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Resolvin E1 (RvE1) is an immunoresolvent that is synthesized from eicosapentaenoic

acid and can bind the receptor ERV1/ChemR23. We previously showed activation

of the RvE1-ChemR23 axis improves hyperglycemia and hyperinsulinemia of obese

mice; however, it remains unclear how RvE1 controls glucose homeostasis. Here

we investigated hepatic metabolic and inflammatory transcriptional targets of the

RvE1-ChemR23 axis using lean and obese wild type (WT) and ChemR23 knockout (KO)

mice. We conducted an in-depth transcriptional study by preforming whole gene-level

and exon-level analyses, which provide insight into alternative splicing variants and

miRNA regulation. Compared to controls, WT and KO obese mice in the absence of

RvE1 displayed similar gene-level profiles, which entailed dysregulated pathways related

to glucose homeostasis. Notably, obese WT mice relative to lean controls showed a

robust decrease in pathways related to the biosynthesis of unsaturated fatty acids. At

the exon-level, obese ChemR23 KOs compared to obese WT mice displayed changes

in pathways related to hepatic lipid transport, cholesterol metabolism, and immunological

functions such as complement cascades and platelet activation. Importantly, upon RvE1

administration to WT obese mice, we discovered upregulated genes in pathways relating

to insulin sensitivity and downregulated genes related to regulators of TGF-β signaling.

This transcriptional profile was generally not recapitulated with obese ChemR23 KOmice

administered RvE1. Collectively, gene and exon-level analyses suggest RvE1 controls

the hepatic transcriptional profile related to glucose homeostasis, insulin sensitivity, and

inflammation in a manner that is largely dependent on ChemR23. These studies will drive

future mechanistic experiments on the RvE1-ChemR23 axis.

Keywords: resolvin E1, ChemR23, ERV1, exon level analysis, hepatic transcriptome, eicosapentaenoic acid,

obesity

INTRODUCTION

Specialized pro-resolving mediators (SPMs) are highly potent oxylipins that are enzymatically
synthesized from polyunsaturated fatty acid (PUFAs) (1–3). SPMs of the resolvin, protectin, and
maresin family are predominately generated from the long chain n-3 PUFAs eicosapentaenoic
(EPA) and docosahexaenoic (DHA) acids (2). SPMs known as lipoxins can also be produced
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from arachidonic acid, an n-6 PUFA (4, 5). Functionally,
SPMs have a critical role in driving the resolution of
inflammation and returning damaged tissues to homeostasis
across a range of diseases (2, 6). Notably, increasing the
concentration of SPMs, either through the diet with PUFA
consumption or upon direct SPM administration, improves
several complications associated with diet-induced obesity (2,
7–10). These complications include atherosclerosis, insulin
resistance, wound healing, and even the response to viral
infection (7, 10–13).

Several research groups have reported the importance of
the resolvin E1 (RvE1)-ERV1/ChemR23 axis for improving
metabolic outcomes related to obesity (10, 12, 14, 15).
ERV1/ChemR23 is of interest as it is G-protein coupled
receptor that binds RvE1 in addition to the adipokine chemerin
(16, 17). To exemplify the importance of this pathway,
targeted deletion of ERV1/ChemR23 in mouse models of
hyperlipidemia drove pro-atherogenic signaling, which was
reversed upon activation of this pathway with either dietary
EPA intervention or treatment with RvE1 (12). Gain-of-
function studies also underscore the importance of this
pathway; for instance, overexpression of ERV1/ChemR23 in
myeloid cells prevented hyperglycemia and hepatic steatosis
(15). Our laboratory previously reported that obesity drove
a tissue-specific deficiency in 18-hydroxyeicosapentaenoic
acid, which is the precursor for RvE1 (10). Importantly, RvE1
administration to obese mice improved hyperinsulinemia
and hyperglycemia in an ERV1/ChemR23-dependent
manner (10).

