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ABSTRACT

Liver disorders such as hepatitis, cirrhosis and hepatocellular carcinoma are a
series of the most life threatening diseases along with extensive inflammatory cellular
infiltrations. Macrophage has been proved to be key regulators and initiators of
inflammation, and long non-coding RNAs (IncRNAs) are recommended to play critical
roles in the occurrence and development of a variety of diseases. To uncover the role
of macrophage in liver disorders via IncRNA sequencing method, we first applied a
IncRNA classification pipeline to identify 1247 IncRNAs represented on the Affymetrix
Mouse Genome 430/430A 2.0 array. We then analyzed the IncRNA expression patterns
in a set of previously published gene expression profiles of silica particle exposed
macrophages and liver respectively, and identified and validated sets of differentially
expressed IncRNAs shared by macrophages and liver. The functional enrichment
analysis of these IncRNAs was processed on the basis of their expression signatures,
three aspects including cis, trans and co-acting proteins were proposed. This is the
first time to correlate macrophage with liver disorders via co-expressed IncRNAs. Our
findings indicated that roles of macrophage in liver disorders were double-edged, the
differentially expressed IncRNAs and their corresponding regulatory genes or proteins
may serve as potential diagnostic biomarkers and therapeutic targets.

INTRODUCTION human resources, material resources and financial
resources, what is worse, the number of patients has
been snowballing in recent years [4]. Since there is
still no effective biomarkers for early stage diagnosis
of those diseases, liver cancer, for example, one of the

Long term or acute exposure to silica dust may
cause liver disorders, and a variety of pathological
changes such as inflammatory cellular infiltration,

immune imbalance, and fibrosis may be induced
at the early stage [1]. Consequently, cirrhosis and
hepatocellular carcinoma, which are of serious life
threatening and cannot be reversed once occurred [2,
3], also come into being on the basis of such changes
in the end. Up to now, liver diseases that associated
with dust exposure have caused a significant loss in

most common malignancies worldwide, hold a great
proportion of cancer-related deaths [5]. Mechanistically,
plenty of mononuclear phagocytes primarily
macrophages would aggregate to scavenge foreign bodies
under inflammatory conditions. As suggested by previous
studies, the phagocytosis was the first step in humoral
immune responses and was accompanied by releasing of
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numerous inflammatory factors and cytokines [6]. And
it was also essential in the emergence and development
of many kinds of diseases, including pulmonary fibrosis
[7], tuberculosis [8], silicosis [9], hepatitis [10] and liver
cancer [11]. In addition, macrophages that distributed
in other tissues or organisms can also be transported to
liver via blood circulation [12]. Therefore, it would be of
great significance to figure out the role of macrophage in
liver disorders, which may also contribute to identifying
biomarkers and novel targets for disease early diagnosis.

To date, considerable attentions have been drawn
on long non-coding RNAs (IncRNAs) which have been
identified in many cancers [13-15]. IncRNAs are non-
protein-coding transcripts longer than 200 nucleotides
involved in numerous critical biological processes such as
X chromosome silencing, genomic imprinting, chromosome
modification, transcriptional activation, transcriptional
interference, and nuclear transport [16]. The functional
mechanisms are diversely distributed in patterns of
scaffolds, decoys, guides or signals, and shown as cis or
trans regulation of transcription and post-transcription,
antisense interference, epigenetic modification [17].
However, functions of the majority of IncRNAs have
not been fully explored when compared with non-coding
RNAs less than 200 nucleotides, especially microRNAs,
approximately 19 ~25 nucleotides, which were well studied
and found to be critical factors in daily physiological
activities and diseases [18—20]. With advancements in the
next generation genome sequencing technologies, more and
more evidence suggests that IncRNAs also play important
roles in keeping the normal physiological metabolism,
and the aberrant expression of IncRNAs is associated with
functional disorders [21]. In liver, as indicated by Lanaya
Hanane and colleagues, IncRNAs participate in macrophage
inflammatory response and immune imbalance locally or
systematically, promoting fibroblasts proliferation and
trans-differentiation, tissue fibrosis and cancer metastasis
[22]. The expression of IncRNAs also reflects disease
progression and can potentially serve as predictors in
disease diagnosis and prognosis. For example, metastasis-
associated lung adenocarcinoma transcript | (MALAT1),
the earliest found cancer-related IncRNA, could promote
cancer cells growth in non-small cell lung cancer (NSCLC).
However, the metastatic ability attenuated after inhibiting
the expression of MALAT1 [23]. Another well-studied
IncRNA, X-inactive specific transcript (XIST), could
directly interact with miR-92b and repress each other,
besides, XIST could inhibit hepatocellular carcinoma cell
proliferation and metastasis [24]. In spite of critical roles of
IncRNAs and macrophages in liver diseases, it has not been
investigated that whether aberrantly expressed IncRNAs
shared by macrophage and liver can be used to identify
roles of macrophage in liver diseases. Coincidently, studies
published previously have provided available profiling
data, and the microarray datasets can be achieved from the

Gene Expression Omnibus (GEO). Due to many IncRNA-
specific probes are represented on these commercial arrays,
we can use these existing data to deep sequence expression
signatures of IncRNAs.

In this study, we aimed at profiling the IncRNA
expression signatures in silica exposed macrophages
and liver by analyzing a cohort of previously published
microarray data sets that achieved from the GEO. The
identified differentially expressed IncRNAs were validated
using real time PCR method. Our findings provide novel
information on IncRNA expression profiles that may help
to eclucidate the role of macrophage in liver diseases,
as well as identify potential diagnostic biomarkers and
signaling pathways.

RESULTS

Data sets characteristics

The gene expression data of macrophage and liver
along with their corresponding controls were included
in this study: GSE13005 and GSE30861. The gene
chip GSE13005 contained 21 samples, among which
18 samples were exposed to silica particles, while three
samples in the control group were silica particle non-
exposed. GSE30861 included 35 samples, of theses, 30
samples in the silica particle exposure group as well as
five non-stimulated controls. In the quality control process,
seven samples in GSE13005 and 17 samples in GSE30861
which fell well outside the control limits for both NUSE
metrics and the borderline on the RLE IQR plot were
removed. Consequently, 14 samples (case vs. control:
11 vs. 3) in GSE13005 and 18 samples (case vs. control:
14 vs. 4) in GSE30861 were involved in the further data
mining procedures in this study, and the entire experiment
work flow was summarized in Figure 1.

