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Abstract
Background: Long non-coding RNAs (lncRNAs) are increasingly recognized as regulators of tissue-specific cellular
functions and have been shown to regulate transcriptional and translational processes, acting as signals, decoys,
guides, and scaffolds. It has been suggested that some lncRNAs act in cis to regulate the expression of neighboring
protein-coding genes (PCGs) in a mechanism that fine-tunes gene expression. Gut microbiome is increasingly recognized
as a regulator of development, inflammation, host metabolic processes, and xenobiotic metabolism. However, there is
little known regarding whether the gut microbiome modulates lncRNA gene expression in various host metabolic organs.
The goals of this study were to 1) characterize the tissue-specific expression of lncRNAs and 2) identify and annotate
lncRNAs differentially regulated in the absence of gut microbiome.
Results: Total RNA was isolated from various tissues (liver, duodenum, jejunum, ileum, colon, brown adipose tissue, white
adipose tissue, and skeletal muscle) from adult male conventional and germ-free mice (n = 3 per group). RNA-Seq was
conducted and reads were mapped to the mouse reference genome (mm10) using HISAT. Transcript abundance and
differential expression was determined with Cufflinks using the reference databases NONCODE 2016 for lncRNAs and
UCSC mm10 for PCGs. Although the constitutive expression of lncRNAs was ubiquitous within the enterohepatic (liver
and intestine) and the peripheral metabolic tissues (fat and muscle) in conventional mice, differential expression of
lncRNAs by lack of gut microbiota was highly tissue specific. Interestingly, the majority of gut microbiota-regulated
lncRNAs were in jejunum. Most lncRNAs were co-regulated with neighboring PCGs. STRING analysis showed that
differentially expressed PCGs in proximity to lncRNAs form tissue-specific networks, suggesting that lncRNAs may
interact with gut microbiota/microbial metabolites to regulate tissue-specific functions.
Conclusions: This study is among the first to demonstrate that gut microbiota critically regulates the expression of
lncRNAs not only locally in intestine but also remotely in other metabolic organs, suggesting that common
transcriptional machinery may be shared to transcribe lncRNA-PCG pairs, and lncRNAs may interact with PCGs to
regulate tissue-specific pathways.
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Background
With the advent of transcriptomic studies, it was revealed
that only 2% of the genome has protein-coding capacity
[1, 2], and the vast majority of transcripts that do not have
protein coding capacity are called non-coding RNAs
(ncRNAs). This broad category of functional RNA transcripts is divided into two major groups: small ncRNAs
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which are less than 200 nucleotides, including microRNAs, short interfering RNAs and piwi-interacting RNAs;
as well as long noncoding RNAs (lncRNAs) that are longer than 200 nucleotides. LncRNAs may have their own
promoter regions, DNA binding motifs, and transcription
factors [3], and computational analyses suggest that the
transcription of lncRNAs may occur independently and
influence the expression of protein-coding genes (PCGs)
[3, 4]. LncRNAs are increasingly recognized as regulators
of cellular functions and have been shown to regulate
transcriptional and translational processes, acting as
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signals, decoys, guides, and scaffolds [5–8]. For example,
the lncRNA HOTAIR from the homeobox (HOX) C
cluster is an epigenetic-protein scaffold with the Polycomb
Repressive Complex 2 (PRC2) and is required for PRC2
tri-methylation of histone H3 lysine 27 (H3K27Me3) at
the HOXD locus for gene silencing [9]. Conversely, the
lncRNA HOTTIP, which is found downstream of the
HOXA cluster, interacts with the WD repeat domain
(WDR) 5 and mixed-lineage leukemia (MLL) to drive
H3K4Me3 for gene activation [5]. LncRNAs, such as
HOTAIR, HOTTIP, Xist and Air, also regulate chromatin
architecture and gene transcription in cis by interacting
with epigenetic complexes [5, 10–12]. Conversely, other
lncRNAs, such as LincRNA-p21 and HOTAIR in cancer
cells, can mediate chromatin architecture and gene expression in trans; for example, LincRNA-p21 assists a
gene-silencing complex to bypass the upstream regulator
p53 for apoptosis [5, 13]. Collectively, these initial studies
identified lncRNAs as necessary moderators of chromatin
architecture and gene expression through interactions
with PCGs.
Furthermore, it has been suggested that some lncRNAs
may affect the expression of neighboring PCGs [14, 15].
The expression of lncRNAs and proximal PCGs are more
correlated than random gene pairs [16]. This suggests that
some lncRNAs act in cis to regulate the expression of
PCGs. Indeed, as demonstrated in zebrafish, the lncRNA
slincR is regulated by the transcription factor aryl hydrocarbon receptor 2 (AHR2) and acts as an intermediate
modulator between AHR2 activation and decreased
expression of the proximal PCG sex-determining region
Y-box (sox) 9b [17]. Computational analyses identified
increased lncRNA-mRNA interactions when stratifying by
tissue-specific expression patterns, indicating a tissuespecific regulatory pattern for lncRNAs [18]. Identification
of PCG-lncRNA pairs and further mechanistic validation
is necessary to assess the regulatory functions of lncRNAs.
According to NONCODEV5 database, which hosts the
most complete collection of annotated lncRNAs across
17 species, there are 172,216 human and 131,697 mouse
lncRNA transcripts [19]. In humans, only 11–29% of
lncRNAs are ubiquitously expressed in all tissues compared to 65% of PCGs [2, 4, 16]. Indeed, a study comparing human pancreatic islet cells to 16 non-pancreatic
RNA-Seq datasets found that over 9% of the annotated
lncRNAs were islet specific [20]; the group also found
aberrant lncRNA expression from donors with Type 2
Diabetes, indicating that lncRNA regulation is essential
to a healthy system. In an extensive study that evaluated
lncRNAs in over 7000 RNA-Seq libraries from 25
studies, about 3900 lncRNAs overlapped with diseaseassociated single nucleotide polymorphisms. This suggests a regulatory and functional role of lncRNAs that
influences overall health [21].
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Gut microbiome is increasingly recognized as a regulator of development, inflammation, host metabolic processes, and xenobiotic metabolism [22–26]. In liver,
there are profound differences in the expression patterns
of xenobiotic-processing genes between conventional
(CV, i.e. with gut microbiome) and germ-free (GF, i.e.
without gut microbiome) mice [27–31]. In addition, microbial metabolites such as secondary bile acids and
short chain fatty acids act as signaling molecules to
metabolic organs, such as brown adipose tissue (BAT)
and white adipose tissue (WAT), and brain [32–35].
However, there is little information regarding whether
the gut microbiome modulates lncRNA expression in
various host metabolic organs.
Therefore, the goal of the present study was to use GF
mice and RNA-Seq to 1) characterize the tissue-specific
expression of lncRNAs in liver, duodenum, jejunum,
ileum, colon, BAT, WAT, and skeletal muscle, 2) identify
lncRNAs differentially regulated by the absence of gut
microbiota, and 3) unveil the functional networks of gut
microbiota-regulated lncRNA-PCG pairs. This study is
among the first to characterize the regulation of
lncRNAs and PCGs in target organs of the gut microbiome, and is among the first to unveil the potential
PCG targets by lncRNAs in a tissue-specific manner.

Results
The present study used RNA-Seq to determine the effect
of the absence of gut microbiota on the transcriptional
regulation of lncRNAs and the paired PCGs in eight organs from CV and GF mice. Approximately 34 to 89
million reads per sample with 92 to 97% of the reads
were mapped uniquely to the mouse reference genome
(NCBI GRCm38/mm10). This results in 34 to 86 million
uniquely mapped reads (Additional file 1: Table S1).
Distribution of expressed lncRNAs in control CV mice

Among the 125,680 annotated lncRNAs in the mouse
NONCODE 2016 reference database, 11,841 lncRNAs
were expressed in at least one organ (threshold: average
fragments per kilobase of exon per million reads mapped
[FPKM] > 1 in at least one tissue of CV mice). Intestine
had the largest numbers of expressed lncRNAs (7302 in
duodenum, 8396 in jejunum, 8018 in ileum, 8836 in
colon), followed by BAT (7246), WAT (7214), liver
(5886), and muscle (5374) (Fig. 1a). To identify how
many lncRNAs were tissue-specific and how many were
universally expressed, Venn diagrams of the major tissues involved in enterohepatic circulation, namely liver,
duodenum, jejunum, ileum, and colon, and the peripheral metabolic tissues, namely BAT, WAT, and muscle,
were generated (Fig. 1b). Within the liver and various intestine sections, there were 5359 commonly expressed
lncRNAs. Colon had the largest number of uniquely
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Fig. 1 Distribution of expressed lncRNAs in eight organs of CV mice. (a) Bar chart showing the number of lncRNAs expressed (average FPKM > 1
in either CV or GF conditions) in liver, duodenum, jejunum, ileum, colon, BAT, WAT, and muscle. (b) Venn diagram showing the number of
expressed lncRNAs that were commonly or uniquely expressed in each organ. Venn diagram was generated using JMP Genomics

expressed lncRNAs (940), followed by liver (725),
jejunum (133), duodenum (83), and ileum (66). For
the peripheral metabolic organs, 4423 lncRNAs
were commonly expressed in BAT, WAT, and
muscle. WAT had the largest number of uniquely
expressed lncRNAs (1063), followed by BAT (942)
and muscle (597).
To determine the effect of the absence of gut microbiota
on the hepatic expression of lncRNAs, Cuffdiff was performed in expressed lncRNAs between CV and GF mice in
the same organ (threshold: average FPKM > 1 in CV or GF
mice and Benjamini-Hochberg adjusted false discovery rate
[FDR-BH] < 0.05) (Fig. 2a). In liver, the lack of gut
microbiota up-regulated 116 lncRNAs and down-regulated
107 lncRNAs. In duodenum, the lack of gut microbiota
up-regulated 101 lncRNAs and down-regulated 179
lncRNAs. Jejunum had the largest number of differentially
regulated lncRNAs as a result of lack of gut microbiota, including 531 up-regulated lncRNAs and 278 down-regulated
lncRNAs. In ileum, the lack of gut microbiota up-regulated
42 lncRNAs and down-regulated 77 lncRNAs. In colon, the
lack of gut microbiota up-regulated 177 lncRNAs and
down-regulated 135 lncRNAs. In BAT, the lack of gut
microbiota up-regulated 21 lncRNAs and down-regulated
77 lncRNAs. In WAT, the lack of gut microbiota
up-regulated 95 lncRNAs and down-regulated 91 lncRNAs.
In muscle, which had the fewest differentially regulated

lncRNAs, the lack of gut microbiota up-regulated 17
lncRNAs and down-regulated 29 lncRNAs.
Two-way hierarchical clustering dendrograms of the
differentially regulated lncRNAs per organ are shown in
Additional file 2: Figure S1. As shown in Fig. 2b, the majority of differentially regulated lncRNAs were unique
per tissue type. Among the enterohepatic tissues, jejunum
had the most uniquely differentially regulated lncRNAs by
lack of gut microbiota (576), followed by colon (173), liver
(165), duodenum (133), and ileum (39). There were three
lncRNAs that were differentially regulated in all five
organs, namely NONMMUG019446.2, NONMMUG0
26539.1, and NONMMUG041315.2 (Fig. 2c). In the peripheral metabolic tissues, fewer lncRNAs were differentially regulated by lack of gut microbiota as compared to
the enterohepatic tissues. WAT had the most differentially
regulated lncRNAs (172), followed by BAT (82) and
muscle (37). The lncRNA NONMMUG042592.2 was differentially increased in all three peripheral metabolic organs (Fig. 2c).
Genomic annotation of lncRNAs differentially regulated
by lack of gut microbiota

To determine the genomic locations of differentially
expressed lncRNAs by the lack of gut microbiota in each
organ, we used the web-based tool peak annotation and
visualization (PAVIS) to annotate these lncRNAs (Fig. 3).
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Fig. 2 Distribution of differentially expressed lncRNAs in eight organs between CV and GF mice. (a) Bar chart showing the number of expressed lncRNAs
(average FPKM > 1 in either CV or GF conditions) that were differentially regulated by lack of gut microbiota in liver, duodenum, jejunum, ileum, colon,
BAT, WAT, and muscle (FDR-BH < 0.05). (b) Venn diagram showing the number of differentially expressed lncRNAs by lack of gut microbiota in each organ.
Liver and various sections of intestine that are proximal to gut micrboiome were grouped together; whereas the energy metabolism related organs (BAT,
WAT, and muscle) that are distal to gut microbiota were grouped together. Venn diagram was generated using JMP Genomics

The lncRNAs were considered proximal to PCGs if
they are located within 5 kb upstream or 1 kb downstream of the nearest PCG locus. The lncRNAs outside this range were considered intergenic. In general,
across all eight organs the majority of differentially
regulated lncRNAs were mapped to the intronic regions (35.4%) of PCGs and intergenic regions (24.4%),
followed by 3′- untranslated region (UTR; 16.0%).
Moderate portions of lncRNAs were mapped to exonic (10.3%), upstream (6.8%), and downstream regions (6.1%), and a small fraction of lncRNAs were
mapped to the 5’-UTR regions (1.1%).