There are several cellular mechanisms by which SPMs such
as RvE1 exert their biological activity. For instance, RvE1,
similar to other resolvins, triggers phenotypic switching of
macrophage polarization toward a pro-resolution phenotype
(18). Furthermore, RvE1 improves the phagocytic capacity
of neutrophils in models of type 2 diabetes (14). However,
a major gap in knowledge of our understanding of SPMs
including RvE1 is how do these potent metabolites control the
genome. This is an important question as there is increasing
appreciation that diseases such obesity are highly heterogenous
and therapeutic approaches are likely to dependent on the
interactions between a given intervention and the host genome
(19). Therefore, in this study, we used obese C57BL/6J and
ERV1/ChemR23 knockout (KO) mice to study the role of
ChemR23 in controlling the liver transcriptome. We focused
on the liver given its critical function in maintaining glucose
homeostasis. First, we studied the impact of the high fat diet
and the loss of ChemR23 itself on the hepatic transcriptional
landscape relative to controls. Next, we investigated the
role of RvE1 on the liver transcriptome in obese WT and
KO mice. The approach relied on gene and exon-level
RNAseq analyses, which provided a deeper analysis at the
level of gene splicing variants and miRNA regulation. These
studies provide the first evidence of how the RvE1-ChemR23
axis controls the hepatic genome in the context of diet-
induced obesity.

MATERIALS AND METHODS

Animal Models
All murine experiments followed IACUC guidelines established
by The University of North Carolina at Chapel Hill. Euthanasia
was performed via isoflurane inhalation followed by cervical
dislocation. The ChemR23 knockout (KO) mice were generated
by the CRISPR/Cas9-mediated genome editing on a C57BL/6J
background as described in our previous work (10). All studies
relied on wild type (WT) littermate controls. Male ChemR23
KO and WT mice were fed a lean control (10% kcal from lard,
Envigo TD.160407) or high-fat (HF) (60% kcal from lard, Envigo
TD.06414, Indianapolis, IN) diet starting at 6 weeks of age for 15
consecutive weeks.

RvE1 Treatment & Tissue Harvesting
After 15 weeks of intervention with a high fat diet, mice were
intraperitoneally administered either 300ng of RvE1 or a vehicle
control for four consecutive days as previously described (10).
All tissues were harvested on day 5 after the four days of
administration were completed. All mice were fasting for at least
four hours upon tissue harvest, and livers were dissected, and
flash frozen in liquid nitrogen and then stored at −80◦C for
RNA sequencing. A total of seven mice per group (WT lean, WT
obese, KO lean, KO obese, WT obese+RvE1, KO obese+RvE1)
were used for RNA-sequencing. Mice that were not injected
with RvE1 received PBS+ethanol vehicle control injections. The
ETOH concentration in the vehicle controls matched the RvE1
solvent solution.

Liver RNA Sequencing
All RNA analytes were assayed for RNA integrity, concentration,
and fragment size. Samples for total RNA-Seq were quantified
on a TapeStation system (Agilent, Inc. Santa Clara, CA, USA).
RNA Integrity score (RIN) averaged at 7.4. Samples with RINs
> 7.0 were considered high quality. Total RNA-Seq library
construction was performed from the RNA samples using the
TruSeq Stranded RNA Sample Preparation Kit and bar-coded
with individual tags following the manufacturer’s instructions
(Illumina, Inc. San Diego, CA). Libraries were prepared on
an Agilent Bravo Automated Liquid Handling System. Quality
control was performed at every step and the libraries were
quantified using a TapeStation system. Indexed libraries were
prepared and run on the NovaSeq 6000 to generate an average
of 35 million reads per sample. The raw Illumina sequence data
were demultiplexed and converted to FASTSQ files, and adapter
and low-quality sequences were quantified.

Gene-Level Analyses
Each Fastq file’s quality was checked using FastQC. All Fastq
sequence files were aligned to the Mus musculus UCSC
MM10 reference genome using Bowtie2 (20). The outputted
SAM files were converted to BAM files for downstream
analysis using the subread featureCounts package (21). We
included a stringency parameter (-B) to ensure mapping of
both paired ends when assigning counts to a specific gene.
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DESeq2 was used for normalization and statistical analysis
of the gene counts output from the featureCounts program.
DESeq2 is a conservative software that utilizes a negative
binomial distribution with a generalized linear model to
adjust for false positive significance values that result from
running statistical tests on tens of thousands of genes (22).
The DESeq2 analysis generated Benjamini-Hochberg (BH)
adjusted p-values, log2 fold changes, and normalized counts
for each gene. All further statistical analyses only utilized
BH adjusted p-values below 0.1, or a false discovery rate
(FDR) of 10%. Pathway level analysis was performed via
the DAVID Functional Annotation Tool v6.8 from the exon
generated data.