IncRNA expression profiles on affymetrix mouse
genome 430A/430 2.0 arrays

Based on the NetAffx annotation of the probe sets
and the database of RefSeq and Ensembl annotation of
IncRNAs, 202 probe sets (corresponding to 136 IncRNAs
genes) in GSE13005 were identified. Of these, 34 probe
sets (21 genes) were annotated as IncRNA by both RefSeq
and Ensembl database (Figure 2C), 93 probe sets (62
genes) were annotated only by the RefSeq database,
and 75 probe sets (53 genes) were annotated only by
the Ensembl database. Meaning while, 1364 probe sets
(corresponding to 1113 IncRNA genes) in GSE30861 were
identified, among which 137 probe sets (92 genes) were
annotated as IncRNA by both the RefSeq and the Ensembl
database (Figure 2D), 390 probe sets (238 genes) were
annotated only by the RefSeq database, and 837 probe
sets (783 genes) were annotated only by the Ensembl
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database. Besides, probe sets that were annotated by both
databases but had controversial definitions were excluded
from this study, and the screening results were shown in
Supplementary Tables 1 and 2.

Identification of differentially expressed and
co-expressed IncRNAs

Under conditions pre-set, nine differentially
expressed IncRNAs in macrophages were identified
(4 down-regulated and 5 up-regulated, Supplementary Table 3
and Figure 3B). As for liver, 28 differentially expressed
IncRNAs were identified, among which 18 IncRNAs were
down-regulated, and 10 were up-regulated (Supplementary
Table 3 and Figure 3A). Additionally, IncRNAs such as Rain,
Pvtl, Meg3, 2900097C17Rik, and 1700020114Rik were all
found differentially expressed both in macrophage and liver,
besides, Rain, Pvtl and 1700020114Rik shown a similar
regulatory trend, while Meg3 and 2900097C17Rik were
oppositely regulated (Table 1, Figure 2E, 2F and Figure 3C).
To further investigate the efficiency of the quality control
process, all samples were clustered into two categories using
HCA method, which correctly corresponded to the actual
grouping method. The clustering results were shown in
Figure 2A and 2B.

Enrichment analysis of nearest neighbor genes of
differentially expressed IncRNAs

As a critical component of IncRNA regulatory
mode, the potential cis-regulatory genes of the identified
differentially expressed IncRNAs were predicted. Domains
of 10 kb upstream or downstream of differentially
expressed IncRNAs were investigated, 4 potential
IncRNA targets including Rtl1, Z11981, Chpl, and Oip5
were proposed in this study (Table 2). To further illustrate

Macrophage probe sets annotation

Non-coding RNA (ncRNA)

long non-coding RNA (IncRNA)

Shared IncRNA

their functions, GO analysis was adopted. We found that
Oip5, Chpl, and Rtll were involved in 64 GO items,
which mainly associated with multicellular organism
development, cell division, cell cycle, protein transport,
regulation of NF-kB transcription factor activity and
membrane fusion (Table 3). The results suggested that one
of the principal roles of IncRNAs may be transcriptional
regulation of gene expression in cell proliferation and
tissue inflammation (Supplementary Table 4).

Prediction of co-expressed genes of differentially
expressed IncRNAs

Co-expression analysis was adopted to explore
the potential frans-regulatory targets of differentially
expressed IncRNAs. Under the pre-set conditions (the
correlation coefficient more than or equal to 0.8), a
total number of 287 interaction relationships in silica
stimulated macrophages were detected, including 150
positively correlated trans-regulatory genes and 117
negatively correlated frans-regulatory genes. While in
liver microarrays, 852 interaction relationships were
identified, 610 genes were positively correlated, and
242 genes were negatively correlated (Supplementary
Table 5). The relationship between the first three trans-
regulatory genes and every differentially expressed
IncRNAs that shared by macrophage and liver was
shown in Figure 4.

Results of functional enrichment analysis of the
trans-regulatory genes indicated that the co-expressed
genes in macrophages were enriched in 92 GO items,
three aspects of which were included: biological
process 56 items, cellular components 16 items,
molecular function 20 items. Similarly, 362 GO items
were enriched in liver probe sets (233 under biological
process, 55 under cellular components, 74 under
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Figure 1: Schematic overview of the workflow.
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Table 1: Differently expressed IncRNAs shared by silica exposed macrophages and liver

Ref Regulation
No.  Probe set ID ¢ s.eq Ensembl gene ID Gene symbol Gene title (Macrophage/
transcript ID .
Liver)
ENSMUSG00000097451 . RNA imprinted and
! 1427580_a_at - NR 028261 popni175G00000107391 Rian accumulated in nucleus UP/UP
ENSMUSG00000097451 . RNA imprinted and
2 1428055 at— NR_028261  p\iaMUSG00000107391 Rian accumulated in nucleus UP/UP
3 1427140_at  NR_003368  ENSMUSG00000097039 Pvtl plasmacytoma variant 5y 0y
- - translocation 1
4 1452324 at  NR_003368  ENSMUSG00000097039 Pvtl plasmacytoma variant 1y
- - translocation 1
5 1426758 s at  NR 003633 ENSMUSG00000021268 Meg3 maternally expressed 3 UP/Down
6 1436057 at NR 003633 ENSMUSG00000021268 Meg3 maternally expressed 3 UP/Down
7 1436713 s at  NR 003633 ENSMUSG00000021268 Meg3 maternally expressed 3 UP/Down
8 1439380 x at  NR 003633 ENSMUSG00000021268 Meg3 maternally expressed 3 UP/Down
9 1452183 a at  NR 003633 ENSMUSG00000021268 Meg3 maternally expressed 3 UP/Down
10 1428286 _at NR_024329  ENSMUSGO00000102869  2900097C17Rik RIREN cDNA Down/UP
- - 2900097C17 gene
ENSMUSG00000102869 . RIKEN cDNA
11 1432646 a at  NR 024329 ENSMUSG00000104222 2900097C17Rik 2900097C17 gene Down/UP
12 1430989 a at NR 015473  ENSMUSG00000085438  1700020114Rik RIKEN cDNA Down/Down
- - 1700020114 gene

molecular function). In addition, 6 KEGG pathways were
enriched in macrophages, and 60 items were proposed in
liver. In order to further explore the role of macrophage
in liver disorders, all GO items and KEGG pathways
enriched in different microarrays were compared. As
a result, 35 GO items were proposed, which mainly
distributed in positive regulation of apoptotic process
(G0O:0043065), inflammatory response (GO:0006954)
and immune system process (G0O:0002376). 4 KEGG
pathways including HTLV-I infection (mmu05166),
Influenza A (mmu05164), Osteoclast differentiation
(mmu04380) and Salmonella infection (mmu05132)
were concluded (Supplementary Table 6, Figure 5).
These findings suggested a critical role of macrophage
in liver disorders that associated with silica particle
exposure, and the biological processes and signaling
pathways that included in silica particle stimulation were
similar to virus infectious conditions.