Network interactions of lncRNA-PCG pairs differentially
regulated by lack of gut microbiota

The regulation of intergenic lncRNAs in the eight target
organs by the absence of gut microbiota is shown in
Additional file 1: Tables S3-S10. In general, jejunum had
the largest numbers of differentially regulated intergenic
lncRNAs (118 up-regulated and 78 down-regulated in
the absence of gut microbiota), followed by colon (43
up- and 44 down-regulated), duodenum (22 up- and 47
down-regulated), liver (21 up- and 33 down-regulated),
WAT (26 up- and 17 down-regulated), and ileum (16
up- and 24 down-regulated), whereas muscle (3 up- and
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lncRNAs (average FPKM > 1 in either CV or GF conditions, and FDR-BH < 0.05 between CV and GF conditions) annotated to each genomic region
relative to PCGs, including up to 5 kb upstream of transcription start site (TSS), intronic, exonic, 5′-untranslated region (UTR), 3’-UTR, and up to 1
kb downstream of transcriptional termination site (TTS). LncRNAs that were not identified to these locations were considered intergenic.
Chromosome coordinates of these differentially regulated lncRNAs in each organ were analyzed using PAVIS

11 down-regulated) and BAT (2 up- and 9 downregulated) had the fewest differentially regulated intergenic lncRNAs. Regarding the lncRNAs that are present
near PCGs, to predict the potential functions of the differentially regulated lncRNAs by lack of gut microbiota for
each organ, we paired the differentially regulated lncRNAs
with their neighboring PCGs by three criteria: 1) the
lncRNA transcript is annotated within 5 kb upstream of
the transcription start site (TSS) and 1 kb downstream of
the transcriptional termination site (TTS) of a PCG; 2)
both the lncRNA and the PCG are expressed under CV or
GF conditions (FPKM > 1); and 3) both the lncRNA and
the PCG are differentially regulated by lack of gut microbiota (FDR-BH < 0.05). Another key assumption was that
the lncRNAs that are differentially regulated together with
neighboring PCGs by lack of gut microbiota will influence
the expression of these PCGs more than lncRNAs produced from distal regions. Using these criteria, PCGs that
were differentially regulated by germ free conditions, as
well as lncRNAs that were differentially regulated by germ
free conditions, were retrieved independently per organ
for step 1. In step 2, all differentially regulated lncRNAs
that had a differentially regulated PCG in the same neighborhood were defined as lncRNA-PCG pairs and were
kept for further analysis. The gene symbols, loci, and
expression values of the lncRNA-PCG pairs is listed in
Additional file 1: Table S2 for each tissue. As shown in
Table 1, jejunum had the largest numbers of
lncRNA-PCG pairs (358), followed by colon (122), liver
(105), BAT (56), duodenum (52), WAT (39), ileum (32),
and muscle (16). Interestingly, nearly all lncRNA-PCG
pairs in all organs were co-regulated by lack of gut microbiota (i.e. the lncRNA and PCG in each pair were both
up-regulated or both down-regulated), suggesting that
they may share the same transcription machinery in a particular organ following changes in gut microbiota. The

only two exceptions are: 1) in liver, the lncRNA NONMMUG068817.1 was up-regulated whereas the paired
PCG glutathione synthetase (Gss) was down-regulated by
lack of gut microbiota, and both of them are transcribed
from the Crick strand; 2) in jejunum, the lncRNA NONMMUG042631.1, which is transcribed from the Watson
strand, was up-regulated by lack of gut microbiota,
whereas the paired PCG pleckstrin homology like domain,
family B, member 1 (Phldb1), which is transcribed from
the Crick strand, was down-regulated by lack of gut
microbiota.
To predict the interactions of the differentially regulated
PCGs that paired with a lncRNA, we used Search Tool for
the Retrieval of Interacting Genes/Proteins (STRING) to
generate protein-protein association networks [36]. For
these networks, only the nodes (proteins) that are connected (edges) in a network are shown.
Liver

As shown in Fig. 4, in liver of GF mice, 33 edges were
present from 94 unique PCGs with a protein-protein
Table 1 Numbers of differentially regulated lncRNA-PCG pairs
Organ

Total lncRNAPCG pairs

Both upregulated

Both downregulated

LncRNA upregulated
and PCG downregulated

Liver

105

58

46

1
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36

16

0
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255

102

1

Ileum
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21

0
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Fig. 4 Pathway analysis of PCGs paired with lncRNAs that were differentially regulated by lack of gut microbiota in livers of CV and GF mice. The
lncRNA-PCG pairs in liver between CV and GF mice were subjected to STRING analysis using the default settings. The connected nodes
are shown

interaction (PPI) enrichment p-value of 0.0346. For example, many Phase-I drug-metabolizing enzymes, such as
the P450 family members (Cyp1a2, Cyp3a11, Cyp4a10,
and Cyp4f17), the flavin containing monooxygenase 5
(Fmo5), aldehyde dehydrogenase 3a2 (Aldh3a2), and hydroxysteroid 17β dehydrogenase (Hsd17b11), were all
paired with lncRNAs in liver (Fig. 4). The metal-binding
protein metallothionein 2 (Mt2), which is induced under
many stress responses, as well as several transcription factors such as androgen receptor (Ar), Onecut1, Foxa2, and
Ppargc1b (also known as PGC1β), were all paired with
lncRNAs in liver. Enriched KEGG pathways included
metabolic pathways (Pathway ID: 01100; FDR = 0.008) and
retinol metabolism (Pathway ID: 00830; FDR = 0.0495).
Therefore, lncRNAs that were co-regulated with the
paired PCGs may contribute to the regulation of these
xenobiotic and intermediary metabolic pathways in liver.

Examples of the genomic locations and expression of
the lncRNA-PCG pairs are shown in Fig. 5. Because liver
is a major organ for the oxidative metabolism of many
drugs and other xenobiotics, P450 family members are
shown. The lncRNA NONMMUG042916.1 is located on
chromosome 9 and is transcribed upstream and overlaps
with the 5’-UTR of Cyp1a2, which generally oxidizes
planar, polycyclic aromatic hydrocarbons (Fig. 5a). Both
NONMMUG042916.1 and Cyp1a2 are transcribed from
the Crick strand and were both up-regulated by the lack
of gut microbiota (Fig. 5b). The lncRNA NONMMUG034289.1 is located on chromosome 5 and is
transcribed from the intronic regions of Cyp3a11, which
is a major P450 family member with promiscuous activity toward many xenobiotic substrates. Both NONMMUG034289.1 and Cyp3a11 were down-regulated by
lack of gut microbiota, despite being transcribed from
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Fig. 5 Genomic locations (a) and gene expression (b) of examples of lncRNA-PCG pairs that were differentially regulated by lack of gut microbiota in
livers of CV and GF mice. Drug metabolizing enzymes Cyp1a2, Cyp3a11, and Cyp4a10 are shown. Expression of lncRNAs and paired PCGs were plotted
using mean FPKM ± S.E., and asterisks (*) indicate statistically significant differences between enterotypes of mice (FDR-BH < 0.05)

opposite strands, suggesting that they are regulated by
two coordinated transcription machineries or that the
transcription complex may hop strands to synchronize
the transcription of two distinct transcripts (Fig. 5a
and b). NONMMUG030301.1 is located on chromosome 4 and is transcribed from the 5’-UTR to the
intronic region of its neighboring PCG Cyp4a10 (a fatty
acid oxidation enzyme) (Fig. 5a), and they were both
up-regulated by lack of gut microbiota (Fig. 5b). The expression and co-regulation of other lncRNA-PCG pairs involved in cholesterol biosynthesis and transport, drug

metabolism and oxidative stress, and nucleoside transport
are included in Additional file 2: Figure S2.
Duodenum

As shown in Fig. 6a, in duodenum of GF mice, 11 edges
were present from 49 unique PCGs with a PPI enrichment p-value of 0.0523. Examples of the lncRNA-PCG
pairs are shown in Fig. 6b and c. The lncRNA NONMMUG012236.2 on chromosome 14 is transcribed from
the intronic region of the sodium and bicarbonate electroneutral cotransporter solute carrier family 4 member
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Fig. 6 Pathway analysis (a), as well as genomic locations (b) and gene expression (c) of examples of lncRNA-PCG pairs that were differentially
regulated by lack of gut microbiota in duodenum of CV and GF mice. (a) PCGs paired with lncRNAs in duodenum between CV and GF mice were
subjected to STRING analysis using the default settings. The connected nodes are shown. (b) and (c) The sodium bicarbonate transporter solute carrier
(Slc) 4a7, the phase-I oxidation enzyme Cyp3a25, and the sodium-dependent purine transporter Slc28a2 are shown. Expression of lncRNAs and paired
PCGs were plotted using mean FPKM ± S.E., and asterisks (*) indicate statistically significant differences between enterotypes of mice (FDR-BH < 0.05)

7 (Slc4a7/NBCn1). Both NONMMUG012236.2 and
Slc4a7 are transcribed from the Watson strand and were
up-regulated in the absence of gut microbiota (Fig. 6c).
Another intronic lncRNA, namely NONMMUG034299.1,
is transcribed from the Crick strand along with the
Phase-I oxidation enzyme Cyp3a25, and both transcripts
were down-regulated by the lack of gut microbiota.
Interestingly, a second lncRNA NONMMUG034300.1
transcribed from the opposite strand overlaps with NONMMUG034299.1 and Cyp3a25, but was not significantly
expressed in duodenum in either CV or GF conditions.

This suggests that NONMMUG034299.1 may be
co-transcribed with Cyp3a25 and that NONMMUG
034299.1 transcription requires transcriptional machinery
independent of Cyp3a25. The transporter Slc28a2, which
is a sodium-coupled nucleoside transporter and is particularly important for the uptake of purines and may influence the pharmacokinetics of tenofovir [37], paired with
the lncRNA NONMMUG024460.2, and both transcripts
are transcribed from the Watson strand and were
co-up-regulated in the absence of gut microbiota. Other
examples of PCG paired with a lncRNA include the Phase
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NONMMUG013862.1 is another intronic lncRNA
transcribed from the Watson strand, and it paired
with the intestinal hydrogen peptide cotransporter
Slc15a1 (PepT1), and both were up-regulated by lack
of gut microbiota. Similar to duodenum, the lncRNA
NONMMUG024460.2 the paired sodium-coupled nucleoside transporter Slc28a2 were co-up-regulated in
the absence of gut microbiota. The up-regulation of
this lncRNA and Slc28a2 indicates a consistent increase in sodium and purine transport in the upper
portions of the small intestine that is in part
regulated by gut microbiota. Additional examples of
the expression of other lncRNA-PCG pairs are shown
in Additional file 2: Figure S5 and are categorized by
Phase I and II drug metabolizing enzymes as well as
transporters. The Phase I enzymes included bile acidsynthesizing enzymes such as Akr1b7 and Cyp27a1.
The transporters included several nutrient uptake
transporters, including the hydrogen peptide cotransporter Slc15a1, the creatine transporter Slc6a8, the
nucleoside transporter Slc28a2, and the amino acid
transporters Slc6a7, Slc7a8, Slc36a1, and Slc43a2. The

I drug metabolizing enzymes aldo-keto reductase family 1,
member C19 (Akr1c19) and Cyp27a1 (also the rate
limiting step in the alternative pathway of bile acid synthesis); the Phase II drug metabolizing enzymes Aldh18a1
and sulfotransferase family, cytosolic, 1C, member 2
(Sult1c2); as well as the metal-binding protein and oxidative stress marker Mt2 (Additional file 2: Figure S3). The
genomic locations of these lncRNA-PCG pairs are shown
in Additional file 2: Figure S9.
Jejunum

