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Abstract

The constitutive androstane receptor (CAR; NR113) is a member of the nuclear receptor
superfamily that functions as a xenosensor, serving to regulate xenobiotic detoxification, lipid
homeostasis and energy metabolism. CAR activation is also a key contributor to the development
of chemical hepatocarcinogenesis in mice. The underlying pathways affected by CAR in these
processes are complex and not fully elucidated. microRNAs (miRNAS) have emerged as critical
modulators of gene expression and appear to impact many cellular pathways, including those
involved in chemical detoxification and liver tumor development. In this study, we used deep
sequencing approaches with an Illumina HiSeq platform to differentially profile microRNA
expression patterns in livers from wild type C57BL/6J mice following CAR activation with the
mouse CAR-specific ligand activator, 1,4-bis-[2-(3,5,-dichloropyridyloxy)] benzene (TCPOBOP).
Bioinformatic analyses and pathway evaluations were performed leading to the identification of 51
miRNAs whose expression levels were significantly altered by TCPOBOP treatment, including
mmu-miR-802-5p and miR-485-3p. Ingenuity Pathway Analysis of the differentially expressed
microRNAS revealed altered effector pathways, including those involved in liver cell growth and
proliferation. A functional network among CAR targeted genes and the affected microRNAs was
constructed to illustrate how CAR modulation of microRNA expression may potentially mediate
its biological role in mouse hepatocyte proliferation.
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Introduction

The CAR receptor (NR1I3) is a xenosensor that regulates biotransformation function and
many physiological processes, including lipid metabolism, glucose metabolism, hormonal
regulation, cell growth and apoptosis [24,26,58,61]. CAR is unusual among nuclear
receptors in that it is constitutively active in the absence of any ligand and primarily
expressed in liver hepatocytes. The receptor’s activity is modulated through chemical
interactions which serve to release the receptor from a cytoplasmic tethering complex,
allowing its translocation to the nucleus. A wide range of chemicals can alter CAR activity,
including direct receptor ligand activators, inverse receptor agonists as well as indirect CAR
activators [23,27,44]. CAR modulators vary in structure and origin and certain CAR ligands
function in a species-specific manner. CITCO (6-(4-chlorophenyl)imidazo[2,1-b]
[1,3]thiazole-5-carbaldehydeO-(3,4-dichlorobenzyl)oxime) is a direct human-specific CAR
ligand [31], whereas TCPOBOP (1,4-bis[2-(3,5-dichloropyridyloxy)]benzene) is a direct
mouse-specific CAR ligand [42,57]. In contrast, phenobarbital (PB) is an indirect activator
of human, mouse and rat CAR [37,53]. Indirect CAR activators function through a signaling
network, triggering the dephosphorylation of CAR and its subsequent nuclear translocation
[36,67]. In the nucleus, CAR heterodimerizes with RXR and interacts with DNA targets to
regulate gene expression networks that modulate downstream cellular biology [15,38].

Activation or alteration of CAR signaling may contribute to the development of liver
hyperplasia and hepatomegaly [19,46], although species differences in these responses
among rodents and humans have been reported [46,63]. Biological implications of CAR
function also likely impact pathophysiological processes including cholestatic liver disease
[25,68], hyperbilirubinemia [18], and obesity and type Il diabetes [10,14]. Thus, given its
central role as a xenosensor, CAR signaling pathways impinge upon a variety of disease
scenarios.

MicroRNAs (miRNAs) are small noncoding RNAs that are increasingly recognized for their
important regulatory roles as regulators of gene expression and modulators of many critical
processes, including cell proliferation, apoptosis, organ development, metabolism,
inflammation, and cancer [21,35,47]. In these respects, detection of certain miRNAs in
tissues or in body fluids has been advanced as diagnostic markers for various disease states
[21,32,69]. Given their reported roles as regulators of xenobiotic detoxification, liver
development, and liver cancer, the biological functions of hepatic miRNAs have been
actively investigated [6,17]. For example, miR-122, a liver-specific miRNA, was suggested
as a diagnostic marker for hepatocellular carcinoma (HCC) [30]. Its expression is down-
regulated in HCC [8,56], and the restoration of miR-122 expression decreased
tumorigenesis, angiogenesis and intrahepatic metastasis in mouse HCC models [56].