Co-acting proteins enrichment

The RBPDB is a collection of experimental
observations of RNA-binding sites, both in vitro and
in vivo, including 272 proteins as well as 71 binding
profiles in the form of PWMs and sequence logos
that extracted from a total of 1453 in vitro and in vivo

experiments. To investigate the RNA-binding activity of
proteins, the RBPDB was used to map and understand
transcriptional and post-transcriptional networks
and regulatory mechanisms of IncRNAs. In total,
27 proteins were identified via importing sequences
of 5 differentially expressed IncRNAs into RBPDB
respectively, of these, 14 proteins were shared by all
differentially expressed IncRNAs (Supplementary Table
7, Figure 6). Results of functional enrichment analysis
indicated that 8 proteins out of 9 in total including
ELAVLI, KHSRP, RBMX, EIF4B, MBNL1, NONO,
PABPCI1, and Pum2 were associated with biological
processes of mRNA splicing, regulation of translation
and regulation of transcription, corresponding to the
IncRNA regulation mode.

Validation of differentially expressed IncRNAs

All dysregulated IncRNAs that shared by
macrophage and liver were selected and examined for
their expression patterns in silica particle stimulated
macrophages. Consistent with the microarray datasets,
the RT-PCR results confirmed that Meg3 and Rain
were up regulated, while Pvtl, 2900097C17Rik, and
1700020114Rik were down-regulated, suggesting that the
identified IncRNAs were truly expressed, and the pipeline
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used in this study was highly strict in identifying putative
IncRNAs (Figure 7).

DISCUSSION

Over the past decades, IncRNAs have emerged as
critical regulators in numerous diseases such as disorders
in respiration, digestion, urination, hematopoiesis, and
immunity [29]. Discoveries related to IncRNAs have
initiated revolutionary progress in medical development,
and significant developments have been made in profiling
the molecular signatures of macrophage and liver using
gene expression microarray datasets. As proved in many
previous studies, there was extensive inflammatory cellular
infiltration in dust exposed liver tissues, and macrophage
has been validated as one of the most important initiators
of inflammation [30], but roles of macrophage in liver
diseases have not been fully investigated. Recently,

hundreds of IncRNAs that altered expressions have
been discovered in silica particle exposed macrophages
and liver. Therefore, a new way to study the role of
macrophage in liver disorders may emerge via profiling
IncRNAs expressions in different microarray datasets,
which may also contribute to identifying potential
biomarkers for liver disease early diagnosis and treatment.
In this study, to uncover the regulatory pattern of IncRNAs
in macrophage and liver, we investigated the expression
signatures of IncRNAs and analyzed their co-acting
targets along with their functions, signaling pathways, and
validated their expressions using RT-PCR.

With the development of biotechnologies, the next
generation sequencing technology has been widely used in
life scientific research. The GEO, a public gene expression
data repository, offers abundant gene expression samples
shared by previous studies. The Affymetrix Gene Chip was
one of the most commonly used commercial microarrays
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Figure 2: IncRNAs extracted from silica particle exposed macrophages and liver. The results of the hierarchical clustering
analysis in macrophages and liver are shown in (A and B) respectively, each column represents one sample, and each row represents one
IncRNA probe set, the bar colors under the dendrogram represent the sample type: deep blue, control; light blue, case. The up-regulated
(Red) and down-regulated (Green) genes were identified with three pre-set conditions (false discovery rate (FDR) <20%, unfolded change
>2 and p-value < 0.01). (C and D) represent the number of IncRNA annotated by the RefSeq and the Ensembl database in macrophage
and liver respectively. The overlap region represents for IncRNAs shared by two databases. (E) shows the co-expressed IncRNAs between
macrophage and liver. (F) represents the number of differentially expressed IncRNAs in two microarray datasets, 5 IncRNAs in the overlap

region were shared by macrophage and liver.
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in biological sample profiling. The Affymetrix Mouse
Genome 430 2.0 array and its counterpart 430A that used
in this study were re-annotated with NetAffx Annotation
Files and the Ensembl database online. The probe-centric
microarray datasets with the RefSeq and the Ensembl gene
IDs were filtered by IncRNA extraction pipeline, which
proved to be a feasible and attractive method with high
accuracy and low cost, the advances of this pipeline also
embody in practical reliability and simplicity compared
with transcript sequencing analysis. As far as we know,
this is the first time to investigate the role of macrophage
in liver disorders via IncRNA sequencing.

Overall changes of IncRNAs in macrophage and
liver

In this study, we identified a set of differentially
expressed IncRNAs in macrophage and liver (9 vs. 28),
among which 5 IncRNAs were both identified in two
microarray datasets. Compared with non-silica exposure
groups, IncRNA Rain in the silica particle exposure
group was up regulated, Pvtl and 1700020I14Rik were
down-regulated. While Meg3 and 2900097C17Rik were
oppositely regulated between macrophage and liver. Such
differentiations may be caused by biological processes
in which they involved. On the other hand, the different
expressions also signify potential roles of macrophage

A Snhgd+ Hl Control

1700020114Rik 4 SO,
2010320M18Rik
Dleu2+
Snhg104
2700046G09Rik 1
Meg3 4
1110020A21Rik 4
4933404012Rik 4
5033406009RIk 4
2810055G20Rik 4
4833418N0O2RIk A
1700047M11Rik A
4831440E17Rik 1
1500004A 13RIk 4
1700096K18Rik 4
Pvt1 4
3110039M20Rik -
Rian+
§930412G12Rik
C030034122Rik 4
2900079G21Rik 4
Ale622704
2900097C17Rik 4
Snhg14
9430008CO3Rik 4
1110038B12Rik 4
1810058124Rik -

=10 0

Log2 Folded Change

B 2900097C17Rik+
4632415L05Rik
1700020114Rik+

1700018B24Rik

in liver diseases. Although a certain amount of IncRNAs
have been reported to be aberrantly expressed in many
diseases [31-33], studies related to those IncRNAs seldom
concentrated on liver diseases. Pvtl, for example, has
been identified as a candidate oncogene in humans, the
overexpression of this gene was correlated with cancers
of the breast, colorectum, ovary, and even hematological
malignancies [34, 35]. Besides, Pvtl has also been found
to be essential for cardiomyocytes size maintenance and
cardiac hypertrophy development [36]. In this study, Pvtl
was down regulated both in macrophage and liver, the
value of log, folded change in macrophage was —6.0, much
lower than that in liver (—2.8), such significant expression
difference indicated an important role of macrophage in
inhibiting liver disorders. Different with Pvtl, current
studies on Rain that knew as Ras interacting protein 1
(Rasipl) were focused on its roles in regulating vascular
endothelial stability, and some studies indicated that it was
essential for endothelial cell motility, angiogenesis and
vessel formation [37, 38]. The much higher expression
level of Rain in macrophage compared with liver (the
value of log, folded change: 4.2 vs. 3.3) suggested
that liver vascular tubulogenesis and fibrosis may be
induced by macrophage. Another candidate, IncRNA
1700020114Rik that also named as Cyrano was seldom
investigated, and the effect of this gene on embryonic
development was only identified in zebrafish [39].