Exon-Level Analyses
Similar to the gene-level analysis, all Fastq sequence files
were aligned to the Mus musculus UCSC MM10 reference
genome using Bowtie2 (20). The outputted SAM files were
converted to BAM files for downstream analysis using the
subread featureCounts package (21). We included the stringency
parameter (-B) to ensure mapping of both paired ends when
assigning counts to a specific exon and we used the -f parameter
to specify feature (exon) level counts and not metafeature
(gene) level counts. For normalization and statistical analysis,
we used the DEXSeq package, a sister package to DESeq2
that also utilizes a conservative approach to adjust for false
positives in the statistical output (23). The DEXSeq analysis
generated Benjamini-Hochberg (BH) adjusted p-values, log2
fold changes, and normalized counts for each exon. All further
statistical analyses only utilized BH adjusted p-values below 0.1,
or a false discovery rate (FDR) of 10%. Exon usage splicing
plots were generated by DEXSeq and represent significant
changes in the expression of individual exons that are not
due to the overall up- or down-regulation of the gene (23).
Gene ontology molecular function analysis was performed via
the DAVID Functional Annotation Tool v6.8 from the exon
generated data.

miRNA Target Prediction Analysis
TargetScanMouse 7.2 was used to predict possible gene-pathway
targets for each of the identified miRNAs from the exon-level
analysis. The TargetScan tool assigns a “cumulative weighted
context score++” which ranks the list of predicted miRNA
gene targets from most likely to least likely to be a true
positive target (24). The more negative the score the more
likely the predicted miRNA gene target is a true positive. We
filtered all the TargetScan results to only include predicted
targets with a cumulative weighted context score++ ≤−0.4
(25). The filtered list of miRNA gene targets was then inputted
in the DAVID Functional Annotation Tool v6.8 to cluster
the gene targets into their respective KEGG pathway or
gene ontology annotations. All generated graphs were sorted
by p-value.

RESULTS

Diet-Induced Obesity Dysregulates
Metabolic Gene Transcripts in Wildtype
and ChemR23 Knockout Mice
We first analyzed the hepatic transcriptome of wildtype (WT)
obese vs WT lean mice. WT mice fed a high fat diet
compared with WT lean controls had 301 upregulated genes
and 205 downregulated genes with a BH-adjusted p-value below
0.1 and Log2 fold change (FC) above 1.5 (Figure 1A). The
most upregulated genes in WT obese mice were cytochrome
P450 family 2 subfamily C member 9 (Cyp2b9), complement
factor D (Cfd), apoptosis-associated tyrosine kinase (Aatk),
tropomyosin 2 (Tpm2). Collectively, Cyp2b9 (Log2FC = 8.05),
Cfd (Log2FC = 4.42), Aatk (Log2FC = 2.47), and Tpm2
(Log2FC = 2.11) are reported to be upregulated with a
high-fat diet and are implicated as markers of diet-induced
hepatic steatosis, promotion of lipid accumulation, high-fat
diet induced apoptosis, and atherosclerosis (26–29). On the
other hand, the most downregulated gene transcripts included
nuclear receptor subfamily 4 group A member 3 (Nr4a3),
stearoyl-coA desaturase (Scd1), cholinergic receptor nicotinic
alpha 4 subunit (Chrna4), and fatty acid binding protein 5
(Fabp5). Loss or downregulation of Nr4a3 (Log2FC = −5.87),
Scd1 (Log2FC = −2.24), Chrna4 (Log2FC = −4.23), and
Fabp5 (Log2FC = −3.82) increase glucose intolerance, insulin
resistance, diet-induced fatty liver disease, and cholinergic anti-
inflammatory pathways (30–32). Overall, these results confirm,
as expected, that high fat diet induced obesity dysregulates genes
related to hepatic metabolic regulation.