STRING analysis of 324 PCGs paired with a lncRNA in
jejunum of GF mice revealed 291 edges with a PPI enrichment p-value of 3.33e− 12 (Additional file 2: Figure S3), indicating a highly non-random set of proteins. The
lncRNA NONMMUG034299.1 consists of two transcript
isoforms, as shown in Fig. 7a, from the intronic region of
P450 (cytochrome) oxidoreductase (Por), which is
responsible for donating electrons from NADPH to P450
enzymes. Both NONMMUG034299.1 and Por are transcribed from the Watson strand and were co-up-regulated
in the absence of gut microbiota (Fig. 7b). The lncRNA
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Fig. 7 Genomic locations (a) and gene expression (b) of examples of lncRNA-PCG pairs that were differentially regulated by lack of gut
microbiota in jejunum of CV and GF mice. (Note: Pathway analysis of PCGs paired with lncRNAs is shown in Additional file 2: Figure S4.) The P450
electron donor cytochrome p450 oxidoreductase (Por), the intestinal hydrogen peptide cotransporter Slc15a1, and the sodium-dependent purine
transporter Slc28a2 are shown. The genomic locations for Slc5a12 and Slc28a2 are shown in Fig. 6. Expression of lncRNAs and paired PCGs were
plotted using mean FPKM ± S.E., and asterisks (*) indicate statistically significant differences between enterotypes of mice (FDR-BH < 0.05)
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The lncRNA NONMMUG043407.1 is 3223 bp in length
and has a TSS in the intronic region of the first glutathione synthesis rate-limiting enzyme glutamate-cysteine
ligase catalytic subunit (Gclc), ending downstream of the
3’UTR. Both NONMMUG043407.1 and Gclc were upregulated in ileum by lack of gut microbiota, suggesting that NONMMUG043407.1 may regulate
glutathione synthesis through regulating the expression of Gclc. Similarly, the lncRNA NONMMUG011666.2
is transcribed from the 3’-UTR of the cholesterol
rate-limiting enzyme 3-hydroxy-3-methylglutaryl-Coenzyme

genomic locations of these lncRNA-PCG pairs are
shown in Additional file 2: Figure S9.
Ileum

As shown in Fig. 8a, in ileum of GF mice 8 edges were
present from 31 unique PCGs with a PPI enrichment
p-value of 0.0002. A single enriched KEGG pathway was
identified as terpenoid backbone biosynthesis, which
are hydrocarbons that are precursors to steroids and
strolls (Pathway ID: 00900; FDR = 0.0008). Examples
of the lncRNA-PCG pairs are shown in Fig. 8b and c.
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Fig. 8 Pathway analysis (a), as well as genomic locations (b) and gene expression (C) of lncRNA-PCG pairs that were differentially regulated by
lack of gut microbiota in Ileum of CV and GF mice. (a) The PCGs paired with lncRNAs in ileum between CV and GF mice were subjected to STRING
analysis using the default settings. The connected nodes are shown. (b) and (c) The first rate-limiting enzyme of glutathione synthesis glutamatecysteine ligase catalytic subunit (Gclc), the rate-limiting enzyme for cholesterol synthesis 3-hydroxy-3-methylglutaryl-CoA reductase (Hmgcr), and the
cholesterol synthesis enzyme 3-hydroxy-3-methylglutaryl-CoA synthase 1 (Hmgcs1) are shown. Expression of lncRNAs and paired PCGs were plotted
using mean FPKM ± S.E., and asterisks (*) indicate statistically significant differences between enterotypes of mice (FDR-BH < 0.05)
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A reductase (Hmgcr). Both NONMMUG011666.2 and
Hmgcr are transcribed from the Crick strand and
were up-regulated in the absence of gut microbiota.
Overlapping transcription from the 3’-UTR suggests
that
Hmgcr
and
NONMMUG011666.2
are
co-transcribed, and the local production of NONM
MUG011666.2 may function as a “microRNA sponge”
to prevent the microRNA-binding to the 3’-UTR of
Hmgcr, and thus stabilize the mRNA and increase the
protein synthesis of Hmgcr. The lncRNA NONMMUG012110.2 is an intronic lncRNA transcribed
from the Crick strand in the opposite direction of
3-hydroxy-3-methylglutaryl-coenzyme A synthase 1
(Hmgcs1), which encodes the first enzyme in cholesterol biosynthesis pathway. Both NONMMUG
012110.2 and Hmgcs1 were increased in the absence
of gut microbiota. Additional examples of the
expression of other lncRNA-PCG pairs are shown in
Additional file 2: Figure S6. Phase I drug-metabolizing
enzymes included two reductases Akr1c19 and Dhrs1
and the oxidizing enzyme Cyp3a25. The paired transporter Slc9a3 regulates the cellular sodium gradient.
The genomic locations of these lncRNA-PCG pairs
are shown in Additional file 2: Figure S9.
Colon

As shown in Fig. 9, in colon of GF mice, 31 edges were
apparent among 111 unique PCGs with a PPI enrichment p-value of 0.003. Three groups of connected genes
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are highlighted in circles that are involved in 1) circadian
rhythm signaling: the negative regulatory transcription
factor nuclear receptor subfamily 1, group D, member 1
(Nr1d1) and the transcription factor thyrotroph embryonic factor (Tef ); 2) G-protein-coupled receptor
signaling: insulin-like 5 (Insl5), the uridine responsive
receptor pyrimidinergic receptor P2Y, G-protein coupled,
4 (P2ry4), and the somatostatin-14 preferred receptor
somatostatin receptor 1 (Sstr1); and 3) transforming
growth factor signaling: bone morphogenetic protein 2
(Bmp2), Bmp3, and gremlin 1, DAN family BMP antagonist (Grem1). Examples of lncRNA-PCG pairs are shown in
Fig. 10a and b. The lncRNA NONMMUG034101.2 on
chromosome 5 is an intronic lncRNA from the drug metabolizing enzyme Cyp3a13. Both NONMMUG034101.2
and Cyp3a13 were up-regulated by the lack of gut microbiota. Another intronic lncRNA NONMMUG034101.2
has two isoforms transcribed from chromosome 17. The
paired PCG is the vitamin E hydroxylase Cyp4f14, and
both the lncRNA and PCG are transcribed from the Crick
strand and were up-regulated in the absence of gut microbiota. The vitamin D receptor (Vdr) paired with three
differentially expressed lncRNAs within the intronic region, and all three lncRNAs are transcripts are from the
Crick strand. The first lncRNA NONMMUG015397.1 is
from an intronic region of Vdr whereas the second
lncRNA NONMMUG015398.1 spans across two adjacent
introns but does not overlap with the middle exon. The
third lncRNA NONMMUG015399.1 is continuously

Circadian
rhythm
signaling

GPCR
signaling

Transforming
growth factor
signaling
Fig. 9 Pathway analysis of PCGs paired with lncRNAs that were differentially regulated by lack of gut microbiota in colon of CV and GF mice. The
lncRNA-PCG pairs in colon between CV and GF mice were subjected to STRING analysis using the default settings. The connected nodes
are shown
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Fig. 10 Genomic locations (a) and gene expression (b) of lncRNA-PCG pairs that were differentially regulated by lack of gut microbiota in colon
of CV and GF mice. The phase-I oxidation enzyme Cyp3a13, the vitamin E hydroxylase Cyp4f14, and the vitamin D receptor (Vdr) are shown. Expression of
lncRNAs and paired PCGs were plotted using mean FPKM ± S.E., and asterisks (*) indicate statistically significant differences between enterotypes of
mice (FDR-BH < 0.05)

transcribed over an intron-exon region. All of the three
lncRNA transcripts as well as Vdr mRNA were
up-regulated in the absence of gut microbiota, and this
may result from the trans-activation of one nascent
transcript followed by alternative splicing at different
splice sites. The expression of other lncRNA-PCG
pairs is shown in Additional file 2: Figure S7 and are
categorized by Phase I and drug metabolizing enzymes, transporters, and nuclear receptors. Similar to
liver, the lncRNA-PCG pairs for Akr1c19 and Cyp27a1
were present in colon. Interestingly, the clock regulating

nuclear receptor Nrd1d was co-expressed with NONMMUG007536.2, suggesting a co-regulatory pathway. The
genomic locations of these lncRNA-PCG pairs are shown
in Additional file 2: Figure S9.
Brown adipose tissue

As shown in Fig. 11, in BAT of GF mice, 50 edges were
present from 53 unique PCGs with a PPI enrichment
p-value less than 1e− 16. Examples of lncRNA-PCG pairs
are shown in Fig. 11b and c. The lncRNA NONMMUG026539.1 is from the intronic region of the
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Fig. 11 Pathway analysis (a), as well as genomic locations (b) and gene expression (c) of lncRNA-PCG pairs that were differentially regulated by
lack of gut microbiota in BAT of CV and GF mice. (a) The PCGs paired with lncRNAs between CV and GF mice in BAT were subjected to STRING
analysis using the default settings. The connected nodes are shown. (b) and (c) The circadian rhythm gene nocturnin (Noct/Ccrn4l) and the
glutamine and sodium ion cotransporter Slc38a3 are shown. Expression of lncRNAs and paired PCGs were plotted using mean FPKM ± S.E., and
asterisks (*) indicate statistically significant differences between enterotypes of mice (FDR-BH < 0.05)

circadian rhythm gene nocturnin (Noct/Ccrn4l) on
chromosome 3. Both NONMMUG026539.1 and Ccrn4l
are transcribed from the Watson strand and were
down-regulated in the absence of gut microbiota. Ccrn4l
knockout mice develop lipid droplets in BAT, suggesting
that down-regulation of Ccrn4l may regulate lipid
metabolism, and the co-regulated NONMMUG026539.1
may also participate in this pathway [38–40]. The
lncRNA NONMMUG043919.1 on chromosome 9
consists of two isoforms both transcribed from the
3’-UTR (Fig. 11b) of the sodium coupled neutral amino
acid transporter Slc38a3. Both NONMMUG043919.1
and Slc38a3 are transcribed from the Crick strand and
were down-regulated in the absence of gut microbiota.
Additionally, the imprinted maternally expressed
lncRNA H19 is down-regulated by lack of gut microbiota (Additional file 2: Figure S8).

have associated functions. Examples of lncRNA-PCG
pairs are shown in Fig. 11b and c. The lncRNA NONMMUG007588.2 on chromosome 11 is a 2790 bp transcript from the intergenic region of the cytosolic
acetyl-CoA synthesis enzyme ATP citrate lyase (Acly).
Both NONMMUG007588.2 and Acyl are from the Crick
strand and were co-up-regulated in the absence of gut
microbiota. The lncRNA NONMMUG036966.2 consists
of two transcripts from the 3’-UTR region of the
circadian rhythm regulatory gene basic helix-loop-helix
family, member e41 (Bhlhe41). Both NONMMUG
036966.2 and Bhlhe41 are transcribed from the Crick
strand and were up-regulated in the absence of gut microbiota. The lncRNA NONMMUG036966.2 is transcribed
from the Crick strand of the intronic region of the
oxidoreductase Cyp4f17, which is transcribed from the
opposite strand. Both NONMMUG036966.2 and Cyp4f17
were down-regulated in the absence of gut microbiota.