Il Control
H SO,

Pvt1+
Xist
Rian+

H19+

Meg3+

-10 0 10
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[ Macrophage SiO,
Hl Liver Control

[ Liver SiO;

<
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Figure 3: Differentially expressed IncRNAs. The aberrantly expressed IncRNAs in liver and macrophage along with their
corresponding controls were shown in (A and B) respectively (p < 0.01), IncRNAs both differentially expressed in macrophages and liver
were shown in (C), the log, folded change value was used to estimate the IncRNA expression levels before and after silica particle exposure.
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Table 2: cis regulatory genes within 10 kbs up/down stream of differentially expressed IncRNAs

IncRNA Chr IncRNA IncRNA End Gene Gene Start  Gene End Up/down Gene title
Start symbol stream
Rian chrl2 109603945 109661711 Rl 109589192 109600330  Upstream  cootransposon-
like 1 (Rtl1)
Pvtl chrl5 62037986 62250976  Z11981 62176887 62180977 Overlap ~ M-musculus Pvt-
1 mRNA
Meg3 chrl2 109545398 109568650 NA NA NA NA NA
2900097C17Rik  chr2 156388063 156392979 NA NA NA NA NA
calcineurin-like
1700020114Rik  chr2 119594296 119600744  Chpl 119547706 119587022  Upstream  EF hand protein 1
(Chpl)
1700020114Rik  chr2 119594296 119600744  OipS 119609531 119618505 Downstream _P@ interacting

protein 5 (Oip5)

Note: NA, not available.

However, 1700020114Rik showed a —6.6 and —7.5 folded
change by log, transformation in macrophage and liver
respectively, which may be of great potential in predicting
macrophage effect on liver diseases, thus, the function of
1700020114Rik should be further studied. Another two
candidates, IncRNA MEG3 and 2900097C17Rik that
expressed conversely may explain the protective property
of macrophage in the occurrence and development of liver
disorders. Meg3 was found to be expressed in cancers
and function as negative regulators of growth, cancer
inhibitors [40, 41]. Consistently, it was up regulated with
a log, folded change value of 5.5 in macrophage but
down regulated by —4.9 log, folded change in liver. As for
2900097C17Rik, there are only a few number of available
literatures that had recorded its existence but without
further description and functional investigation [42].
In this study, 2900097C17Rik was down regulated by
—10.4 log, folded change in macrophage and up regulated
by 4.3 log, folded change in liver. Considering the
functional pattern of Meg3, we may conclude that IncRNA
2900097C17Rik is an inhibitory regulator of inflammation
in macrophage but up regulated in liver disease.

Functional enrichment analysis of differentially
expressed IncRNAs shared by macrophage and
liver

In order to identify functional patterns and
signaling pathways related to differentially expressed
IncRNAs shared by macrophage and liver, we processed
bioinformatics analysis including GO analysis, KEGG
enrichment, protein-protein  interaction  network
construction, and Spearman correlation analysis from
three aspects of cis regulation, trans regulation, and co-
acting protein complex regulation. Firstly, cis regulatory
genes distributed in the domain of 10 kb upstream or
downstream of differentially expressed IncRNAs were
investigated. For example, Rtll that corresponded to

IncRNA Rain was mainly involved in the biological
process of cell cycle (GO: 0007049) and cell division (GO:
0051301). Oip5 and Chpl that associated with IncRNA
1700020114Rik participate in protein transportation (GO:
0015031), regulation of NF-kappaB transcription factor
activity (GO: 0032088), and multicellular organism
development (GO: 0007275). In consistent with previous
studies, Rtll along with paternally expressed 11 (Pegll)
were involved in the maintenance of fetal capillaries, it
would cause fetal lethality or late fetal growth retardation
in the absence of Rtll/Pegll [43], but the regulatory
mechanisms are still not clear. Thus, the cis regulatory
pattern such as Rain-Rtl1 that first concluded from this
study may provide new sights on the explanation of
vascular anomaly, which widely distributed in liver
disorders. Moreover, Oip5 was previously proved to be
associated with adipose proliferation and was found
up regulated in obesity [44]. Chpl was required for
axon degeneration in many neurodegenerative diseases
[45], and Chp2, the homologous gene of Chpl, could
enhance the oncogenic potential of HEK293 cells through
activating the calcineurin/nuclear factor signaling pathway
in activated T cells [46]. Consequently, the occurrence and
development of cirrhosis and hepatocellular carcinoma
may be regulated by 1700020114Rik- Oip5 and-Chp
interactions.

Secondly, to elucidate potential mechanisms
related to IncRNA-trans regulatory genes, a Spearman
coefficient >0.8 was used to screen such genes. GO items
shared by macrophage and liver were mainly involved in
positive regulation of B cell proliferation (GO: 0030890),
positive regulation of apoptotic process (GO: 0043065),
and apoptotic process (GO: 0006915). The co-expressed
genes such as Mef2c and Gadd45b were also identified.
As described in other studies, the up regulation of Mef2c
promotes invasion and metastasis of pancreatic ductal
adenocarcinoma [47]. Moreover, Mef2c played double-
edged roles in hepatocellular carcinoma, which could
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Table 3: Functional enrichment terms shared by macrophages and liver

Gene count Fold enrichment score
No. Category Term - - Shared Genes
Macrophage Liver  Macrophage  Liver
1 Biological Process ~ G0O:0032570 3 5 8.78 4.26 NA
2 Biological Process ~ GO:0030890 4 6 8.17 3.56 MEF2C
3 Biological Process ~ GO:0006974 14 28 2.93 1.7 NA
4 Biological Process ~ G0:0042493 11 26 2.85 1.96 CROT
5 Biological Process  G0O:0043065 9 29 2.36 2.21 GADD45B
6 Biological Process ~ GO:0006915 15 50 2.31 2.24 MEFngi?A])lD45B’
7 Biological Process ~ G0O:0000122 18 41 2.17 1.44 MEF2C, MXDl1
8 Biological Process  G0O:0045944 22 66 1.94 1.69 MEF2C, NFATC3
Biological Process ~ G0O:0007049 13 36 1.86 1.5 MIS12
10 Cellular Component GO:0016605 9 4.55 2.48 NA
11 Cellular Component GO:0000790 16 3.07 1.85 MXDI1
12 Cellular Component GO:0005789 16 45 1.97 1.67 FADSS]’QI]’)?E? 17,
13 Cellular Component  GO:0005783 25 64 1.65 1.28 ;‘;j}? 1(:73’ ’5%3581\13
MEF2C, SPATA13,
14 Cellular Component GO:0005737 99 340 1.3 1.36 S:l[:())(}l);BI:}éIZSDI]{)IA)ég?’
NFATC3, DRAMI1
15 Molecular Function GO:0001077 8 23 2.57 2.14 MEF2C, NFATC3
. MEF2C, MXD1,
16  Molecular Function  GO:0000978 10 27 2.42 1.89 NFATC3
. MEF2C, TOP2B,
17 Molecular Function  GO:0003682 11 32 2.05 1.72 NFATC3
18  Molecular Function GO:0008270 22 58 1.78 1.35 LPP, ERI2
MEF2C, FBXO021,
19  Molecular Function  GO:0003677 37 93 1.74 1.26 TOP2B, NFATC3,
MXD1
20  Molecular Function GO:0016740 26 75 1.53 1.28 CROT
MEF2C, MXD1,
21 Molecular Function  GO:0005515 70 242 1.48 1.48 GADD45B, CSF1,
ITM2B, NFATC3, LPP
22 KEGG Pathway mmu05132 4 10 4.26 2.84 CXCL2
23 KEGG Pathway mmu04380 5 14 3.29 2.46 CSF1
24 KEGG Pathway mmu05164 6 25 291 3.23 NA
25 KEGG Pathway mmu05166 9 21 2.69 1.67 NFATC3