A limited number of studies have implicated CAR as a regulator of miRNA expression. For
example, Shizu and co-workers reported that PB-induced CAR activation down-regulated
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the expression of hepatic miR-122 [49]. Takwi et al reported an apparent inverse correlation
of miR-137 and CAR expression in parental and doxorubicin-resistant neuroblastoma cells
[55]. However, the potential interrelationships of CAR activation with miRNA regulation in
liver cancer progression remains poorly understood. In the current study, we used deep
sequencing methodologies to differentially profile the miRNA populations in liver tissue
from mice comparatively treated with the specific mouse CAR ligand, TCPOBOP. Pathway
analysis and integrative analysis of CAR-targeted miRNAs and mRNAs was performed to
further inform the involvement of CAR signaling in hepatocarcinogenesis.

Methods and Materials

Materials

Sequencing reagents were obtained from Illumina (San Diego, CA). TCPOBOP (>99%) was
synthesized by the Environmental Health Laboratory in the Department of Environmental
and Occupational Health Safety at the University of Washington (Seattle, WA).

Animal maintenance and chemical treatments

All animal care and experimental procedures complied with protocols approved by the
Institutional Animal Care and Use Committee at The Pennsylvania State University. Wild
type C57BL/6 male mice were purchased from Charles River and permitted to acclimate at
least one week prior to treatment. The mice were maintained under a standard 12 h light, 12
h dark cycle at a constant temperature (23 + 1 C) with 45-65% humidity. Water and standard
chow were provided ad libitum. A total of 6-8-week-old male C57BL/6 mice were treated
with a single dose of 2 mg/kg of TCPOBOP (n=3) or vehicle (DMSO) (n=3), via single IP
injection. TCPOBOP is a potent and persistent mouse CAR agonist. After 72h, liver tissues
were immediately harvested from the mice following euthanasia via CO2 asphyxiation.

RNA extraction and miRNA sequencing

Total RNA was extracted from the collected liver tissue using Trizol (Qiagen, Germnatown,
MD), and the mirVana miRNA lIsolation Kit (Invitrogen, Carlsbad, CA) according to the
manufacturers’ protocol. Total RNA was submitted to the Penn State Genomics Core
Facility (Penn State University, PA) for sequencing. Briefly, RNA quality was assessed using
NanoDrop 1000 (ThermoScientific, Waltham, MA), Qubit 2.0 (ThermoFisher, Waltham,
MA), and Agilent Bioanalyzer 2100 (Agilent Technologies Inc., Santa Clara, CA)
instrumentation. RNA (260/280>2.0 and 260/230 ratios of 1.5-2.0 as determined by the
Nanodrop, and RIN > 9.0 as determined by the Bioanalyzer) was used for further analysis.
Libraries were prepared using the Illumina TruSeq Small RNA Sample Preparation Kit
(IMumina, San Diego, CA) according to the manufacturer's protocol. A total of six miRNA
libraries (three vehicle-treated samples and three TCPOBOP-treated samples) were
sequenced on the Illumina HiSeq 2500 platform (Illumina) in Rapid Run mode using 50 nt
single read sequencing. The raw sequence data were processed with the miRDeep?2
bioinformatics module and differentially expressed microRNAs were assessed using the
Bioconductor statistics package, as detailed below.
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mMiRNA sequencing data analysis

RT-gPCR

Raw reads from miRNA sequencing were processed using miRDeep2 [13]. Briefly, 3’
adapter sequences were removed from raw sequencing reads. Reads shorter than 14
nucleotides were discarded, then the mouse reference genome GRCm38
(NCBI_Assembly:GCA_000001635.2) was used for alignment. Only reads that mapped
perfectly to the genome were used for miRNA detection. Expression values for the detected
miRNAs were exported using miRDeep?2.

Expression data of the known miRNAs exported from miRDeep2 were further analyzed in
the R Bioconductor DESeq?2 package [29]. After quality checking with scatter plots and
Principle Component Analysis (PCA), a negative binomial-based generalized linear model
and Wald statistics were used according to the DESeq?2 package to test for the differential
expression in the miRNA sequencing datasets. The list of differentially expressed miRNAs
exported from DESeq?2 was further filtered with exclusion of those with p-values >0.05. A
heatmap of differentially expressed miRNAs was produced using the pheatmap function
from the R package.