White adipose tissue

As shown in Fig. 12a, in WAT of GF mice, 5 edges were
apparent from 36 unique PCGs with a PPI enrichment
p-value of 0.24, suggesting that these proteins do not

Skeletal muscle

As shown in Fig. 13a, in muscle of GF mice, 5 edges were
present from 15 unique PCGs with a PPI enrichment
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Fig. 12 Pathway analysis (a), as well as genomic location (b) and gene expression (c) of lncRNA-PCG pairs that were differentially regulated by
lack of gut microbiota in WAT of CV and GF mice. (a) The PCGs paired with lncRNAs between CV and GF mice in BAT were subjected to STRING
analysis using the default settings. The connected nodes are shown. (b) and (c) The cytosolic acetyl-CoA synthesis enzyme ATP citrate lyase (Acly),
the circadian rhythm regulatory gene basic helix-loop-helix family, member e41 (Bhlhe41), and the phase-I oxidation enzyme Cyp4f17 are shown.
Expression of lncRNAs and paired PCGs were plotted using mean FPKM ± S.E., and asterisks (*) indicate statistically significant differences between
enterotypes of mice (FDR-BH < 0.05)

p-value of 0.0001. Enriched KEGG pathways included
AMPK signaling pathway (Pathway ID: 04152; FDR =
0.0003), FoxO signaling pathway (Pathway ID: 04068;
FDR = 0.012), and fatty acid metabolism (Pathway ID:
01212; FDR = 0.047). Two examples of lncRNA-PCG
pairs are shown in Fig. 13b and c. The lncRNA
NONMMUG021377.1 on chromosome 19 consists of
two isoforms transcribed from the intronic region near the
TSS of the muscle stretch response gene ankyrin repeat domain 2 (Ankrd2). NONMMUG021377.1 is transcribed

from Crick strand whereas Ankrd2 is from the Watson
strand. Both transcripts were up-regulated in the absence
of gut microbiota. Conversely, the lncRNA NONMMUG041743.2 and the paired PCG, which is the
potassium voltage-gated channel, subfamily G, member 4 (Kcng4), were down regulated in the absence
of gut microbiota. NONMMUG041743.2 has three
isoforms transcribed from the Watson strand near
the TTS and 3’UTR of Kcng4, which is from the
Crick strand, suggesting that NONMMUG041743.2
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Fig. 13 Pathway analysis (a), as well as genomic locations (b) and gene expression (c) of lncRNA-PCG pairs that were differentially regulated by
lack of gut microbiota in skeletal muscle of CV and GF mice. (a) The PCGs paired with lncRNAs between CV and GF mice in skeletal muscle were
subjected to STRING analysis using the default settings. The connected nodes are shown. (b) and (c) The muscle stretch response gene ankyrin
repeat domain 2 (Ankrd2) and the voltage-gated potassium channel protein potassium voltage-gated channel, subfamily G, member 4 (Kcng4)
are shown. Expression of lncRNAs and paired PCGs were plotted using mean FPKM ± S.E., and asterisks (*) indicate statistically significant
differences between enterotypes of mice (FDR-BH < 0.05)

could regulate Kcng4 differently depending on the
isoform.
Predicted interactions between lncRNAs and the nascent
mRNA transcripts of paired PCGs

To determine whether co-regulated lncRNA-PCG pairs
potentially interact with each other, LncTar [41] was used
to predict the putative interactions between lncRNAs and
the nascent mRNA transcripts of paired PCGs by calculating the normalized binding free energy (ndG). Twenty-five
lncRNA-PCG pairs were selected based on their importance in drug metabolism and disposition, circadian
rhythm, lipid metabolism, and ion channels. Among these
25 lncRNA-PCG pairs, 12 lncRNA transcripts were

predicted to bind to the nascent transcripts of the paired
PCGs (Table 2) (threshold: ndG < − 0.08 based on the
recommended LncTar settings). The strongest predicted
binding interaction was between the lncRNA NONMMUG013862.1 and the PCG hydrogen peptide cotransporter Slc15a1, which were co-upregulated in jejunum, at
− 2519 ndG. The next strongest interactions were between
NONMMUG018017.1 and Cyp4f17 (co-regulated in
colon and WAT), as well as between NONMMUG
021377.1 and Ankrd2 (co-upregulated in muscle). These
findings suggest that the paired lncRNAs may facilitate
the mRNA stability. The other 13 lncRNA-PCG pairs do
not appear to interact based on LncTar predictions, and it
is likely that the lncRNAs share the same transcription
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Table 2 Prediction of lncRNA-mRNA interactions using LncTar
LncRNA (Gene ID)

Transcript ID

PCG

ndG

NONMMUG013862.1

NONMMUT022475.1

Slc15a1

−2519.29

NONMMUG018017.1

NONMMUT029136.1

Cyp4f17

− 1570.6

NONMMUG021377.1

NONMMUT034745.1

Ankrd2

− 1507.425

NONMMUG012110.2

NONMMUT019511.2

Hmgcs1

−33.5955

NONMMUG034289.1

NONMMUT055228.1

Cyp3a11

−3.4213

NONMMUG041743.2

NONMMUT067409.2

Kcng4

−1.1499

NONMMUG041743.2

NONMMUT067411.2

Kcng4

−1.0917

NONMMUG041743.2

NONMMUT067410.2

Kcng4

−1.0911

NONMMUG030301.1

NONMMUT048798.1

Cyp4a10

−0.2888

NONMMUG034010.1

NONMMUT054821.1

Por

−0.1006

NONMMUG034101.2

NONMMUT054956.2

Cyp3a13

−0.0985

NONMMUG024462.2

NONMMUT039550.2

Slc28a2

−0.0907

machinery with the PCGs, but exert their functions at distal regions.
Regulation of differentially regulated PCG networks by
gut microbiome in the eight target organs

To further illustrate the potential importance of
lncRNAs in modifying PCG regulation by gut microbiome, we examined all differentially regulated PCGs in
GF conditions in the eight target organs, regardless of
whether these PCGs are paired with lncRNAs or not
(Additional file 2: Figures S10-S17). In liver, the top
enriched KEGG Pathways were metabolic pathways,
retinol metabolism, chemical carcinogenesis, PPAR
signaling pathway, and steroid hormone biosynthesis,
whereas the enriched protein domains include P450s,
nuclear receptors, and zinc finger proteins (Additional
file 2: Figure S10). The metabolic pathways and retinol
metabolism overlapped with the networks formed with
PCGs that paired with lncRNAs, suggesting the involvement of lncRNAs in these processes; in contrast, chemical carcinogenesis, PPAR signaling pathway, and steroid
hormone biosynthesis appeared to be independent from
lncRNAs (Additional file 2: Figure S10 and Fig. 4). In
addition, more P450s were enriched in networks formed
by all differentially regulated PCGs in liver as compared
to PCGs that paired with lncRNAs (Additional file 2:
Figure S10 and Fig. 4).
In duodenum, interestingly, multiple ribosomal subunits
were enriched among top networks formed by all differentially regulated PCGs (Additional file 2: Figure S11A), and
this appeared to be independent from lncRNAs as the
PCGs paired with lncRNAs did not form such a network
(Fig. 6). The ribosomal subunits are important for protein
translation process, highlighting the role of gut microbiome in protein translation in host duodenum. In
addition, pancreatic secretion, chemical carcinogenesis,
mineral absorption, protein digestion and absorption, and

steroid hormone biosynthesis were the top enriched
KEGG Pathways among all differentially regulated PCGs
(Additional file 2: Figure S11B).
Jejunum had the largest numbers of both differentially
regulated PCGs as well as lncRNA-paired PCGs, thus
forming the largest enriched networks under both
scenarios (Additional file 2: Figure S12A and Figure S4).
Furthermore, the differentially regulated PCGs had
greater complexity in the enriched edges in the network,
indicating a lncRNA-independent effect. Virus/parasite
infection, hematopoietic cell lineage, as well as protein
digestion and absorption were the top most enriched
KEGG pathways (Additional file 2: Figure S12B).
In ileum, the cholesterol synthesis pathway was shared
between all differentially regulated PCGs (Additional file
2: Figure S13A) and lncRNA-paired PCGs (Fig. 8).
However, similar to duodenum, multiple ribosomal subunits that are important for protein translation were
only enriched from all differentially regulated PCGs, but
not from lncRNA-paired PCGs (Additional file 2: Figure
S13A and Fig. 8). In addition, many P450 isoforms as
well as phase-II conjugation enzymes Gsts were enriched
among all differentially regulated PCGs (Additional file
2: Figure S13A). Chemical carcinogenesis, retinol metabolism, PPAR signaling pathway, terpenoid backbone
biosynthesis, and metabolic pathways were the most
enriched KEGG Pathways. Overall, the ileum shared
high similarities with duodenum regarding the regulation of PCGs by the absence of gut microbiome.
In colon, circadian rhythm pathway was shared between
all differentially regulated PCGs and lncRNA-paired PCGs
(Additional file 2: Figure S14 and Fig. 9), whereas protein
digestion and absorption, metabolic pathways, fat digestion and absorption, and pancreatic secretion were
enriched for all differentially regulated PCGs (Additional
file 2: Figure S14), but G-protein-coupled receptor signaling and transforming growth factor signaling were
enriched for lncRNA-paired PCGs (Fig. 9).
In BAT, multiple ribosomal subunits were also enriched
among differentially regulated PCGs, and interesting the
muscle-related pathways appeared to be regulated in this
tissue by the lack of gut microbiome (Additional file 2:
Figure S15A and B). In contrast, the lncRNA-paired PCGs
appeared to be more involved in circadian rhythm, lipid
metabolism, and amino acid transport (Fig. 11b).
In WAT, circadian rhythm pathway was shared between
all differentially regulated PCGs and lncRNA-paired PCGs
(Additional file 2: Figure S16 and Fig. 12). In addition,
leukocyte transendothelial migration, metabolism of xenobiotics by cytochrome P450s, microbial metabolism in diverse environment were the top enriched KEGG Pathways
from all differentially regulated PCGs.
In skeletal muscle, AMPK signaling and FoxO signaling pathway were shared between all differentially
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regulated PCGs and lncRNA-paired PCGs (Additional
file 2: Figure S17 and Fig. 13), whereas circadian rhythm,
metabolism of xenobiotics by cytochrome P450s and
p53 signaling pathway were enriched from all differentially regulated PCGs.
To confirm RNA-Seq results, selected lncRNAs in
various organs were validated by RT-qPCR as shown in
(Additional file 2: Figure S18) (Note: the liver results were
compared with control mice from a previously published
study from this laboratory) [42]. The RT-qPCR results
were consistent with the RNA-Seq data.
In summary, the lncRNA-paired PCGs share overlapping but not identical signaling pathways as compared
to all differentially regulated PCGs by the absence of gut
microbiome, indicating that lncRNAs may regulate a
subset of the PCGs within the same neighborhood, but
are not involved in certain other biological processes.