We next analyzed the transcriptional profile of obese
ChemR23 KOs compared to lean ChemR23 KO mice. ChemR23
KO mice fed a high fat diet compared with ChemR23 KO
lean controls had 355 upregulated genes and 335 downregulated
genes with a BH-adjusted p-value below 0.1 and Log2 FC
above 1.5 (Figure 1B). The most upregulated gene with a
high-fat diet was Cyp2b9 (Log2FC = 8.74). Other significantly
upregulated genes were orosomucoid 3 (Orm3, Log2FC =

3.70) and Acyl-CoA Thioesterase 11 (Acot11, Log2FC = 1.36)
which are involved in energy expenditure, accumulation of fat
mass, and insulin resistance (33, 34). Downregulated genes
such as kisspeptin (Kiss1, Log2FC = −1.87), UDP-galactose-4-
epimerase (Gale, Log2FC = −1.74), and G0/G1 switch gene 2
(G0s2, Log2FC = −1.69) have been linked to hepatic-regulated
glucose homeostasis, insulin resistance, and adiposity (35–37).
Thus, these results show obese ChemR23 KO mice have some
dysregulated genes related to fat mass and insulin/glucose
regulation compared to the controls.

Differential Expression of Genes Between
Lean WT and Lean ChemR23 KO Mice but
Not Obese Mice
WT lean mice compared to ChemR23 KO lean mice had 299
upregulated genes and 49 downregulated genes with a BH-
adjusted p-value below 0.1 and Log2 FC above 1.5 (Figure 1C).
As expected, the most downregulated gene in the KO mice is
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FIGURE 1 | Obese WT and ChemR23 KOs in the absence and presence of RvE1 display differential expression of liver metabolic and immunological transcripts. MA

plots showing genes with a BH-adjusted p-value below 0.1 and Log2 fold change (FC) above 1.5 plotted by Log2FC in the y-axis and Log2 mean expression in the

(Continued)
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FIGURE 1 | x-axis. Upregulated genes are colored in red and downregulated genes are colored in blue. Non-significant genes are colored in gray and denoted as NS.

(A) MA plot of differentially expressed genes between WT obese and WT lean mice. (B) MA plot of differentially expressed genes between ChemR23 KO obese and

ChemR23 KO lean mice. (C) MA plot of differentially expressed genes between WT lean and ChemR23 KO lean mice. (D) MA plot of differentially expressed genes

between WT obese and ChemR23 KO obese mice. (E) MA plot of differentially expressed genes between WT obese+RvE1 treated mice and WT obese+vehicle

control treated mice. (F) MA plot of differentially expressed genes between ChemR23 KO obese+RvE1 treated mice and ChemR23 KO obese+vehicle control treated

mice. Data are from 7 mice per group.

Cmklr1 (ChemR23, Log2FC=−2.25), and the most upregulated
gene is Wscd2 (Log2FC = 4.72), a gene enhancer/promoter for
ChemR23. Other significantly upregulated genes in the KO mice
comprised primarily of activated immunological and chemotaxis
markers such as C-X-C motif chemokine ligand 13 (Cxcl13,
Log2FC = 2.2), interferon alpha-inducible protein 27 like 2A
(Ifi27l2a, Log2FC = 1.38), and the WAP four-disulfide core
domain gene which encodes the activated macrophage/microglia
WAP domain protein (Wfdc17, Log2FC = 1.36) (38–40). There
were few downregulated transcripts in the KO lean mice which
were notably involved in adipocyte differentiation, such as acetyl-
CoA carboxylase α (Acaca, Log2FC = −0.86) and cyclin T1
(Ccnt1, Log2FC = −0.73) (41, 42). In contrast, obese KO mice
had no change in gene expression with a BH-adjusted p-value
below 0.1 and Log2 FC above 1.5 that were significantly different
from the obese WT mice except for the expected ChemR23 and
Wscd2 genes (Figure 1D). In summary, these results reveal lean
ChemR23 KO mice display a larger differential expression at the
gene level than obese mice relative to controls.