Note: NA, not avaliable.

mediate VEGF-induced malignancy enhancement and also
inhibit hepatoma carcinoma cells proliferation through
blockade of Wnt/B-catenin signaling [48]. Additionally,
results of the KEGG pathway enrichment indicated that
signaling pathways involved in silica particle stimulation
were similar to bacterial or viral infections. Accordingly,

Mef2c and Gadd45b, corresponding to IncRNA
2900097C17Rik, may be involved in liver diseases in a
bacterial or viral response-like manner.

Finally, we imported all sequences of differentially
expressed IncRNAs into RBPDB to predict protein
binding sites by PWMs. Protein MBNL1, which was
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Figure 4: The correlations between differentially expressed IncRNAs and trans-regulatory genes. The first three frans-
regulatory genes along with their corresponding differentially expressed IncRNAs were used to construct correlative plots, and the 95%
confidence intervals of every correlation were shown in the shadow of different colors (A) macrophage, gray; (B) liver, pink.
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Figure 7: Validation of differentially expressed IncRNAs in silica particle exposed macrophages. In GSE13005 microarray
data set, the log, folded change value of each differentially expressed IncRNA was shown in red color with a solid line, refering to the
left Y axis. The up/down regulated IncRNAs were divied by the solid line (¥ = 0), IncRNA Meg3 (A) and Rain (B) were up regulated
(p < 0.01), while Pvtl (C), 1700020114Rik (D), and 2900097C17Rik (E) were down regulated (» < 0.01). Consistently, the IncRNAs
involved in macrophages that exposed to a concentration of 100 pg/ml silica particles (3 samples in parallel per IncRNA) shown the
same expression trend as RNA-Seq (the p valves of A—E were < 0.001, < 0.001, 0.002, 0.003, and < 0.001 respectively), and the relative
expression levels of the selected IncRNAs were shown in blue color with a dotted line (right Y axis, Y= 1).
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co-acted by all differentially expressed IncRNAs, was
found in human breast cancer and colorectal cancer [49].
In detail, MBNLI could suppress cancer metastasis via
binding to the 3’ untranslated regions (UTRs) of DBNL
in breast and contribute to the carcinogenesis in the form
of miRNA-MBNLI in colorectum [50]. Other proteins
such as ELAVL1, KHSRP, RBMX, EIF4B, NONO,
PABPC1 and PUM?2 were predicted to be transcriptional
or post-transcriptional regulators. However, to our best
knowledge, the protein-IncRNA interactions identified in
this study have never been investigated.

In conclusion, we have identified and validated 5
differentially expressed IncRNAs that shared by silica
particle exposed macrophages and liver in this study.
Functional enrichment analysis of the aberrantly expressed
IncRNAs suggested that macrophage plays important roles
in the occurrence and development of liver diseases, the
IncRNA regulatory patterns such as cis, trans regulatory
genes and co-acting proteins were predicted to be of great
potential in elucidating mechanisms of liver disorders.
Besides, some linkages between IncRNAs and the
potential regulatory genes or proteins were established
for the first time, which would help to identify potential
biomarkers and therapeutic targets in the diagnosis and
prognosis of liver diseases, but further studies are still
needed to provide evidence for the hypotheses that raised
in this study in the future.

MATERIALS AND METHODS

GEO macrophage and liver gene expression data

Silica particle exposed macrophage and liver gene
expression data were obtained from the GEO, which is
publicly available. To compare the IncRNA expression
signatures between macrophage and liver, two panels
of macrophage and liver gene expression data sets
were included in this study: GSE13005 and GSE30861.
The raw files of these two data sets, which were based
on the Affymetrix Mouse Genome 430A 2.0 platform
and 430 2.0 platform, were downloaded from the GEO.
Considering the lower expression level of IncRNAs when
compared with protein-coding genes, the data quartile
normalization, background adjustment, and summarization
were processed using the Robust Multichip Average
software (RMA, 1.2.0 In Development). The software
provides more consistent estimates of fold-changes than
other bioinformatics tools and has been shown to be an
effective measurement tool for IncRNA profiling data
[25]. In order to gain more reliable datasets, interquartile
range and median of normalized unscaled standard error
(NUSE) and relative log expression (RLE) were also
used to process quality control, expression values that fell
outside the control limits for both NUSE metrics and RLE
metrics were removed from the downstream analysis. With
this, a set of probe ID-centric gene expression values was
obtained.

IncRNA classification pipeline

To evaluate the IncRNA expressions in the probe
ID-centric macrophage and liver gene expression datasets,
we adopted the IncRNA classification pipeline which had
been previously described to identify IncRNAs represented
on the Affymetrix Genome array [26]. Briefly, the probe
set IDs of the Affymetrix Mouse Genome 430A 2.0 and
430 2.0 platform were mapped to the NetAffx Annotation
Files (Mouse430A 2.0 Annotations, CSV format, release
35, 10/07/14 and Mouse430 2.0 Annotations, CSV format,
release 35, 10/7/14, available on the Affymetrix official
website: http://www.affymetrix.com), then the annotated
probe ID-centric gene expression datasets were extracted,
and the new data set included the probe set ID, gene
symbol, gene title, Ensembl gene ID, RefSeq transcript
ID. Second, we only retained probes that labeled as
“NR_” in the RefSeq transcripts IDs annotation column
and “lincRNA,” “processed_transcript,” “macro_IncRNA”
or “misc_ RNA” in Ensembl gene IDs annotation column,
labels reserved in this step indicates non-coding RNAs in
the RefSeq database and the Ensembl database. Third, the
probe sets obtained in step 2 were further filtered using
“transcript type” item in Ensembl database, probe sets with
annotations including pseudogenes, rRNAs, microRNAs
or other short RNAs (tRNAs, snRNAs, and snoRNAs)
were removed. Finally, 202 annotated IncRNA transcripts
with corresponding Affymetrix probe IDs in macrophage
were generated, while 1364 annotated IncRNA transcripts
in liver were extracted.