For data validation, stem-loop qPCR was performed using the TagMan® MicroRNA Assay
system (Applied Biosystems, Grand Island, NY). The selective assays included hsa-miR-34a
(Assay ID#000426), hsa-miR-122-5p (Assay 1D#002245), mmu-miR-182 (Assay
ID#002599), , hsa-miR-200b (Assay ID#002251), mmu-miR-203-5p (Assay ID#002580) ,
mmu-miR-329 (Assay 1D#000192), hsa-miR-222b (Assay 1D#002276), and mmu-
miR-802-3p (Assay ID#463561_mat), qPCR reactions were performed on a CFX96 Real
Time PCR system (Bio-Rad, Hercules, CA). Each sample was run in triplicate. miRNA
expression was normalized with the reference miRNA U6 snRNA (Assay 1D#001973). The
AACt method was used to calculate fold change in gene expression as previously described
[39].

Pathway analysis and miRNA:mRNA integrative analyses by IPA

The Ingenuity Pathway analysis (IPA, Ingenuity Systems, Redwood City, CA;
www.ingenuity.com) was used to identify functional groups and molecular networks from
the differentially expressed (DE) miRNA datasets generated by Bioconductor.

Transcriptome datasets generated from TCPOBOP treated and vehicle treated C57BL/6
mice by microarray were downloaded from GEO (GSE13688). The lists of differentially
expressed mMRNAs and miRNAs were imported separately into IPA, followed by integrated
analyses using the microRNA Target Filter tool within IPA. This tool prioritizes
experimentally validated and predicted mRNA targets for each miRNA, and generates the
pairing results of mMiRNAs and mRNAs, with opposite or same expression patterns. The
paired miRNAs and mRNAs were further pooled in a sub list for pathway enrichment by
IPA, and then a putative network was built among these miRNAs and mRNAs using the
“liver cancer” functional category.
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Results

Deep sequencing of miRNAs from TCPOBOP treated and vehicle-treated mice and data

analysis using miRDeep?2
To investigate whether CAR activation by TCPOBOP would alter miRNA expression
profiles, we performed high-throughput short read deep sequencing of small RNAs using the
Illumina HiSeq platform. The flow of the experimental scheme is shown in Figure 1. Total
RNA was submitted for sequencing, since the lllumina TrueSeq library kit provides a 3’
adaptor fishing strategy to separate the small RNAs from long sequence mRNAs. The library
was then sequenced from the 3’ adaptor end, reading the small RNAs. The raw reads were
analyzed using miRDeep?2 [13], a probabilistic algorithm designed to detect miRNAs from
deep sequencing data based on the miRNA biogenesis model. Since the reads generated
from the sequencer include a mixed pool of all the small RNAs, including mRNA
degradation products and stRNAs, we performed 5’ adaptor decontamination, 3’ adaptor
removal, and then filtered out reads smaller than 14 nt. The clean reads were used for
alignment against the mouse reference genome. A list of 626 annotated mature miRNAs was
generated and the sequences of unannotated small RNAs were then separated to another
pool for identification of novel miRNA candidates.

Determination of differentially expressed (DE) known miRNAs in TCPOBOP treated and
vehicle-treated mice

The annotated miRNA list was further subjected to quality check and differential expression
analysis using the R Bioconductor DESeq2 package [29]. The quality of the dataset was
assessed using its scatter plot function and through Principle Component Analysis (PCA).
The scatterplot (Figure 2) of the datasets produced with the R hexbin package showed that
the miRNA reads were very similar for all the samples, and that low counts were common.
The plot shows the expected result that samples from the same treatment are more similar to
each other, since the data are close to the diagonal, i.e., the data points are closely scattered
around the line y=x. When the data scatter close to that diagonal, the samples are positively
correlated and each treatment group exhibited this feature. From these analyses, the data
were judged to exhibit high quality. The PCA analyses demonstrated that the respective
treatment groups, TCPOBOP (blue) and vehicle (green), exhibited clear separation (Figure
3A). Following these quality checks, a negative binomial-based generalized linear regression
was applied to the data using the R Bioconductor DESeq?2 package. Differentially expressed
miRNA profiles were obtained by comparing the data generated from TCPOBOP and
vehicle control treated animals. A total of 51 differentially expressed miRNA genes were
identified. A heat map of the 51 significantly differentially expressed miRNA genes is
shown in Figure 3B. There were 36 miRNAs induced by the TCPOBOP treatment. In
addition to induction, TCPOBOP treatment also resulted in the repression of 15 miRNAs.
An extracted list of the top 10 differentially up-regulated and down-regulated miRNAs is
presented in Table 1. A more comprehensive list of the raw data and their associated
statistical features, i.e., all of the miRNAs that were significantly up- or down-regulated by
TCPOBORP, using a p<.05 statistic, is presented in Supplemental Table 1.
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Validation of expression of DE miRNA by Tagman assay