Discussion
Gut microbiota has been shown to modulate the expression of host PCGs in liver, duodenum, jejunum, ilium,
and colon [27–31, 43]. In liver of adult GF mice, the
expression of the drug-metabolizing enzyme Cyp3a11
gene is lower than that of CV mice [30]. The gut
microbiota-mediated modification of hepatic gene expression is regulated by remote-sensing mechanisms,
through microbial metabolites that may act as activators
of host transcription factors [28]. The xenobiotic-sensing
nuclear receptor pregnane X receptor (PXR) can be activated by the secondary bile acid lithocholic acid, which
is a product of microbial metabolism of host primary
bile acids [44] and regulates Cyp3a in mouse liver [27].
Additionally, the absence of bacteria and their metabolites has been shown to modulate several metabolic
processes in peripheral tissues. 1H NMR metabolic
profiles of BAT in CV and GF mice of both genders
showed that lack of gut microbiota eliminated sexual dimorphisms in GF mice and decreased lactate levels
while increasing (D)-3-hydroxybutyrate, suggesting that
gut microbiota may stimulate lipolysis and inhibit lipogenesis in BAT [45]. In skeletal muscle and BAT, it has
been suggested that propionic acid, a short chain fatty
acid (SCFA) produced by gut microbiota, acts as a mediator to increase the expression of uncoupling protein
(UCP)-1 for thermogenesis and energy expenditure [46].
Mice with a depleted gut microbiota exposed to the gut
microbiota of mice fasted every other day increased total
energy expenditure and the expression of UCP to induce
the beiging of WAT; increased circulatory levels of the
SCFA acetate and the fermentation product lactate are
the suggested underlying mechanism [47]. Because
lncRNAs have been increasingly recognized as critical
regulators for various metabolic processes [48–51], it is
possible that lncRNAs may at least partially contribute
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to the regulation of PCGs and intermediary metabolism
pathways by gut microbiota. Prior to this study, using an
Affymetrix mouse exon microarray dataset, Liang et al.,
(2015) identified lncRNA expression profiles in intestinal
epithelial cells isolated from CV and GF mice, as well as
GF mice recolonized with Escherichia coli, suggested
that some lncRNAs may be microbe-dependent [52]. In
an in vitro experiment of endothelial cells, the bacterial
membrane component lipopolysaccharide differentially
regulated the expression of over 19,000 lncRNA
transcripts [53]. In the present study, we showed that
the presence of gut microbiota is necessary in the constitutive expression of lncRNAs in multiple tissues of mice,
including liver, duodenum, jejunum, ileum, colon, BAT,
WAT, and muscle. These results have demonstrated for
the first time that lncRNAs are regulated by microbial
metabolites both proximal (intestine sections) and distal
(liver, fat, and muscle) to the gut microbiota.
Interestingly, this study showed that within the enterohepatic tissues (liver and intestinal sections) of CV mice,
the majority of the expressed lncRNAs were co-expressed
across these tissues (5359) (Fig. 1b). Similarly, in the peripheral metabolic organs (BAT, WAT, and muscle), the
majority of the expressed lncRNAs were also co-expressed
(4423). Similar co-expression patterns were also observed
in rainbow trout with more lncRNAs (3269) being
co-expressed in all tested tissues than tissue-specific
lncRNAs (2935) [54] and across 18 tissues in a bovine
model [55]. However, this study showed that in the absence of gut microbiota, differentially regulated lncRNAs
is highly tissue-specific because only three out of 1354
lncRNAs were commonly regulated by lack of gut microbiota in enteroheptic organs and only one out of 310
lncRNAs was commonly regulated by lack of gut microbiota in peripheral metabolic tissues (Fig. 2b). This suggests that lncRNAs regulated by gut microbiota-mediated
signaling have distinct roles in defining tissue specific differentiation and functions.
The gut microbiota-mediated differentially expressed
PCGs that paired with lncRNAs were clustered into distinct functional networks (Figs. 1a, 4a, 6, 8b, 9a, 11, 12a
and Additional file 2: Figure S4), suggesting that
lncRNAs may modulate these pathways in the absence of
gut microbiota. Indeed, it has been demonstrated in human naïve central memory and effector memory CD4+ T
cells that lineage-specific lncRNAs were co-expressed with
lineage-specific PCGs [56], and lncRNA expression profiles in intestinal tissues can discriminate between different types of bacteria [52]. Both reports and the present
study have suggested that lncRNAs contribute to the regulation of the lineage PCGs and cellular phenotypes.
Among the seven tissues examined, we found that the
majority of differentially regulated lncRNAs by lack of
gut microbiota (Fig. 3) were transcribed from the introns
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of PCGs. Previously, the majority of transcripts mapped
to intronic regions of the genome were dismissed from
functional characterization as they were thought to be
mRNA precursors or transcriptional noise. A comprehensive analysis of transcriptional output in humans and
mice revealed that there are at least 78,147 and 39,660
intronic transcripts, respectively, with some evidence for
conservation between species [57]. The function of many
lncRNAs, in particular intronic lncRNAs, is hypothesized to act though cis mechanisms to modulate the
transcription of PCGs. It is increasingly recognized that
intronic lncRNAs may regulate the RNA processing
pathway of PCGs, including transcription splicing, and
translation [58], and it has been suggested that the interaction of lncRNAs within introns of PCGs may have a
synergistic effect for “fine-tuning” gene expression
patterns [59]. Plausibly, these lncRNAs regulate the
post-transcriptional splicing of nascent PCG transcripts,
and compared to lncRNAs mapped to other genomic regions, these intronic lncRNAs are more readily regulated
by gut microbiota.
The second most prevalent genomic location of differentially regulated lncRNAs by lack of gut microbiota
was the intergenic region, which do not have an immediate PCG to regulate in cis. The intergenic lncRNA
HOTAIR was the first to be characterized to act in trans
and is required to maintain transcriptional silencing of
the HOXD locus on chromosome 2, but is transcribed
antisense to the HOXC locus on chromosome 12 [9].
Previous efforts in identifying functional intergenic
lncRNAs have focused on loci with permissive epigenetic
marks with a major emphasis on short regions with
histone H3 lysine 4 tri-methylation (H3K4Me3) corresponding to gene promoters followed by longer regions
with histone H3 lysine 36 tri-methylation (H3K36Me3)
corresponding to the transcribed region [60–63]. Using
permissive epigenetic marks as a method to identify nascent lncRNAs has suggested that there are about 4500
evolutionarily conserved intergenic transcripts in humans
and that up to 38% form chromatin-modifying complexes,
organizing epigenetic enzymes spatially for gene regulation [63]. Lack of gut-microbiota dys-regulated many
intergenic lncRNAs, suggesting that differences in gene
expression may be due to microbiota-dependent epigenetic gene regulation. Indeed, it has been suggested that gut
microbiota may regulate epigenetic control of host gene
expression [64–66]. The crosstalk between gut microbiota
and the host epigenome has recently been reviewed by
Qin and Wade [67]. LncRNAs transcribed from other regions, such as the 5′- and 3’-UTR been suggested to alter
post transcriptional processes through alternative splicing,
acting as decoys (competing endogenous RNA) for
miRNA inhibition and improving translational stability
[68–72]. Using the lncRNA transcription loci relative to
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PCGs as a predictor of function, the data suggest lncRNAs
regulated by lack of gut microbiota may have diverse roles
in the regulation of epigenetic enzymes and the stability of
mRNAs during post-transcriptional processing and
translation.
The expression patterns between lncRNA-PCG pairs
has been demonstrated to be highly correlated [73]. We
found that nearly all differentially expressed lncRNA-PCG
pairs to be co-regulated by the lack of gut microbiota, suggesting that lncRNAs and neighboring PCGs may share
common promoters and/or enhancers for transcription. It
is also possible that a lncRNA-PCG pair may be first transcribed as one nascent transcript and then cleaved into
the lncRNA and PCG mature transcripts. The present
study showed that jejunum had over two-fold more differentially expressed lncRNAs than any other tissue (Fig. 2a)
and the most lncRNA-PCG pairs (Additional file 1:
Table S2). Jejunum has is a primary site for the
absorption of nutrients, such as the passive transport of
fructose and the active transport of amino acids, peptides,
vitamins, and glucose. Several lncRNAs in jejunum paired
with solute transporters including the hydrogen peptide
cotransporter Slc15a1, the creatine transporter Slc6a8, the
nucleoside transporter Slc28a2, and the amino acid transporters Slc6a7, Slc7a8, Slc25a22, Slc36a1, and Slc43a2.
Interestingly, Slc28a2 is a sodium-dependent transporter
and Slc36a1 is a proton dependent transporter, indicating
that lncRNAs may help regulate the pH of the lumen.
Additionally, the di- and tri-uptake transporter Slc15a1
was strongly predicted to interact with the paired lncRNA
NONMMUG013862.1. The co-expression of these PCGs
with lncRNAs suggests that gut microbiota may regulate
the absorption of nutrients through lncRNAs as well as
the pH of the intestines.
Recently, lncRNAs were identified to have unique
promoter regions with transcription factor binding
motifs distinct from PCGs [74]. Many of the identified transcription factors were also known to be regulated by the lncRNAs that contain the distinct
binding motif in their promoter region, which is suggestive of a self-regulatory feedback loop [74]. Many
enhancer regions are also transcribed into lncRNAs
(referred to as enhancer RNAs, eRNAs) and are correlated with the activity of functional enhancers [75].
It has been suggested that eRNAs may serve as important regulators of enhancer activation through
spatial enhancer-promoter looping and temporal
trafficking of transcriptional machinery [75–77]. Indeed, analysis of the sponge (Amphimedonqueenslandica) suggests that cis-regulation by non-coding
elements in introns of nearby functionally unrelated
genes constrains the evolution of the surrounding
genes [78], and experimental evidence in vertebrates
supports this hypothesis [79, 80].
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It should be noted that in the present study, we used
poly-A tail selection method to enrich mRNAs and
poly-A tailed lncRNAs during library preparation. This
potentially introduces sampling bias because not all
lncRNAs are poly-A tailed. An analysis of 27 human
RNA-Seq libraries that used RiboMinus depletion of
rRNA (not poly-A dependent) captured 24.1% of transcripts. However, only 1.7% of the expressed sequences
were uniquely expressed to these libraries compared to
36 datasets that used polyA selection [81]. In the human
transcriptome, at least 39% of lncRNAs in the human
transcriptome contain one of the six common polyadenylation motifs, compared to 51% of coding transcripts
[4]. The surprisingly similar yield between poly-A selection versus ribosomal depletion may be due to the tissue
specificity of lncRNAs as well as their low expression. It
has been shown that the non-polyadenylated lncRNAs are
generally expressed at lower levels than the nonpolyadenylated mRNAs and are prevalent in the nucleus,
suggesting that they may be involved in the transcriptional
regulation of target genes [82, 83]. At this time, the ratio
between polyadenylated lncRNAs versus non-polyadenylated lncRNAs in liver is not known and most of the well
characterized lncRNAs are produced using the same machinery as the PCGs (i.e. transcribed by RNA Pol-II, polyadenylated, and spliced) [84]. Because the present study
was based on our previously published RNA-Seq dataset
using poly-A selection strategy (NCBI GEO database
GSE10474) [29, 42, 81), we were not able to examine the
non-poly-A tailed lncRNAs within this scope. Future studies using whole transcriptome analysis could use ribosomal depletion as an alternative library construction option
(although the trade-off will be lower signal per transcript
at the same read depth).
One question that arises is whether the paired
lncRNAs are true signals versus ontly transcriptional
noise of PCGs. Interestingly, the lncRNAs that were
paired with PCGs shown in Figs. 5, 6, 7, 8, 9, 10, 11, 12
all overlapped with the PCGs. However, there were
many PCG-paired lncRNAs that were located upstream
or downstream of the PCGs (Additional file 1: Table S2)
in all eight organs investigated. Secondly, the present
study utilized poly-A tail selection strategy to remove
the ribosomal RNA from the total RNA species during
library construction of RNA-Seq, eliminating the possibility that the lncRNAs are transcriptional noise of
PCGs. Therefore, only the mature lncRNAs as well as
the mature mRNAs are captured in the final output, and
the detected signal should be true lncRNA transcripts
rather than transcriptional noise of PCGs.
The present study showed that approximately 10% of
lncRNAs were distributed within exonic regions of PCGs
(Fig. 3). Functionally, the lncRNAs that overlap with
PCGs may affect the regulation of PCGs at multiple
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levels including transcription, mRNA splicing and stability, as well as cellular transport and protein translation.
Regarding read assignments of the overlapping exons,
the multi-mapping reads are typically accounted for by
using a statistical model that probabilistically assigns
such reads while inferring maximum likelihood estimates of transcript abundance. In the mouse genome,
the majority of the exons are between 50 and 150 bp in
length, and in the present study, the sequencing strategy
was 50 bp paired end with an average insert size of approximately 160 bp. Therefore, we expect that a substantial amount of reads span across the junctions of the two
adjacent exons of the mature transcripts derived from
both lncRNAs and PCGs. The mapping strategy using
HISAT starts by trying to find candidate locations of part
of each read using the global Ferragina-Manzini (FM)
index. From there, it selects one of the local indexes (approximately 48,000 in total) for each candidate location,
and then uses this to align the remaining portion of each
read. The forward and reserve reads were separately
aligned, and then combined from both ends. Therefore,
using the current mapping method, we expect that
lncRNAs that have overlapping exons but do not have
completely identical two adjacent exons to PCGs will be
differentiated from the corresponding PCGs.