Differentially expressed IncRNAs screening and
functional enrichment

Gene-e software was used to determine the
differentially expressed IncRNAs between the silica
exposure group and the control group. The hierarchical
clustering analysis (HCA) was performed among samples
or IncRNAs with the average linkage method respectively,
and three conditions were set for differentially expressed
IncRNAs screening: false discovery rate (FDR) < 20%,
unfolded change > 2 and p-value < 0.01. Gene ontology (GO)
analysis and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment were conducted under the
pre-set conditions (thresholds account > 2 and ease score £
0.1) with DAVID 6.8 online (https://david.ncifcrf.gov/). For
functional enrichment analysis, GO analysis was processed to
organize genes into categories of biological process, cellular
component, and molecular function, while KEGG pathway
enrichment was used to identify corresponding signaling
pathways of differentially expressed IncRNAs.

Prediction of co-operational cis- or trans-
regulatory gene targets and proteins

The coding genes that distributed in the domain
of 10kb upstream or downstream of the identified

www.impactjournals.com/oncotarget

Oncotarget



differentially expressed IncRNAs were considered as
potential cis-acting targets. The trans-acting genes were
identified using co-expression analysis, the Spearman
rank correlation coefficients between the differentially
expressed IncRNAs and protein coding genes were
calculated and used to determine potential trans-acting
genes (absolute value > 0.8). Moreover, genes predicted
by cis- or trans-acting processes were used to form a gene
list for functional enrichment analysis. Proteins involved
in IncRNA-protein complexes were predicted by the
RNA-Binding Protein DataBase (RBPDB), which was
based on a wide variety of cellular processes including
transcription, RNA splicing and processing, localization,
stability and translation [27].

Cell culture and silica exposure

Silica particles (purity ~99%, particle size 0.5—
10 um) used to stimulate macrophages were produced by
Sigma-Aldrich Co. LLC., USA. The murine macrophage
cell line RAW264.7 cells were obtained from the National
Infrastructure of Cell Line Resource, China. These cells
were grown in DMEM medium with 10% fetal bovine
serum (FBS) and a humidified air supplemented with
5% CO, at 37°C. After culturing for three passages, the
complete medium was replaced by FBS free DMEM
medium or 100 pg/ml SiO, containing FBS free DMEM
medium, 24 hours later, cells were harvested and preserved
at —80°C for further use.

Real time PCR for differentially expressed
IncRNAs validation

According to the manufacturer’s instruction,
total RNA of macrophages was extracted and reverse-
transcribed into cDNAs, the RNA concentration was
measured using NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA), and
the method used for cDNA amplification was used as
previously described [28], the relative IncRNA expression
level was calculated using AACt method. GADPH was
selected as an endogenous reference transcript. All
IncRNA expression values were normalized according
to the GADPH expressions. Primers for differentially
expressed IncRNAs were designed using Primer-BLAST
online which is available at https://www.ncbi.nlm.nih.gov/
tools/primer-blast and listed in Supplementary Table 8.

Statistical analysis

All data were analyzed by SAS version 9.2 for
windows (SAS Institute Inc., Cary, NC, USA). Continuous
variables with normal distribution were shown as mean
+ standard error of the mean (SEM). The correlation
between the IncRNA expression and the protein coding
gene were assessed by Spearman rank correlation analysis,

and genes were considered statistically significant if the
correlation p value less than 0.05. The position weight
matrices (PWMs) and sequence logos with a relative score
more than or equal to 80% were used to identify IncRNA
binding proteins. Student’s z-test was used to compare
IncRNA expressions before and after silica stimulation.
A p value less than 0.05 was considered as statistically
significant unless otherwise indicated.

ACKNOWLEDGMENTS

We thank the members of the basic medical college,
Zhengzhou University for their comments and suggestions
and also the anonymous reviewers who made valuable
suggestions that improved the quality of the presentation.

CONFLICTS OF INTEREST

The authors report no conflicts of interest.

FUNDING

This work was supported by the Natural Science
Foundation of China [81273039, 81472954].

REFERENCES

Magdaleno F, Arriazu E, Ruiz de Galarreta M, Chen Y,
Ge X, Conde de la Rosa L, Nieto N. Cartilage oligomeric
matrix protein participates in the pathogenesis of
liver fibrosis. J Hepatol. 2016; 65:963-71. https:/doi.
org/10.1016/j.jhep.2016.06.003.

Ramakrishna G, Rastogi A, Trehanpati N, Sen B, Khosla
R, Sarin SK. From cirrhosis to hepatocellular carcinoma:
new molecular insights on inflammation and cellular
senescence. Liver Cancer. 2013; 2:367-83. https:/doi.
org/10.1159/000343852.

Lin MV, King LY, Chung RT. Hepatitis C virus-associated
cancer. Annu Rev Pathol. 2015; 10:345-70. https:/doi.
org/10.1146/annurev-pathol-012414-040323.

Miller KD, Siegel RL, Lin CC, Mariotto AB, Kramer JL,
Rowland JH, Stein KD, Alteri R, Jemal A. Cancer treatment
and survivorship statistics, 2016. CA Cancer J Clin. 2016;
66:271-89. https:/doi.org/10.3322/caac.21349.

Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016.
CA Cancer J Clin. 2016; 66:7-30. https:/doi.org/10.3322/
caac.21332.

Van den Bossche J, O’Neill LA, Menon D. Macrophage
Immunometabolism: Where Are We (Going)? Trends
Immunol. 2017; 38:395-406. https:/doi.org/10.1016/].
it.2017.03.001.

Murthy S, Larson-Casey JL, Ryan AJ, He C, Kobzik L,
Carter AB. Alternative activation of macrophages and
pulmonary fibrosis are modulated by scavenger receptor,

www.impactjournals.com/oncotarget

114977

Oncotarget



10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

macrophage receptor with collagenous structure. FASEB J.
2015;29:3527-36. https:/doi.org/10.1096/1j.15-271304.
Shen P, Li Q, Ma J, Tian M, Hong F, Zhai X, Li J, Huang
H, Shi C. IRAK-M alters the polarity of macrophages to
facilitate the survival of Mycobacterium tuberculosis.
BMC Microbiol. 2017; 17:185. https:/doi.org/10.1186/
s12866-017-1095-2.

Li J, Yao W, Zhang L, Bao L, Chen H, Wang D, Yue Z,
Li Y, Zhang M, Hao C. Genome-wide DNA methylation
analysis in lung fibroblasts co-cultured with silica-exposed
alveolar macrophages. Respir Res. 2017; 18:91. https:/doi.
org/10.1186/s12931-017-0576-z.