Based on results presented in Table 1 and Figure 4B, we used RT-PCR Tagman assays to
selectively and quantitatively assess several of miRNAs of interest, chosen either for their
dysregulated features or for their potential biological significance in the downstream
pathway analysis. The results are presented in Figure 4A. Consistent with the miRNA deep
sequencing analysis, mmu-miR-802-3p was detected as highly TCPOBOP up-regulated and
mmu-miR-203-5p and mmu-miR-203-5P were significantly down-regulated. Although not
statistically significant in our study, expression levels of miR-122-5p trended lower in
TCPOBOP samples. Since this miRNA was reported previously as a repressed CAR target
[49], we included miR-122-5p in the differentially expressed miRNA list for subsequent
pathway analyses, resulting in a list of 52 miRNAs identified as TCPOBOP/CAR-regulated.
Several other mRNA targets were selectively quantified as potentially implicated in our
subsequent pathway analyses, but differential expression of these MRNAs did not reach
statistically significant levels.

CAR targeted analysis and global pathway analysis of DE miRNAs by IPA

To further investigate the differentially expressed miRNAs, we used IPA analysis to identify
reported CAR target miRNAs in the dataset. Differentially expressed miRNAs were
imported into IPA, and a network was built among CAR and the differentially expressed
miRNAs. As shown in Figure 4B, several differentially expressed miRNAs were reported as
indirectly regulated by CAR, through the C/EBPa, PPARa, NROB2, ESR1, and MYC
pathways. However, based on the data mining by IPA, none of the miRNAs were identified
as directly regulated by CAR, likely due to the limited number of published studies available
in this area.

In a strategy to further illuminate the functional pathways of the differentially expressed
miRNAs, we used IPA to perform disease prediction and functional pathway enrichment of
the 52 differentially expressed miRNAs (p<0.05). Selected disease and function enrichments
are shown in Table 2. For example, 22 miRNAs were significantly enriched in the digestive
system cancer category, 13 miRNAs in the liver cancer category, 8 in hepatocellular
carcinoma, and 10 in hematologic cancer. Other than diseases, molecular and cellular
functional categories were also enriched, for example, 16 miRNAs were significantly
enriched in the “proliferation of cells’ category. In addition, the ‘inflammation of organs’
category was significantly enriched (10 miRNAs; Table 2).

Integrative analysis of mMiRNA and mRNA expression profiles by IPA

A particular focus of our interests was on liver cancer, as activation of CAR has been
reported as a key driver of mouse liver tumor promotion [19,65], and independently,
alteration of miRNA expression profiles have been linked to liver cancer development
[6,30,56,62]. To further investigate how the alteration of miRNA profiles may affect
biological functions in the liver upon TCPOBOP treatment, we investigated the association
of miRNA and their target mMRNASs, using a published TCPOBOP- treated mouse
transcriptome dataset (GSE13688) [45]. This dataset was generated using microarray
analyses from liver tissues of the C56BI/6J mice treated with TCPOBOP, highly comparable
to that used in our own study. We downloaded the dataset from the GEO database (http://
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www.nchi.nlm.nih.gov/geo/), extracted 60 differentially expressed, TCPOBOP-regulated
mRNAs (fold-change = 1.4, p<0.05), and performed integrative analysis using the
differentially expressed miRNAs from our dataset and the differentially expressed mRNAs
from the microarray dataset.

The differentially expressed lists of 52 miRNAs and 60 mMRNAs were imported to IPA
independently, and the miRNA target filter analysis was applied to compare the two datasets.
Comprehensive miRNA target information is built into the IPA target filtering tool, using a
combination of multiple target prediction tools such as TargetScan, miRecord and TarBase
[59]. Combining our own derived differentially expressed miRNA list with IPA’s
comprehensive list of mMiRNA inferences resulted in the generation of an IPA correlation
analysis encompassing 92 miRNA and mRNA pairs, with different confidence levels,
including those experimentally-observed (based on TarBase, and miRecords data mining
tools), and those exhibiting designations of high prediction and moderate prediction (based
on target prediction from TargetScan tools, using the seed sequences of the mature
miRNAS). The resulting IPA list of miRNA and mRNA pairing results is shown in Table 3.
Twenty two of the 28 miRNAS generated from the IPA analysis also were identified as
significantly differentially expressed in our deep sequencing dataset (Supplemental Table 1).
Certain of the IPA identified miRNAs were predicted to pair with multiple mRNAs. For
example, miR-361-3p paired to ppara, ogt, mixipl, cypZa6, cebpa, abce3, and abecl; and,
miR-185-5p paired to serpingl, scarbl,ppara, nr2f6, insigl, cptla, and abccl. Some
miRNAs paired only with a single mMRNA, for example, miR-671-3p and insigl, and some
MRNAs paired with multiple miRNAs. For example, ppara paired with miR-361-3p,
miR-185-5p, miR-128-3p, let-7a-5p, miR-10a-5p, miR-16-5p, miR-101-3p, miR-17-5p,
miR-291a-3p, and miR-154-5p. /nsig1 paired with miR-185-5p, miR-182-5p, miR-203a-3p,
miR-92a-3p, miR-183-5p, and miR-671-3p. In addition, adipor2 associated with
miR-6967-5p, let-7a-5p, miR-17-5p, miR-329-3p, miR-423-3p, miR-200b-3p, and
miR-34a-5p (Table 3).