Conclusions
Taken together, the present study is among the first to
demonstrate that lack of gut microbiota differentially
regulates the expression of lncRNAs not only within intestine, but also in other important metabolic organs
(liver, fat, and muscle). Interestingly, the majority of gut
microbiota-regulated lncRNAs were in jejunum, which is
the primary section of intestine responsible for absorption. Nearly all lncRNA-PCG pairs were co-regulated
(i.e. both either up- or down-regulated) in the absence
of gut microbiota. STRING analysis showed that differentially expressed PCGs in proximity to lncRNAs form
tissue-specific networks, suggesting that lncRNAs may
interact with gut microbiota locally or remotely to regulate tissue-specific functions.
Methods
Animals and procedures

As previously described [42, 81], all mice used in this
study were male C57BL/6 mice at 2–3 months of age
(n = 3 per group). Mice were housed with a 14-h light/
10-h dark cycle in a temperature and humidity controlled environment in an Association for Assessment
and Accreditation of Laboratory Animal Care International–accredited facility at the University of Kansas
Medical Center (KUMC). All CV mice were purchased
from The Jackson Laboratory (Bar Harbor, ME). The initial breeding colony of C57BL/6 mice was established
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with GF mice purchased from the National Gnotobiotic
Rodent Resource Center (University of North Carolina
at Chapel Hill). All mice had ad libitium access to autoclaved rodent chow (catalog #5 K67; LabDiet, St. Louis,
MO) and autoclaved water. Mice were euthanized in a
CO2 chamber (at a flow rate 20% of chamber volume
for 5 min) followed by opening the abdominal cavity. As
described in Fig. 14, tissues were harvested between
9:00 AM and noon. The following tissues were collected:
liver, duodenum, jejunum, ileum, large intestine, BAT,

Male
Conventional mice
(CV), n=3

WAT, and skeletal muscle. Intestinal contents were
flushed with ice-cold phosphate-buffered saline. Tissues
were immediately frozen in liquid nitrogen and stored at
− 80 °C before further analysis.
Total RNA isolation, DNA library construction, and RNAsequencing

Total RNA was isolated from tissues using RNA-Bee reagent according to the manufacturer’s protocol. RNA
concentrations were quantified using a NanoDrop 1000

Male
Germ-free mice
(GF), n=3

C57/BL/6
2-3 months old
Total RNA extracted from liver, duodenum,
jejunum, ileum, colon, BAT, WAT, and muscle
cDNA library construction
(Illumina TruSeq RNA Library prep; poly-A tail selection)
2x50 bp paired-end sequencing (Illumina HiSeq 2000)
FastQC (quality control)

FASTQ files mapped to the mouse reference genome
(NCBI GRCm38/mm10) using HISAT2 2.0.5
BAM files sorted using SAMtools 1.3.1
Transcript abundance estimated using Cufflinks 2.2.1

Mapped to UCSCmm10
PCG reference database
for PCGs

Differential expression of PCGs using
Cuffdiff v2.2.1 (FDR-BH<0.05)

Mapped to NONCODE
2016 reference database
for lncRNAs

Differential expression of lncRNAs using
Cuffdiff v2.2.1 (FDR-BH<0.05)
Genomic annotation of
lncRNAs using PAVIS

Identify lncRNA-PCG pairs
lncRNA within 5kb upstream and 1kb downstream of closest PCG
lncRNA and its paired PCG both differentially regulated lack of gut
microbiome in each organ (FDR-BH<0.05)

Pathway analysis of paired PCGs (STRING)

Fig. 14 Diagram illustrating the experimental design and workflow for RNA-seq data analysis. Briefly, tissues from 2 to 3-month-old C57BL/6
conventional (CV) and germ-free (GF) mice were harvested as described previously [29]. Total RNAs were extracted from each organ (n = 3 per
enterotype per organ). The cDNA libraries were prepared using the poly-A tail selection method and were sequenced using an Illumina HiSeq2000
sequencer (2 × 50 bp paired-end). Fastq files were quality-checked with FastQC and mapped to the mouse reference genome (mm10) using HISAT.
The sequence alignment mapping (SAM) files were converted to binary alignment mapping (BAM) files and sorted using SAMtools. The sorted BAM
files were subjected to Cufflinks to determine the transcript abundance. Specifically, the transcript abundance of lncRNAs and PCGs was estimated
using the mouse NONCODE 2016 lncRNA and UCSC mm10 PCG reference gene transfer format (GTF) files, respectively. The differentially expressed
lncRNAs and PCGs were determined by Cuffdiff between CV and GF mice for each organ (FDR-BH < 0.05). The genomic annotation of differentially
expressed lncRNAs and their closest PCGs were annotated using PAVIS. A lncRNA is considered paired with a proximal PCG if 1) the lncRNA overlaps
with the coding region or is within 5 kb upstream of TSS or 1 kb downstream of TTS of any PCG and 2) both the lncRNA and the proximal PCG were
differentially expressed between CV and GF mice (average FPKM > 1 in either CV or GF mice and FDR-BH < 0.05). The PCGs paired with lncRNAs were
subjected to pathway analysis using STRING
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Spectrophotometer (Thermo Fisher Scientific, Waltham,
MA). Integrity of total RNA was confirmed using an
Agilent 2100 Bioanalyzer (Agilent Technologies Inc.,
Santa Clara, CA), and samples with RNA integrity values
of about 7.0 were used for sequencing. The complementary DNA (cDNA) libraries were constructed from total
RNA samples using a TruSeq RNA Sample Prep Kit with
poly-A tail selection (Illumina, San Diego, CA). Sequencing was performed on an Illumina HiSeq2000 sequencer using a 50 bp paired-end multiplexing strategy at the
Kansas University Medical Center Genome Sequencing
Facility. These procedures were described in previous
publications [29, 43, 85].
RNA-sequencing data analysis

The raw RNA-Seq data was deposited in Gene Expression
Onmibus (GEO) database (accession numbers: GSE79848
and GSE102867). As shown in Fig. 14, FASTQ files containing paired-end sequence reads were mapped to the
mouse reference genome (GRCm38/mm10) using
HISAT2 (Hierarchical Indexing for Spliced Alignment of
Transcripts) (version 2.0.5) [86]. The output SAM (sequencing alignment/map) files were converted to BAM
(binary alignment/map) files and sorted using SAMtools
(version 1.3.1) [63]. The transcript abundance for
lncRNAs and PCGs was estimated by Cufflinks (version
2.2.1) using the NONCODE 2016 lncRNA and UCSC
mm10 PCG references databases, respectively. The mRNA
abundance was expressed as fragments per kilobase of
exon per million reads mapped (FPKM). LncRNAs and
PCGs with an average FPKM above 1 in either enterotype
were considered expressed for each organ. Differential
analysis between CV and GF mice was performed using
Cuffdiff, and transcripts with a Benjamini-Hochberg adjusted false discovery rate (FDR-BH) < 0.05 were considered differentially regulated by lack of gut microbiome.
Data were expressed as mean FPKM ± S.E., and asterisks
(*) represent significant differences between CV and GF
mice. Venn diagrams of lncRNAs (Figs. 1 and 14) and
two-way hierarchical clustering dendrograms (Ward’s
minimum variance method, distance scale; Additional file
2: Figure S1) were generated using JMP Genomics Version
8 (SAS Institute, Cary, NC).
Genomic annotation of lncRNAs and proximal lncRNAPCG pair identification

To annotate and visualize the genomic location of
lncRNAs relative to the closest PCGs, the web-based
tool peak annotation and visualization (PAVIS, https://
manticore.niehs.nih.gov/pavis2/) was used to identify
lncRNAs proximal to PCGs, including 5 kb upstream of
the transcription start site (TSS), intronic, exonic, 5′-untranslated region (UTR), 3’-UTR, and up to 1 kb
downstream of the transcriptional termination site
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(TTS). A lncRNA and PCG are considered paired in a
certain tissue if 1) the lncRNA overlaps with or is within
5 kb upstream of TSS or 1 kb downstream of TTS of any
PCG and 2) both the lncRNA and the proximal PCG
were differentially expressed between CV and GF mice
(FPKM > 1 in CV or GF mice and FDR-BH < 0.05). Gene
structure and relative genomic location of the
lncRNA-PCG pairs were visualized using Integrated
Genome Viewer (Broad Institute, Cambridge, MA).
Pathway analysis of differentially expressed lncRNA-PCG
pairs

For each organ, the differentially expressed PCGs that
paired with a differentially expressed lncRNA were submitted for STRING (Search Tool for the Retrieval of
Interacting Genes/Proteins) analysis (version 10.5,
https://string-db.org/) [36].
LncTar

Mouse lncRNA sequences were retrieved from the
NONCODE 2016 database (http://www.noncode.org/
download.php) and mouse protein-coding transcript
sequences were retrieved from Ensembl Biomart. LncTar
Version 1.0, a command line tool for predicting
lncRNA-RNA interactions, was used to generate a tabdelimited file of lncRNA and PCG pairs based on predicted free-energy associations. Specifically, we predicted
the interactions between lncRNA and the paired PCG
nascent transcript. A threshold of − 0.08 ndG was set because it is the lowest suggested threshold and could detect all possible lncRNA-mRNA interactions.

Additional files
Additional file 1: Table S1. Mapping statistics of RNA-Seq data in various organs from CV and GF mice. Sample IDs, total reads sequenced,
total reads mapped, and percentage of reads mapped to the mouse genome are shown. Table S2. lncRNA-PCG pairs in each organ investigated.
The gene IDs, chromosome coordniates, gene expression in each individual sample per organ, log2 fold change, as well as FDR-BH (q value) for
both lncRNAs and the paired PCGs are shown. Table S3. Regulation of
intergenic lncRNAs in liver by the absence of gut mirobiome. Table S4.
Regulation of intergenic lncRNAs in duodenum by the absence of gut
mirobiome. Table S5. Regulation of intergenic lncRNAs in jejunum by
the absence of gut mirobiome. Table S6. Regulation of intergenic
lncRNAs in illeum by the absence of gut mirobiome. Table S7. Regulation of intergenic lncRNAs in colon by the absence of gut mirobiome.
Table S8. Regulation of intergenic lncRNAs in BAT by the absence of gut
mirobiome. Table S9. Regulation of intergenic lncRNAs in WAT by the
absence of gut mirobiome. Table S10. Regulation of intergenic lncRNAs
in skeletal muscle by the absence of gut mirobiome. (XLSX 279 kb)
Additional file 2: Figure S1. Two-way hierarchical clustering dendrograms of differentially expressed lncRNAs by lack of gut microbiota. Figure S2-S8. Other examples of the expression of lncRNA-PCG pairs that
were differentially regulated by lack of gut microbiota in liver (Figure S2),
duodenum (Figure S3), jejunum (Figure S4-5), ileum (Figure S6), colon
(Figure S7), and BAT (Figure S8). Figure S9. Genomic locations of
lncRNA-PCG pairs described in Additional file 2: Figures S2-S3 and S5-S8.
Figure S10-17. All differentially regulated PCG networks (STRING
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analysis), enriched Biological Process (GO), Molecular Function (GO), Cellular Component (GO), and KEGG Pathways in liver (Figure S10), duodenum
(Figure S11), jejunum (Figure S12), ileum (Figure S13), colon (Figure S14),
BAT (Figure S15), WAT (Figure S16), and skeletal muscle (Figure S17). Figure S18. RT-qPCR validation of selected lncRNAs from the RNA-Seq data.
(PDF 143690 kb)
Abbreviations
Acly: ATP citrate lyase; AHR2: Aryl hydrocarbon receptor 2; Akr1c19: Aldoketo reductase family 1, member C19; Aldh: Aldehyde dehydrogenase;
Ankrd2: Ankyrin repeat domain 2; Ar: Androgen receptor; BAM: Binary
alignment/map; BAT: Brown adipose tissue; Bhlhe41: Basic helix-loop-helix
family, member e41; Bmp2: Bone morphogenetic protein 2;
cDNA: Complementary DNA; CV: Conventional; Cyp: Cytochrome P450;
eRNAs: Enhancer RNAs; FDR-BH: Benjamini-Hochberg adjusted false discovery
rate; Fmo5: Flavin containing monooxygenase 5; FPKM: Fragments per
kilobase of exon per million reads mapped; Gclc: Glutamate-cysteine ligase
catalytic subunit; GEO: Gene Expression Onmibus; GF: Germ-free;
Grem1: Gremlin 1, DAN family BMP antagonist; group D: Member 1;
Gss: Glutathione synthetase; GTF: Gene transfer format; H3K27Me3: Trimethylation of histone H3 lysine 27; H3K36Me3: Histone H3 lysine 36 trimethylation; H3K4Me3: Histone H3 lysine 4 tri-methylation; Hmgcr: 3hydroxy-3-methylglutaryl-CoA reductase; Hmgcs1: 3-hydroxy-3methylglutaryl-CoA synthase 1; HOX: Homeobox; Hsd17b11: Hydroxysteroid
17a dehydrogenase; Insl5: Insulin-like 5; Kcng4: Potassium voltage-gated
channel, subfamily G, member 4; KUMC: University of Kansas Medical Center;
lncRNAs: Long non-coding RNA; MLL: Mixed-lineage leukemia;
Mt2: Metallothionein 2; ncRNA: Non-coding RNA; ndG: Normalized binding
free energy; NIH: National Institutes of Health; Noct/Ccrn4l: nocturnin;
Nr1d1: Nuclear receptor subfamily 1; P2ry4: Receptor pyrimidinergic receptor
P2Y, G-protein coupled, 4; PAVIS: Peak annotation and visualization;
PCG: Protein-coding gene; Phldb1: Pleckstrin homology like domain, family B,
member 1; Por: p450 (cytochrome) oxidoreductase; PPI: Protein-protein
interaction; PRC2: Polycomb Repressive Complex 2; PXR: Pregnane X
receptor; SAM: Sequencing alignment/map; SCFA: Short chain fatty acid;
Slc: Solute carrier; sox: Sex-determining region Y-box; Sstr1: Somatostatin
receptor 1; STRING: Search Tool for the Retrieval of Interacting Genes/
Proteins; Sul1c2: Sulfotransferase family, cytosolic, 1C, member 2; Tef: Thyrotroph
embryonic factor; TSS: Transcription start site; TTS: Transcriptional termination site;
UCP: Uncoupling protein; UTR: Untranslated region; Vdr: Vitamin D receptor;
WAT: White adipose tissue; WDR: WD repeat domain
Acknowledgements
The authors would like to thank Mr. Brian High and John Yocum from UW
DEOHS IT team for providing server access and advice on our RNA-Seq bioinformatics pipeline, and members in the Cui Laboratory and Dr. Curtis Klaassen for revising the manuscript.
Funding
This work was supported by National Institutes of Health (NIH) grants [GM111381,
ES019487, ES025708, and T32 ES007032–39], and the University of Washington
Center for Exposures, Diseases, Genomics, and Environment [P30 ES0007033], as
well as the Murphy Endowment. The funding supports the design of the study,
analysis, and data interpretation and writing the manuscript.
Availability of data and materials
The raw RNA-Seq data was deposited in Gene Expression Onmibus (GEO)
database (accession numbers: GSE79848 and GSE102867).
Authors’ contributions
JLD: conception and design, acquisition of data, manuscript writing; involved
in drafting the manuscript and revising it critically for important intellectual
content; given final approval of the version to be published; agreed to be
accountable for all aspects of the work to ensure the accuracy and integrity.
AJ: conception and design, acquisition of data, manuscript writing; involved
in drafting the manuscript and revising it critically for important intellectual
content; given final approval of the version to be published; agreed to be
accountable for all aspects of the work to ensure the accuracy and integrity.
JYC: conception and design, acquisition of data, manuscript writing; involved
in drafting the manuscript and revising it critically for important intellectual