Trepo C, Chan HL, Lok A. Hepatitis B virus infection.
Lancet. 2014; 384:2053—63. https:/doi.org/10.1016/
S0140-6736(14)60220-8.

Tacke F. Targeting hepatic macrophages to treat liver
diseases. J Hepatol. 2017; 66:1300—12. https:/doi.
org/10.1016/j.jhep.2017.02.026.

Duan X, Li Y. Physicochemical characteristics of
nanoparticles affect circulation, biodistribution, cellular
internalization, and trafficking. Small. 2013; 9:1521-32.
https:/doi.org/10.1002/smll.201201390.

Tian H, Zhou C, Yang J, LiJ, Gong Z. Long and short noncoding
RNAs in lung cancer precision medicine: Opportunities and
challenges. Tumour Biol. 2017; 39:1010428317697578. https:/
doi.org/10.1177/1010428317697578.

Iranpour M, Soudyab M, Geranpayeh L, Mirfakhraie R,
Azargashb E, Movafagh A, Ghafouri-Fard S. Expression
analysis of four long noncoding RNAs in breast cancer.
Tumour Biol. 2016; 37:2933—40. https:/doi.org/10.1007/
s13277-015-4135-2.

Martens-Uzunova ES, Bottcher R, Croce CM, Jenster G,
Visakorpi T, Calin GA. Long noncoding RNA in prostate,
bladder, and kidney cancer. Eur Urol. 2014; 65:1140-51.
https:/doi.org/10.1016/j.eururo.2013.12.003.

Quinn JJ, Chang HY. Unique features of long non-coding
RNA biogenesis and function. Nat Rev Genet. 2016; 17:47—
62. https:/doi.org/10.1038/nrg.2015.10.

Atianand MK, Caffrey DR, Fitzgerald KA.
Immunobiology of Long Noncoding RNAs. Annu Rev
Immunol. 2017; 35:177-98. https:/doi.org/10.1146/
annurev-immunol-041015-055459.

Di Leva G, Garofalo M, Croce CM. MicroRNAs in cancer.
Annu Rev Pathol. 2014; 9:287-314. https:/doi.org/10.1146/
annurev-pathol-012513-104715.

O’Connell RM, Rao DS, Baltimore D. microRNA
regulation of inflammatory responses. Annu Rev
Immunol. 2012; 30:295-312. https:/doi.org/10.1146/
annurev-immunol-020711-075013.

Sayed D, Abdellatif M. MicroRNAs in development
and disease. Physiol Rev. 2011; 91:827-87. https:/doi.
org/10.1152/physrev.00006.2010.

Schmitz SU, Grote P, Herrmann BG. Mechanisms of long
noncoding RNA function in development and disease. Cell

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Mol Life Sci. 2016; 73:2491-509. https:/doi.org/10.1007/
s00018-016-2174-5.

Lanaya H, Natarajan A, Komposch K, Li L, Amberg
N, Chen L, Wculek SK, Hammer M, Zenz R, Peck-
Radosavljevic M, Sieghart W, Trauner M, Wang H, et al.
EGFR has a tumour-promoting role in liver macrophages
during hepatocellular carcinoma formation. Nat Cell Biol.
2014; 16:972—7. https:/doi.org/10.1038/ncb3031.

Schmidt LH, Spieker T, Koschmieder S, Schaffers S,
Humberg J, Jungen D, Bulk E, Hascher A, Wittmer D,
Marra A, Hillejan L, Wiebe K, Berdel WE, et al. The long
noncoding MALAT-1 RNA indicates a poor prognosis
in non-small cell lung cancer and induces migration and
tumor growth. J Thorac Oncol. 2011; 6:1984-92. https:/doi.
org/10.1097/JTO.0b013e3182307eac.

Zhuang LK, Yang YT, Ma X, Han B, Wang ZS, Zhao QY,
Wu LQ, Qu ZQ. MicroRNA-92b promotes hepatocellular
carcinoma progression by targeting Smad7 and is mediated
by long non-coding RNA XIST. Cell Death Dis. 2016;
7:€2203. https:/doi.org/10.1038/cddis.2016.100.

Yang F, Zhang L, Huo XS, Yuan JH, Xu D, Yuan SX, Zhu
N, Zhou WP, Yang GS, Wang YZ, Shang JL, Gao CF,
Zhang FR, et al. Long noncoding RNA high expression in
hepatocellular carcinoma facilitates tumor growth through
enhancer of zeste homolog 2 in humans. Hepatology. 2011;
54:1679-89. https:/doi.org/10.1002/hep.24563.

Zhang X, Sun S, Pu JK, Tsang AC, Lee D, Man VO,
Lui WM, Wong ST, Leung GK. Long non-coding RNA
expression profiles predict clinical phenotypes in glioma.
Neurobiol Dis. 2012; 48:1-8. https:/doi.org/10.1016/j.
nbd.2012.06.004.

Cook KB, Kazan H, Zuberi K, Morris Q, Hughes TR.
RBPDB: a database of RNA-binding specificities. Nucleic
Acids Res. 2011; 39:D301-8. https:/doi.org/10.1093/nar/
gkq1069.

Zhang L, He YL, Li QZ, Hao XH, Zhang ZF, Yuan
JX, Bai YP, Jin YL, Liu N, Chen G, Yun X, Yao SQ.
N-acetylcysteine alleviated silica-induced lung fibrosis
in rats by down-regulation of ROS and mitochondrial
apoptosis signaling. Toxicol Mech Methods. 2014; 24:212—
9. https:/doi.org/10.3109/15376516.2013.879974.

Zhang X, Tang X, Liu K, Hamblin MH, Yin KJ. Long
Noncoding RNA Malatl Regulates Cerebrovascular
Pathologies in Ischemic Stroke. J Neurosci. 2017; 37:1797—
806. https:/doi.org/10.1523/INEUROSCI.3389-16.2017.
Tan-Garcia A, Wai LE, Zheng D, Ceccarello E, Jo J,
Banu N, Khakpoor A, Chia A, Tham CYL, Tan AT,
Hong M, Keng CT, Rivino L, et al. Intrahepatic CD206+
macrophages contribute to inflammation in advanced viral-
related liver disease. J Hepatol. 2017; 67:490-500. https:/
doi.org/10.1016/j.jhep.2017.04.023.

Rahman MS, Murphy AJ, Woollard KJ. Effects of
dyslipidaemia on monocyte production and function in
cardiovascular disease. Nat Rev Cardiol. 2017; 14:387—400.
https:/doi.org/10.1038/nrcardio.2017.34.

WWw

.impactjournals.com/oncotarget

114978

Oncotarget



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Smith TD, Nagalla RR, Chen EY, Liu WF. Harnessing
macrophage plasticity for tissue regeneration. Adv Drug
Deliv Rev. 2017. https:/doi.org/10.1016/j.addr.2017.04.012.