To further comprehend and visualize the biological effects of the mMRNA and miRNA
pairing, we pooled the paired miRNAs and mRNAs, imported these into IPA, and performed
pathway analysis. Consistently, the digestive system cancer and liver cancer categories were
significantly enriched from the miRNA and mRNA pool, as shown in Table 4 and Figure 5.
In addition, cell proliferation, cell death and inflammation of organs were all enriched from
the mRNA and miRNA pool (Table 4). As demonstrated in Figure 5, 11 miRNAs and 20
mRNAs from the pairing miRNAs and mRNA pools associated with liver cancer.

Further, a network of these affected mMRNA and miRNAs was assembled using IPA, as a
means for predicting interactions of the miRNAs and mRNA that may coalesce in the
development of liver cancer. Figure 6 illustrates the predictive CAR-mediated
miRNA:MRNA pathways activated by TCPOBOP in the liver cancer scheme. These
analyses suggest that activation of CAR by TCPOBOP may contribute to liver cancer
development through alteration of miRNA:mRNA interactions.
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Discussion

In this study, the effects of CAR activation by TCPOBOP on miRNA profiling was
investigated along with the predictive effects on miRNA-targeted mRNA profiling. 51
miRNAs were significantly altered by TCPOBOP-treatment. To facilitate prediction of the
biological disruption caused by the miRNA dysregulation, we performed functional analysis
on the altered miRNAs. Further, miRNA target genes were predicted based on data mining
using IPA.

As shown in Figure 3B, Table 1 and Supplementary Table 1, a list of differentially expressed
mouse liver miRNAs was identified as either up- or down-regulated upon CAR activation by
TCPOBORP. Previous reports have indicated miR-122-5p as a direct CAR target miRNA
[49]. Although exhibiting a similar down-regulated trend to the previous report, miR-122-5p
differential expression levels did not reach statistical significant in our study, perhaps due to
the relatively high abundance of this miRNA in the liver combined with the variation among
individual mice. Another reported CAR target miRNA is miR-137, which also regulates
expression of CAR in neuroblastoma cells [55], but was not significantly altered in our
system. We used a data mining approach by IPA to predict how CAR activation by
TCPOBOP may regulate the newly identified miRNAs in our dataset. As shown in Figure
4B, most of the miRNASs appear indirectly regulated by CAR, via CAR-targeted genes. For
example, miR-34a-5p was regulated by cebpa and ppara, which are regulated by CAR.
These interactions are first based on the previous reports that C/EBPa and HNF4a
synergistically cooperate with CAR to transactivate CYP2B6 in human hepatocytes [4], and
that CAR regulates transcription and transactivation of PPARa [26]. Pulikkan et al reported
that miR-34a is regulated by C/EBPa during granulopoiesis in AML [43]. miR-34a is also a
reported PPARa target in mouse liver, according to the miRNA microarray experiments
performed by Shah et al [48]. In addition, several other miRNAs identified in our dataset,
including miR-182-5p, miR-101-3p, miR-203a-3p, mir-148a-3p, mir-200b-3p, let-7a-5p,
mir-17-5p, and mir-34a-5p, were also reported in Shah’s study, and further confirmed the
crosstalk of PPARa and CAR on regulating miRNA profiling [48]. Furthermore,
miR-329-3p was regulated by NROB2 (SHP) [51], reported to interact with CAR and inhibit
transcriptional activity of CAR [1,40,41]. CAR also regulates mir-17-5p [21,48,50],
miR-200b-3p [3] and let-7a-5p [34] via myc, which was induced by CAR in the mouse liver
upon TCPOBOP activation [5]. Additionally, CAR reportedly regulates miR-16-5p via esrl
[64]. Lastly, CAR signaling and ER signaling exhibit crosstalk as CAR was reported to be
activated by estrogens [33], and Grip-1 was shown to be a coactivator of both CAR and ER
[33].