Page 22 of 24

content; given final approval of the version to be published; agreed to be
accountable for all aspects of the work to ensure the accuracy and integrity.
Ethics approval and consent to participate
All animal studies were approved by IACUC at University of Kansas Medical
Center.
Consent for publication
Not Applicable.
Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Received: 7 April 2018 Accepted: 8 November 2018

References
1. Consortium EP. An integrated encyclopedia of DNA elements in the human
genome. Nature. 2012;489(7414):57–74.
2. Djebali S, Davis CA, Merkel A, Dobin A, Lassmann T, Mortazavi A, Tanzer A,
Lagarde J, Lin W, Schlesinger F, et al. Landscape of transcription in human
cells. Nature. 2012;489(7414):101–8.
3. Popadin K, Gutierrez-Arcelus M, Dermitzakis ET, Antonarakis SE. Genetic and
epigenetic regulation of human lincRNA gene expression. Am J Hum Genet.
2013;93(6):1015–26.
4. Derrien T, Johnson R, Bussotti G, Tanzer A, Djebali S, Tilgner H, Guernec G,
Martin D, Merkel A, Knowles DG, et al. The GENCODE v7 catalog of human
long noncoding RNAs: analysis of their gene structure, evolution, and
expression. Genome Res. 2012;22(9):1775–89.
5. Wang KC, Yang YW, Liu B, Sanyal A, Corces-Zimmerman R, Chen Y, Lajoie
BR, Protacio A, Flynn RA, Gupta RA, et al. A long noncoding RNA maintains
active chromatin to coordinate homeotic gene expression. Nature. 2011;
472(7341):120–4.
6. Geisler S, Coller J. RNA in unexpected places: long non-coding RNA functions
in diverse cellular contexts. Nat Rev Mol Cell Biol. 2013;14(11):699–712.
7. Karlsson O, Baccarelli AA. Environmental health and long non-coding RNAs.
Curr Environ Health Rep. 2016;3(3):178–87.
8. Dempsey JL, Cui JY. Long non-coding RNAs: a novel paradigm for
toxicology. Toxicol Sci. 2017;155(1):3–21.
9. Rinn JL, Kertesz M, Wang JK, Squazzo SL, Xu X, Brugmann SA, Goodnough
LH, Helms JA, Farnham PJ, Segal E, et al. Functional demarcation of active
and silent chromatin domains in human HOX loci by noncoding RNAs. Cell.
2007;129(7):1311–23.
10. Wutz A, Rasmussen TP, Jaenisch R. Chromosomal silencing and localization are
mediated by different domains of Xist RNA. Nat Genet. 2002;30(2):167–74.
11. Nagano T, Mitchell JA, Sanz LA, Pauler FM, Ferguson-Smith AC, Feil R, Fraser
P. The air noncoding RNA epigenetically silences transcription by targeting
G9a to chromatin. Science. 2008;322(5908):1717–20.
12. Plath K, Mlynarczyk-Evans S, Nusinow DA, Panning B. Xist RNA and the
mechanism of X chromosome inactivation. Annu Rev Genet. 2002;36:233–78.
13. Huarte M, Guttman M, Feldser D, Garber M, Koziol MJ, Kenzelmann-Broz D,
Khalil AM, Zuk O, Amit I, Rabani M, et al. A large intergenic noncoding RNA
induced by p53 mediates global gene repression in the p53 response. Cell.
2010;142(3):409–19.
14. Ponjavic J, Oliver PL, Lunter G, Ponting CP. Genomic and transcriptional colocalization of protein-coding and long non-coding RNA pairs in the
developing brain. PLoS Genet. 2009;5(8):e1000617.
15. Orom UA, Derrien T, Beringer M, Gumireddy K, Gardini A, Bussotti G, Lai F,
Zytnicki M, Notredame C, Huang Q, et al. Long noncoding RNAs with
enhancer-like function in human cells. Cell. 2010;143(1):46–58.
16. Cabili MN, Trapnell C, Goff L, Koziol M, Tazon-Vega B, Regev A, Rinn JL.
Integrative annotation of human large intergenic noncoding RNAs reveals
global properties and specific subclasses. Genes Dev. 2011;25(18):1915–27.
17. Garcia GR, Goodale BC, Wiley MW, La Du JK, Hendrix DA, Tanguay RL. In
vivo characterization of an AHR-dependent long noncoding RNA required
for proper Sox9b expression. Mol Pharmacol. 2017;91(6):609–19.

Dempsey et al. BMC Genomics

(2018) 19:834

18. Iwakiri J, Terai G, Hamada M. Computational prediction of lncRNA-mRNA
interactionsby integrating tissue specificity in human transcriptome. Biol
Direct. 2017;12(1):15.
19. Fang S, Zhang L, Guo J, Niu Y, Wu Y, Li H, Zhao L, Li X, Teng X, Sun X, et al.
NONCODEV5: a comprehensive annotation database for long non-coding
RNAs. Nucleic Acids Res. 2018;46(D1):D308–14.
20. Moran I, Akerman I, van de Bunt M, Xie R, Benazra M, Nammo T, Arnes L, Nakic
N, Garcia-Hurtado J, Rodriguez-Segui S, et al. Human beta cell transcriptome
analysis uncovers lncRNAs that are tissue-specific, dynamically regulated, and
abnormally expressed in type 2 diabetes. Cell Metab. 2012;16(4):435–48.
21. Iyer MK, Niknafs YS, Malik R, Singhal U, Sahu A, Hosono Y, Barrette TR,
Prensner JR, Evans JR, Zhao S, et al. The landscape of long noncoding RNAs
in the human transcriptome. Nat Genet. 2015;47(3):199–208.
22. Cox LM, Yamanishi S, Sohn J, Alekseyenko AV, Leung JM, Cho I, Kim SG, Li
H, Gao Z, Mahana D, et al. Altering the intestinal microbiota during a critical
developmental window has lasting metabolic consequences. Cell. 2014;
158(4):705–21.
23. Gomez de Aguero M, Ganal-Vonarburg SC, Fuhrer T, Rupp S, Uchimura Y, Li
H, Steinert A, Heikenwalder M, Hapfelmeier S, Sauer U, et al. The maternal
microbiota drives early postnatal innate immune development. Science.
2016;351(6279):1296–302.
24. Schirmer M, Smeekens SP, Vlamakis H, Jaeger M, Oosting M, Franzosa EA,
Ter Horst R, Jansen T, Jacobs L, Bonder MJ et al: Linking the human gut
microbiome to inflammatory cytokine production capacity. Cell 2016,
167(4):1125–1136 e1128.
25. Younes JA, Lievens E, Hummelen R, van der Westen R, Reid G, Petrova MI.
Women and their microbes: the unexpected friendship. Trends Microbiol.
2018;26(1):16–32.
26. Kundu P, Blacher E, Elinav E, Pettersson S. Our gut microbiome: the evolving
inner self. Cell. 2017;171(7):1481–93.
27. Toda T, Saito N, Ikarashi N, Ito K, Yamamoto M, Ishige A, Watanabe K,
Sugiyama K. Intestinal flora induces the expression of Cyp3a in the mouse
liver. Xenobiotica. 2009;39(4):323–34.
28. Bjorkholm B, Bok CM, Lundin A, Rafter J, Hibberd ML, Pettersson S. Intestinal
microbiota regulate xenobiotic metabolism in the liver. PLoS One. 2009;4(9):
e6958.
29. Selwyn FP, Cui JY, Klaassen CD. RNA-Seq quantification of hepatic drug
processing genes in germ-free mice. Drug Metab Dispos. 2015;43(10):1572–80.
30. Selwyn FP, Cheng SL, Bammler TK, Prasad B, Vrana M, Klaassen C, Cui JY.
Developmental regulation of drug-processing genes in livers of germ-free
mice. Toxicol Sci. 2015;147(1):84–103.
31. Selwyn FP, Cheng SL, Klaassen CD, Cui JY. Regulation of hepatic drugmetabolizing enzymes in germ-free mice by conventionalization and
probiotics. Drug Metab Dispos. 2016;44(2):262–74.
32. McMillin M, Frampton G, Quinn M, Divan A, Grant S, Patel N, Newell-Rogers
K, DeMorrow S. Suppression of the HPA Axis during cholestasis can be
attributed to hypothalamic bile acid signaling. Mol Endocrinol. 2015;29(12):
1720–30.
33. Ridlon JM, Harris SC, Bhowmik S, Kang DJ, Hylemon PB. Consequences of bile
salt biotransformations by intestinal bacteria. Gut Microbes. 2016;7(1):22–39.
34. Fu ZD, Cui JY. Remote sensing between liver and intestine: importance of
microbial metabolites. Curr Pharmacol Rep. 2017;3(3):101–13.
35. Liu S, Marcelin G, Blouet C, Jeong JH, Jo YH, Schwartz GJ, Chua S Jr. A gutbrain axis regulating glucose metabolism mediated by bile acids and
competitive fibroblast growth factor actions at the hypothalamus. Mol
Metab. 2018. in press. https://doi.org/10.1016/j.molmet.2017.12.003.
36. Szklarczyk D, Morris JH, Cook H, Kuhn M, Wyder S, Simonovic M, Santos A,
Doncheva NT, Roth A, Bork P, et al. The STRING database in 2017: qualitycontrolled protein-protein association networks, made broadly accessible.
Nucleic Acids Res. 2017, 45(D1):D362–8.
37. Calcagno A, Cusato J, Marinaro L, Trentini L, Alcantarini C, Mussa M, Simiele
M, D'Avolio A, Di Perri G, Bonora S. Clinical pharmacology of tenofovir
clearance: a pharmacokinetic/pharmacogenetic study on plasma and urines.
Pharmacogenomics J. 2016;16(6):514–8.
38. Green CB, Douris N, Kojima S, Strayer CA, Fogerty J, Lourim D, Keller SR,
Besharse JC. Loss of Nocturnin, a circadian deadenylase, confers resistance
to hepatic steatosis and diet-induced obesity. Proc Natl Acad Sci U S A.
2007;104(23):9888–93.
39. Kawai M, Green CB, Horowitz M, Ackert-Bicknell C, Lecka-Czernik B, Rosen
CJ. Nocturnin: a circadian target of Pparg-induced adipogenesis. Ann N Y
Acad Sci. 2010;1192:131–8.

