteacte3’ for a
200 bp product of S1P5; and 5'ccatgttcgtcatgggtgtgaacca3’
and 5'gccagtagaggceagggatgatgttc3’ for a 251 bp product of
the glyceraldehyde-3-phosphate dehydrogenase (G3PDH)
gene.

For quantitative real-time RT-PCR (qPCR) analysis,
c¢DNA was amplified by PCR in LightCycler ST300

(Roche Diagnostics, Tokyo, Japan) using SYBR Green I
and a panel of sense and antisense primer sets with the
following: 5'tgatcgttccagaagtggecttgg3’ and 5'aactgtegte
ctatgttccecace3’ for an 186 bp product of insulin-induced
gene -1 (INSIG1) and 5'ctgggggtcttcctictatggaag3’ and
S'cacgtcatcctecagactgaccat3’ for an 168 bp product of low
density lipoprotein receptor (LDLR). The expression levels
of target genes were standardized against the levels of
G3PDH, an internal control, detected in corresponding
cDNA samples. All the assays were performed in triplicate.

Microarray Analysis

For microarray analysis, total cellular RNA was isolated by
using the TRIZOL Plus RNA Purification kit (Invitrogen).
The quality of total RNA was evaluated on Agilent 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA).
One hundred ng of total RNA was processed for cRNA
synthesis, fragmentation, and terminal labeling with the
GeneChip Whole Transcript Sense Target Labeling and
Control Reagents (Affymetrix, Santa Clara, CA, USA).
Then, it was processed for hybridization at 45°C for 17 h
with Human Gene 1.0 ST Array that contains 28,869 genes
(Affymetrix). The arrays were washed in the GeneChip
Fluidic Station 450 (Affymetrix), and scanned by the
GeneChip Scanner 3000 7G (Affymetrix).. The raw data
were expressed as CEL files and normalized by the robust
multiarray average (RMA) method with the Expression
Console software version 1.1 (Affymetrix). The annotation
was studied by searching genes on the Database for
Annotation, Visualization, and Integrated Discovery
(DAVID) (david.abce.nciferf.gov) (da Huang et al. 2009).

Molecular Network Analysis

KeyMolnet is a comprehensive knowledgebase that con-
tains the contents on 123,000 relationships among human
genes and proteins, small molecules, diseases, pathways
and drugs, regularly updated, and curated by expert biol-
ogists (Satoh et al. 2009). By importing the list of Entrez
Gene IDs derived from microarray data, KeyMolnet auto-
matically provides corresponding molecules as a node on
networks. Among various network-searching algorithms,
the “neighboring” network-search algorithm selected one
or more molecules as starting points to generate the net-
work of all kinds of molecular interactions around starting
molecules, including direct activation/inactivation, tran-
scriptional activation/repression, and the complex forma-
tion within the designated number of paths from starting
points. The generated network was compared side by side
with 430 human canonical pathways of the KeyMolnet
library. The algorithm counting the number of overlapping
molecular relations between the extracted network and the
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