To further understand how these miRNAs may function in the liver, we performed pathway
enrichment analysis using IPA. As shown in Table 2, a panel of miRNAs is involved in “cell
proliferation” and “liver cancer” categories, which is consistent with previous reports
demonstrating a likely association of CAR activation with cellular proliferation and
development of hepatocellular carcinoma [19,46,65]. The potential roles of miRNAs in the
disruption of these biological processes are not well elucidated. Our results suggest that
CAR regulation in these biological processes may involve alteration of miRNA profiling.
Functionally, these enriched miRNAs have been reported as involved in cell proliferation in
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other tissues or cell lines. For example, miR-122 decreases growth of SK-HEP-1 cells [56],
and growth of HepG2 cells in cell culture [9]. In addition, inhibition of mmu-miR-182
decreases expansion of mouse T-helper cell in culture [52]. Inhibition of human miR-183
(the homologue of mouse miR-183), increases proliferation of A549 cells in cell culture
following impairment by carbon dioxide [60]. Further, mouse mmu-miR-34c (also known as
mmu-miR-34a), was reported to decrease proliferation of mouse ovarian surface epithelial
cells [7], and growth of M23 cells [66].

With respect to liver cancer category, decrease of human miR-122 (homologue of mouse
miR-122) was associated with liver cancer in humans [16,56]. Down-regulation of mouse
miR-122 is also associated with liver cancer in mouse [11], consistent with our dataset
(Tables 1 and 2). Up-regulation of hsa-miR-148a (homologue of mouse miR-148a) is
associated with HCC in human [20], also consistent with the up-regulation of mouse
miR-148a in our dataset (Table 2; Suppl Table 1). Further, up-regulation of rat rno-miR-671
(homologue of mouse miR-671) in serum was associated with experimental
hepatocarcinogenesis in rat, which is in line with the up-regulation of miR-671 in our data
(Suppl Table 1). Moreover, human let-7f (hsa-let-7f, homologue of mmu-let-7f), and rat
let-7f (rno-let-7f, homologue of mmu-let-7f), were associated with hepatocellular carcinoma
in humans [20], and experimental hepatocarcinogenesis in rat, respectively [54]. These
reports are in line with our observation that mmu-let-7f was up-regulated 1.21-fold upon
CAR activation (Suppl Table 1). In sum, the differentially miRNAs identified as enriched in
the “liver cancer” and “cell proliferation” categories in our analyses are well supported by
previous studies.

To further understand how these altered miRNAs disrupt biological process and lead to liver
cancer, we performed miRNA and mRNA integrative analysis, by combining two datasets:
using miRNA sequencing data from our study and published transcriptomics data generated
from TCPOBOP treatment. The analysis yielded 92 miRNA and mRNA pairs, with multiple
miRNAs sharing the same mRNA targets, or vice versa. Of all the pairs, only two pairs are
experimentally observed according to TarBase and miRecords data mining tools,
miR-295-3p and insig2 [28], and miR-93-5p and stat3 [12]. The remaining pairs are highly
or moderate predicted based on the seed sequences of the miRNAs, using the TargetScan
prediction tool. However, through manual data mining, we identified the PPARa activation
microRNA / microarray datasets published by Shah et al [48]. According to that study,
miR-101-3p, let 7a-5p (also termed let-7f-5p) and mir-17-5p (also termed miR-93-5p) are
PPARa target miRNAs, consistent with our network prediction. In addition, several other
CAR targeted miRNAs in our dataset, such as miR-182-5p, miR-203a-3p, mir-148a-3p,
mir-200b-3p and mir-34a-5p, were reported as PPARa target miRNAs [48]; however, IPA
failed to extract this information. Furthermore, Pulikkan et al reported that cebpa regulated
miR-34a-5p during granulopoiesis in acute myeloid leukemia [43], which also was not
predicted by IPA. On the other hand, IPA predicted several other cebpa targeted miRNAS
based on their seed sequences, including miR-361-3p, miR-6967-5p, miR-182-5p,
miR-101-3p, and miR-92a-3p. In summary, IPA provides powerful data mining functions
and prediction tools by integrating several databases, but based on our experience, manual
literature research is still recommended to obtain more comprehensive information.
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Since a principle aim of our investigation was to gather more insight with respect to how
CAR regulated miRNAs function in liver cancer, we performed another enrichment of the
pooled miRNAs and mRNAs, and used those enriched in the ‘liver cancer’ category to build
an integrative network using IPA (Figure 5). Some of the interactions were predicted by
TargetScan based on the seed sequences of the miRNAs, while others were experimentally
supported. For example, ppara and mmu-miR-203, let-7a-5p (mmu-let-7¢), mir-200b-3p,
mir-17-5p, and mir-148a-3p were reported by Shah and colleagues [48]. CAR was reported
to bind the PPREs (peroxisome proliferator response elements) upon heterodimerizing with
RXR [26]. Our findings further suggested cross-talk of CAR signaling and PPARa signaling
on the regulation of miRNAs in liver cancer. In addition, CAR also appears to interact with
other miRNASs via abcc2 (encoding ATP-binding cassette, sub-family C, member 2), abccl
(encoding ATP-binding cassette, sub-family C, member 3), and insigI (encoding Insulin-
Induced Gene 1), which together with PPARa, are all involved in lipid metabolism. These
associations suggest that dysregulation of lipid metabolism is associated with liver cancer, in
line with previous studies (reviewed in [2] and [22]). However, validation of these data
mining-based conclusions will require follow-up with further experimentation. In future
studies, CAR knockout mice could be used to affirm the miRNA expression profiles upon
TCPOBOP treatment. Similarly, the miRNA:mRNA pair data will need to be experimentally
verified by using loss of function or gain of function studies in animal models or in primary
hepatocyte cultures.