Page 23 of 24

40. Kawai M, Green CB, Lecka-Czernik B, Douris N, Gilbert MR, Kojima S, AckertBicknell C, Garg N, Horowitz MC, Adamo ML, et al. A circadian-regulated
gene, Nocturnin, promotes adipogenesis by stimulating PPAR-gamma
nuclear translocation. Proc Natl Acad Sci U S A. 2010;107(23):10508–13.
41. Li J, Ma W, Zeng P, Wang J, Geng B, Yang J, Cui Q. LncTar: a tool for
predicting the RNA targets of long noncoding RNAs. Brief Bioinform. 2015;
16(5):806–12.
42. Li CY, Cui JY. Regulation of protein-coding gene and long noncoding RNA
pairs in liver of conventional and germ-free mice following oral PBDE
exposure. PLoS One. 2018;13(8):e0201387.
43. Fu ZD, Selwyn FP, Cui JY, Klaassen CD. RNA-Seq profiling of intestinal
expression of xenobiotic processing genes in germ-free mice. Drug Metab
Dispos. 2017;45(12):1225–38.
44. Staudinger JL, Goodwin B, Jones SA, Hawkins-Brown D, MacKenzie KI,
LaTour A, Liu Y, Klaassen CD, Brown KK, Reinhard J, et al. The nuclear
receptor PXR is a lithocholic acid sensor that protects against liver toxicity.
Proc Natl Acad Sci U S A. 2001;98(6):3369–74.
45. Mestdagh R, Dumas ME, Rezzi S, Kochhar S, Holmes E, Claus SP, Nicholson
JK. Gut microbiota modulate the metabolism of brown adipose tissue in
mice. J Proteome Res. 2012;11(2):620–30.
46. Murakami Y, Ojima-Kato T, Saburi W, Mori H, Matsui H, Tanabe S, Suzuki T.
Supplemental epilactose prevents metabolic disorders through uncoupling
protein-1 induction in the skeletal muscle of mice fed high-fat diets. Br J
Nutr. 2015;114(11):1774–83.
47. Li G, Xie C, Lu S, Nichols RG, Tian Y, Li L, Patel D, Ma Y, Brocker CN, Yan T, et
al. Intermittent fasting promotes white adipose Browning and Decreases
obesity by shaping the gut microbiota. Cell Metab. 2017;26(4):672–85 e674.
48. Zhang Y, Liu C, Barbier O, Smalling R, Tsuchiya H, Lee S, Delker D, Zou A,
Hagedorn CH, Wang L. Bcl2 is a critical regulator of bile acid homeostasis
by dictating Shp and lncRNA H19 function. Sci Rep. 2016;6:20559.
49. Ruan X, Li P, Cangelosi A, Yang L, Cao H. A long non-coding RNA, lncLGR,
regulates hepatic Glucokinase expression and glycogen storage during
fasting. Cell Rep. 2016;14(8):1867–75.
50. Yang L, Li P, Yang W, Ruan X, Kiesewetter K, Zhu J, Cao H. Integrative
transcriptome analyses of metabolic responses in mice define pivotal
LncRNA metabolic regulators. Cell Metab. 2016;24(4):627–39.
51. Li P, Ruan X, Yang L, Kiesewetter K, Zhao Y, Luo H, Chen Y, Gucek M, Zhu J,
Cao H. A liver-enriched long non-coding RNA, lncLSTR, regulates systemic
lipid metabolism in mice. Cell Metab. 2015;21(3):455–67.
52. Liang L, Ai L, Qian J, Fang JY, Xu J. Long noncoding RNA expression profiles
in gut tissues constitute molecular signatures that reflect the types of
microbes. Sci Rep. 2015;5:11763.
53. Chowdhury IH, Narra HP, Sahni A, Khanipov K, Schroeder CLC, Patel J,
Fofanov Y, Sahni SK. Expression profiling of long noncoding RNA splice
variants in human microvascular endothelial cells: lipopolysaccharide effects
in vitro. Mediat Inflamm. 2017;2017:3427461.
54. Al-Tobasei R, Paneru B, Salem M. Genome-wide discovery of long noncoding RNAs in rainbow trout. PLoS One. 2016;11(2):e0148940.
55. Koufariotis LT, Chen YP, Chamberlain A, Vander Jagt C, Hayes BJ. A
catalogue of novel bovine long noncoding RNA across 18 tissues. PLoS
One. 2015;10(10):e0141225.
56. Spurlock CF 3rd, Shaginurova G, Tossberg JT, Hester JD, Chapman N, Guo Y,
Crooke PS 3rd, Aune TM. Profiles of long noncoding RNAs in human naive
and memory T cells. J Immunol. 2017;199(2):547–58.
57. Louro R, El-Jundi T, Nakaya HI, Reis EM, Verjovski-Almeida S. Conserved
tissue expression signatures of intronic noncoding RNAs transcribed from
human and mouse loci. Genomics. 2008;92(1):18–25.
58. Louro R, Smirnova AS, Verjovski-Almeida S. Long intronic noncoding RNA
transcription: expression noise or expression choice? Genomics. 2009;93(4):291–8.
59. Rearick D, Prakash A, McSweeny A, Shepard SS, Fedorova L, Fedorov A. Critical
association of ncRNA with introns. Nucleic Acids Res. 2011;39(6):2357–66.
60. Barski A, Cuddapah S, Cui K, Roh TY, Schones DE, Wang Z, Wei G, Chepelev
I, Zhao K. High-resolution profiling of histone methylations in the human
genome. Cell. 2007;129(4):823–37.
61. Mikkelsen TS, Ku M, Jaffe DB, Issac B, Lieberman E, Giannoukos G, Alvarez P,
Brockman W, Kim TK, Koche RP, et al. Genome-wide maps of chromatin state
in pluripotent and lineage-committed cells. Nature. 2007;448(7153):553–60.
62. Guttman M, Amit I, Garber M, French C, Lin MF, Feldser D, Huarte M, Zuk O,
Carey BW, Cassady JP, et al. Chromatin signature reveals over a thousand
highly conserved large non-coding RNAs in mammals. Nature. 2009;
458(7235):223–7.

Dempsey et al. BMC Genomics

(2018) 19:834

63. Khalil AM, Guttman M, Huarte M, Garber M, Raj A, Rivea Morales D, Thomas
K, Presser A, Bernstein BE, van Oudenaarden A, et al. Many human large
intergenic noncoding RNAs associate with chromatin-modifying complexes
and affect gene expression. Proc Natl Acad Sci U S A. 2009;106(28):11667–72.
64. Takahashi K, Sugi Y, Nakano K, Tsuda M, Kurihara K, Hosono A, Kaminogawa
S. Epigenetic control of the host gene by commensal bacteria in large
intestinal epithelial cells. J Biol Chem. 2011;286(41):35755–62.
65. Stilling RM, Dinan TG, Cryan JF. Microbial genes, brain & behaviour - epigenetic
regulation of the gut-brain axis. Genes Brain Behav. 2014;13(1):69–86.
66. Yu DH, Gadkari M, Zhou Q, Yu S, Gao N, Guan Y, Schady D, Roshan TN,
Chen MH, Laritsky E, et al. Postnatal epigenetic regulation of intestinal stem
cells requires DNA methylation and is guided by the microbiome. Genome
Biol. 2015;16:211.
67. Qin Y, Wade PA. Crosstalk between the microbiome and epigenome:
messages from bugs. J Biochem. 2018;163(2):105–12.
68. Beltran M, Puig I, Pena C, Garcia JM, Alvarez AB, Pena R, Bonilla F, de
Herreros AG. A natural antisense transcript regulates Zeb2/Sip1 gene
expression during Snail1-induced epithelial-mesenchymal transition. Genes
Dev. 2008;22(6):756–69.
69. Poliseno L, Salmena L, Zhang J, Carver B, Haveman WJ, Pandolfi PP. A
coding-independent function of gene and pseudogene mRNAs regulates
tumour biology. Nature. 2010;465(7301):1033–8.
70. He L. Posttranscriptional regulation of PTEN dosage by noncoding RNAs. Sci
Signal. 2010;3(146):pe39.
71. Tay Y, Kats L, Salmena L, Weiss D, Tan SM, Ala U, Karreth F, Poliseno L, Provero
P, Di Cunto F, et al. Coding-independent regulation of the tumor suppressor
PTEN by competing endogenous mRNAs. Cell. 2011;147(2):344–57.
72. Nie L, Wu HJ, Hsu JM, Chang SS, Labaff AM, Li CW, Wang Y, Hsu JL, Hung
MC. Long non-coding RNAs: versatile master regulators of gene expression
and crucial players in cancer. Am J Transl Res. 2012;4(2):127–50.
73. Peng L, Paulson A, Li H, Piekos S, He X, Li L, Zhong XB. Developmental
programming of long non-coding RNAs during postnatal liver maturation in
mice. PLoS One. 2014;9(12):e114917.
74. Alam T, Medvedeva YA, Jia H, Brown JB, Lipovich L, Bajic VB. Promoter
analysis reveals globally differential regulation of human long non-coding
RNA and protein-coding genes. PLoS One. 2014;9(10):e109443.
75. Yang Y, Su Z, Song X, Liang B, Zeng F, Chang X, Huang D. Enhancer RNAdriven looping enhances the transcription of the long noncoding RNA
DHRS4-AS1, a controller of the DHRS4 gene cluster. Sci Rep. 2016;6:20961.
76. Hatzis P, Talianidis I. Dynamics of enhancer-promoter communication
during differentiation-induced gene activation. Mol Cell. 2002;10(6):1467–77.
77. Wang Q, Carroll JS, Brown M. Spatial and temporal recruitment of androgen
receptor and its coactivators involves chromosomal looping and
polymerase tracking. Mol Cell. 2005;19(5):631–42.
78. Gaiti F, Jindrich K, Fernandez-Valverde SL, Roper KE, Degnan BM, Tanurdzic
M. Landscape of histone modifications in a sponge reveals the origin of
animal cis-regulatory complexity. Elife. 2017;6.
79. Irimia M, Tena JJ, Alexis MS, Fernandez-Minan A, Maeso I, Bogdanovic O, de
la Calle-Mustienes E, Roy SW, Gomez-Skarmeta JL, Fraser HB. Extensive
conservation of ancient microsynteny across metazoans due to cisregulatory constraints. Genome Res. 2012;22(12):2356–67.
80. Naville M, Ishibashi M, Ferg M, Bengani H, Rinkwitz S, Krecsmarik M, Hawkins
TA, Wilson SW, Manning E, Chilamakuri CS, et al. Long-range evolutionary
constraints reveal cis-regulatory interactions on the human X chromosome.
Nat Commun. 2015;6:6904.
81. Szczesniak MW, Makalowska I. lncRNA-RNA interactions across the human
transcriptome. PLoS One. 2016;11(3):e0150353.
82. Furuno M, Pang KC, Ninomiya N, Fukuda S, Frith MC, Bult C, Kai C, Kawai J,
Carninci P, Hayashizaki Y, Mattick JS, Suzuki H. Clusters of internally primed
transcripts reveal novel long noncoding RNAs. PLoS Genet. 2006;2(4):e37.
83. Cheng J, Kapranov P, Drenkow J, Dike S, Brubaker S, Patel S, Long J, Stern D,
Tammana H, Helt G, Sementchenko V, Piccolboni A, Bekiranov S, Bailey DK,
Ganesh M, Ghosh S, Bell I, Gerhard DS, Gingeras TR. Transcriptional maps of 10
human chromosomes at 5-nucleotide resolution. Science. 2005;308(5725):1149–54.
84. Kung JT, Colognori D, Lee JT. Long noncoding RNAs: past, present, and
future. Genetics. 2013;193(3):651–69.
85. Fu ZD, Selwyn FP, Cui JY, Klaassen CD. RNA sequencing quantification of
xenobiotic-processing genes in various sections of the intestine in comparison
to the liver of male mice. Drug Metab Dispos. 2016;44(6):842–56.
86. Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low
memory requirements. Nat Methods. 2015;12(4):357–60.

Page 24 of 24