Tsuchida T, Friedman SL. Mechanisms of hepatic stellate
cell activation. Nat Rev Gastroenterol Hepatol. 2017;
14:397-411. https:/doi.org/10.1038/nrgastro.2017.38.

Ozawa T, Matsuyama T, Toiyama Y, Takahashi N, Ishikawa
T, Uetake H, Yamada Y, Kusunoki M, Calin G, Goel A.
CCAT1 and CCAT?2 long noncoding RNAs, located within
the 8q.24.21 ‘gene desert’, serve as important prognostic
biomarkers in colorectal cancer. Ann Oncol. 2017; 28:1882—
8. https:/doi.org/10.1093/annonc/mdx248.

Guan Y, Kuo WL, Stilwell JL, Takano H, Lapuk AV,
Fridlyand J, Mao JH, Yu M, Miller MA, Santos JL, Kalloger
SE, Carlson JW, Ginzinger DG, et al. Amplification of
PVT1 contributes to the pathophysiology of ovarian and
breast cancer. Clin Cancer Res. 2007; 13:5745-55. https:/
doi.org/10.1158/1078-0432.CCR-06-2882.

Yu YH, Hu ZY, Li MH, Li B, Wang ZM, Chen SL. Cardiac
hypertrophy is positively regulated by long non-coding
RNA PVTI. Int J Clin Exp Pathol. 2015; 8:2582-9.

Koo Y, Barry DM, Xu K, Tanigaki K, Davis GE, Mineo
C, Cleaver O. Rasipl is essential to blood vessel stability
and angiogenic blood vessel growth. Angiogenesis. 2016;
19:173-90. https:/doi.org/10.1007/s10456-016-9498-5.
Wilson CW, Ye W. Regulation of vascular endothelial
junction stability and remodeling through Rapl-Rasipl
signaling. Cell Adh Migr. 2014; 8:76-83. https:/doi.
org/10.4161/cam.28115.

Tanaka TS, Jaradat SA, Lim MK, Kargul GJ, Wang X,
Grahovac MJ, Pantano S, Sano Y, Piao Y, Nagaraja R,
Doi H, Wood WH 3rd, Becker KG, et al. Genome-wide
expression profiling of mid-gestation placenta and embryo
using a 15,000 mouse developmental cDNA microarray.
Proc Natl Acad Sci U S A. 2000; 97:9127-32. https:/doi.
org/10.1073/pnas.97.16.9127.

Mezzomo LC, Gonzales PH, Pesce FG, Kretzmann Filho
N, Ferreira NP, Oliveira MC, Kohek MB. Expression of cell
growth negative regulators MEG3 and GADD45gamma is
lost in most sporadic human pituitary adenomas. Pituitary.
2012; 15:420-7. https:/doi.org/10.1007/s11102-011-0340-1.
Xia'Y, He Z, Liu B, Wang P, Chen Y. Downregulation of
Meg3 enhances cisplatin resistance of lung cancer cells
through activation of the WNT/beta-catenin signaling
pathway. Mol Med Rep. 2015; 12:4530-7. https:/doi.
org/10.3892/mmr.2015.3897.

Katayama S, Tomaru Y, Kasukawa T, Waki K, Nakanishi
M, Nakamura M, Nishida H, Yap CC, Suzuki M, Kawai

43.

44.

45.

46.

47.

48.

49.

50.

J, Suzuki H, Carninci P, Hayashizaki Y, et al. Antisense
transcription in the mammalian transcriptome. Science.
2005; 309:1564—6. https:/doi.org/10.1126/science.1112009.

Kitazawa M, Tamura M, Kaneko-Ishino T, Ishino F. Severe
damage to the placental fetal capillary network causes
mid- to late fetal lethality and reduction in placental size in
Pegl1/Rtl1 KO mice. Genes Cells. 2017; 22:174-88. https:/
doi.org/10.1111/gtc.12465.

Inoue K, Maeda N, Mori T, Sekimoto R, Tsushima Y,
Matsuda K, Yamaoka M, Suganami T, Nishizawa H, Ogawa
Y, Funahashi T, Shimomura I. Possible involvement of Opa-
interacting protein 5 in adipose proliferation and obesity.
PLoS One. 2014; 9:e87661. https:/doi.org/10.1371/journal.
pone.0087661.

Liu 'Y, Zaun HC, Orlowski J, Ackerman SL. CHP1-mediated
NHEL1 biosynthetic maturation is required for Purkinje cell
axon homeostasis. J Neurosci. 2013; 33:12656—69. https:/
doi.org/10.1523/JNEUROSCI.0406-13.2013.

Li GD, Zhang X, Li R, Wang YD, Wang YL, Han KJ, Qian
XP, Yang CG, Liu P, Wei Q, Chen WF, Zhang J, Zhang Y.
CHP?2 activates the calcineurin/nuclear factor of activated
T cells signaling pathway and enhances the oncogenic
potential of HEK293 cells. J Biol Chem. 2008; 283:32660—
8. https:/doi.org/10.1074/jbc.M806684200.

Zhang JJ, Zhu Y, Xie KL, Peng YP, Tao JQ, Tang J, Li Z,
Xu ZK, Dai CC, Qian ZY, Jiang KR, Wu JL, Gao WT,
et al. Yin Yang-1 suppresses invasion and metastasis of
pancreatic ductal adenocarcinoma by downregulating
MMP10 MUC4/ErbB2/p38/MEF2C-dependent
mechanism. Mol Cancer. 2014; 13:130. https:/doi.
org/10.1186/1476-4598-13-130.

Bai XL, Zhang Q, Ye LY, Liang F, Sun X, Chen Y, Hu QD,
Fu QH, Su W, Chen Z, Zhuang ZP, Liang TB. Myocyte
enhancer factor 2C regulation of hepatocellular carcinoma

in a

via vascular endothelial growth factor and Wnt/beta-
catenin signaling. Oncogene. 2015; 34:4089-97. https:/doi.
org/10.1038/onc.2014.337.

Fish L, Pencheva N, Goodarzi H, Tran H, Yoshida M,
Tavazoie SF. Muscleblind-like 1 suppresses breast cancer
metastatic colonization and stabilizes metastasis suppressor
transcripts. Genes Dev. 2016; 30:386-98. https:/doi.
org/10.1101/gad.270645.115.

Tang R, Qi Q, Wu R, Zhou X, Wu D, Zhou H, Mao Y, Li
R, Liu C, Wang L, Chen W, Hua D, Zhang H, et al. The
polymorphic terminal-loop of pre-miR-1307 binding
with MBNL1 contributes to colorectal carcinogenesis via
interference with Dicer] recruitment. Carcinogenesis. 2015;
36:867-75. https:/doi.org/10.1093/carcin/bgv066.

www.impactjournals.com/oncotarget

114979

Oncotarget