Conclusions

In summary, we examined differential miRNA signaling in mouse liver as regulated by
TCPOBORP, a selective CAR ligand activator. We conducted pathway analyses on the CAR-
targeted miRNAs in relation to liver cancer and using the IPA miRNA:mRNA integrative
tool, offer a predictive framework as to how these miRNAs may interact with mRNAs.
These approaches enabled focus onto a subset of mMiRNA:MRNA pairs representing potential
new diagnostic markers for liver cancer.
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Highlights
. microRNA expression is altered in mouse liver by TCPOBOP
activation of CAR
. 51 miRNAs were significantly altered by TCPOBOP-treatment
. CAR activation may contribute to liver cancer by altering

miRNA:MRNA interactions
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l miRNA integration with
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Figure 1.
Scheme of the experimental workflow. Mice were treated with TCPOBOP, and liver tissues

were harvested, followed by total RNA extraction. RNA was sequenced on the Illumina
HiSeq 2500 platform. Sequencing data were processed using miRDeep2 [29], and
differentially expressed miRNAs were determined using DESeq2 package of Bioconductor
R. Selected sequencing data were validated using RT-qPCR. The differentially expressed
miRNAs were exported into IPA for pathway analysis and integrative analysis with a
transcriptome dataset (GSE13688) [45].
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Figure 2.

Scatterplot matrix of the miRNA-seq data. As a quality check, a scatterplot matrix of the
miRNA expression datasets exported from miRDeep2 was produced with the R hexbin
package. Examining the pairwise correlation between all treatment groups, the scatterplot
matrix shows all the pairwise scatter plots of the log2-transformed miRNA expression values
from the 3 vehicle (DMSO) and 3 TCPOBOP treatment groups. Overall highly positive
correlations were observed between all treatment groups, indicating that the raw sequence

data were of high quality.
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Fig. 3b

Figure 3.

CAR activation by TCPOBOP altered miRNA profiling. (A) PCA plot of normalized

expression values of miRNAs. PCA analysis was performed using R Bioconductor DESeq2.
A clear separation between the DMSO and TCPOBOP treatment samples was observed. (B)

Biochim Biophys Acta. Author manuscript; available in PMC 2017 September 01.

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hao et al.

Page 19

Hierarchical clustering analysis of differentially expressed miRNAs. A heatmap was
produced using the pheatmap function from the pheatmap package in R. Differentially
expressed miRNAs shown at the rows of the heatmap were clustered using Euclidean
distance and complete linkage. The treatment groups shown in the columns were clustered
using correlation distance and complete linkage. The color scale at the top-right corner
illustrates the expression value of a particular miRNA on a log2 scale.
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Figure 4.
CAR targeted miRNAs. (A) Selected miRNAs were validated by RT-qgPCR. Expression of

levels of miR-182-5p, miR-802-3p and miR-203-5p showed results consistent with the
derived RNA-seq data; **p<0.05. Though the trends of the expression levels of miR-122-5p
and mi-183-5p agreed with the differential expression patterns ascertained by the RNA-seq
analyses, these changes were not statistically significant RT-qPCR at the p<0.05 level. (B)
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CAR targeted miRNA network built by IPA. The network indicates that CAR regulates
several miRNAs through MYC, ESR1, NOOB2, PPARa, and CEBPA.
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Figure 5.
CAR targeted miRNA and mRNA in liver cancer. Paired CAR targeted miRNAs and

mRNAs were pooled for IPA pathway analysis. The “liver cancer” category was
significantly enriched from multiple miRNAs and mRNAs. Network shapes are shown in the
figure inset. Red labels represent up-regulated miRNAs or mRNAs. Green labels represent
down-regulated miRNAs or mRNAs.
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Figure 6.
Putative miRNA:mRNA interaction upon activation of CAR by TCPOBORP in liver cancer.

Paired miRNAs and mRNAs enriched in the “liver cancer” category were imported inlPA to
assess the interactions among these parameters. Connections were established by IPA based
on data mining or prediction according to miRNA seed sequences. Network shapes and
relationships are shown in the figure inset. Red colors represent miRNAs while green colors
represent mRNAS.
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Table 1

Selected TCPOBORP differentially expressed miRNASs.

miRNA

| Ratio | P-value

Up-regulated

mmu-miR-802-3p

6.63 | 1.97E-52

mmu-miR-6539

5.76 1.31E-12

mmu-miR-1968-5p

2.84 | 1.48E-06

mmu-miR-1943-5p

2.08 | 3.88E-03

mmu-miR-802-5p

2.05 | 3.17E-10

mmu-miR-295-3p

1.95 1.94E-02

mmu-miR-342-5p

1.92 | 3.66E-02

mmu-miR-1955-5p

1.87 | 4.60E-02

mmu-miR-505-5p

1.85 | 5.00E-02

mmu-miR-182-5p

1.83 | 5.04E-04

Down-regulated

mmu-miR-122-5p | -1.01 0.86

mmu-miR-3084-5p | -1.89 | 4.19E-02
mmu-miR-214-3p | -1.87 | 6.62E-03
mmu-miR-7116-3p | -1.74 | 3.94E-02
mmu-miR-154-5p | -1.69 | 5.35E-02
mmu-miR-203-5p | -1.65 | 2.01E-02
mmu-miR-324-5p -1.62 | 1.81E-02
mmu-miR-34c-5p -1.50 | 2.46E-02
mmu-miR-139-5p | -1.39 | 5.49E-03
mmu-miR-362-3p | -1.37 | 2.85E-02
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miRNA and mRNA pairing.

Table 3

miRNA No. of target MRNAs | mRNA

miR-361-3p 7 ppara, ogt, mixipl, cyp2a6, cebpa, abcc3, abcecl
miR-185-5p 7 serpingl, scarbl,ppara, nr2f6, insigl, cptla, abccl
miR-128-3p 6 ppara, nr2f6, nr1d2, igfl, cyp39al, igfl
miR-6967-5p 6 igfl, cyp8bl, cyp2b6, cebpa, adipor2, abcc3
miR-182-5p 5 ogt, nrld2, insigl, cyp8bl, cebpa

let-7a-5p 5 ppara, igfl, c2,adipor2, abcc2

miR-10a-5p 5 uapl, stat3, ppara, insig2, abcc3
miR-342-5p 4 nr2f6, fasn, cyp8bl, cptla

miR-874-3p 4 stat3, mixipl, cptla, cda/cdb

miR-16-5p 4 ppara, ogt, igfl, fasn
miR-148a-3p 4 lipa, igfl, cptla, abcc3

miR-101-3p 4 ppara, ogt, nrid2, cebpa

miR-17-5p 4 stat3, ppara, mbtps1, adipor2
miR-203a-3p 4 nrld2, insigl, cyp8bl, cypla2

miR-92a-3p 3 insigl, fgb, cebpa

miR-214-3p 3 scarbl, igfl, cyp8bl

miR-291a-3p 2 ppara, insig2

miR-183-5p 2 ppplr3c, insigl

miR-423-5p 2 c2, apoaS

miR-744-5p 2 cyp2b6, cyp2la2

miR-329-3p 2 apoab, adipor2

miR-324-5p 2 fgb, cptla

miR-671-3p 1 insigl

miR-421-3p 1 nrld2

miR-423-3p 1 adipor2
miR-200b-3p 1 adipor2

miR-34a-5p 1 adipor2

miR-154-5p 1 ppara
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