RvE1 Treatment Drives Differential
Expression of Glucose Homeostatic Genes
in a Manner That Is Mostly
ChemR23-Dependent
The next set of analyses focused on the impact of RvE1
on the hepatic transcriptome. WT obese mice administered
RvE1 compared to WT obese mice given vehicle control had
2 upregulated genes and 7 downregulated genes with a BH-
adjusted p-value below 0.1 and Log2 FC above 1.5 (Figure 1E).
Significantly downregulated genes after RvE1 treatment such as
MYCproto-oncogene (Myc, Log2FC=−1.13) and SMAD family
member 9 (Smad9, Log2FC=−0.94) are key regulators in TGF-β
signaling (43–45). In contrast, fibroblast growth factor 21 (Fgf21,
Log2FC = 1.10) and fibronectin type III domain containing
1 (Fndc1, Log2FC = 2.0), associated with insulin sensitivity
and hepatic steatosis, were significantly upregulated after RvE1
treatment (46–49).

ChemR23 KO obese mice administered RvE1 compared
to ChemR23 KO obese mice given vehicle controls had 6
upregulated genes and 7 downregulated genes with a BH-
adjusted p-value below 0.1 and Log2 FC above 1.5 (Figure 1F).
In the ChemR23 KO mice, significantly downregulated genes
after RvE1 treatment such as forkhead box q1 (Foxq1, Log2FC
= −1.43), cytokine inducible SH2 containing protein (Cish,
Log2FC = −2.12), and C-X-C motif chemokine ligand 1 (Cxcl,
Log2FC = −2.05) affect both hepatic glucose homeostasis
and immune cell trafficking/activation (50–54). Significantly
upregulated genes after RvE1 treatment such as differentiation

antigen CD19 (Cd19, Log2FC = 1.37), neuronal pentraxin 1
(Nptx1, Log2FC = 2.01), phosphodiesterase 6C (Pde6c, Log2FC
= 1.0), and BCL2 binding component 3 (Bbc3, Log2FC = 0.59)
are associated with multiple pathways spanning hyperglycemia,
p53 signaling, and apoptosis (46, 55, 56).

We also examined whether LBT4R, the BLT1 receptor, or
other related genes (ALOX5, ALOX5AP, LTA4H) were changed
upon RvE1 administration in obese WT or ChemR23 KO mice
and found no significant differences (data not shown). Overall,
these studies showed that RvE1 significantly alters expression of
genes related to glucose homeostasis in amanner that was distinct
between obese WT and ChemR23 KO mice.

Diet and Genotype Effects on Differentially
Expressed KEGG Pathway Clusters
To generate KEGG pathway clusters, we next examined all
upregulated and downregulated genes with a BH-adjusted p-
value < 0.1, regardless of fold change. WT obese mice, compared
to WT lean controls, had the most significant downregulation of
biosynthesis of unsaturated fatty acids with a fold enrichment
of 13.3 (Figure 2A) and the most significant upregulation of
glycan degradation with a fold enrichment of 8.15 (Figure 2B).
Lean KO mice exhibited significant downregulation of lysine
degradation (fold enrichment= 3.54), ribosomal biogenesis (fold
enrichment= 3.32), and spliceosome pathways (fold enrichment
= 3.11) compared to lean WT mice (Figure 2C). In addition,
lean KO mice had significant upregulated pathways in oxidative
phosphorylation (fold enrichment = 3.81) and non-alcoholic
fatty liver disease (NAFLD) (fold enrichment = 2.86) compared
to lean WT mice (Figure 2D). As for the obese KO mice, we
found significant downregulation of biosynthesis of unsaturated
fatty acids (fold enrichment = 5.37) and fatty acid elongation
(fold enrichment= 4.78) compared to lean KOmice (Figure 2E).
The obese KOmice also had significant upregulation of circadian
rhythm (fold enrichment = 3.78) and ABC transporter (fold
enrichment = 3.31) pathways (Figure 2F). There were not
enough significantly differentially expressed genes between the
RvE1 treated groups to conduct a KEGG pathway clustering
analysis. Nevertheless, these results revealed notable differences
between lean and obese WT and KO mice.

Exon Level Analyses Reveal Higher
Resolution of the RvE1-ChemR23
Transcriptional Landscape
We conducted exon-level analyses between WT obese and lean
mice. We found exon transcripts that mimicked the gene-
level results with exons in genes such as Cfd, Aatk, and Scd;
however, we see a more precise depiction of transcriptional
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FIGURE 2 | KEGG pathway clusters capture diet and genotype effects of differentially expressed genes transcripts of obese WT and ChemR23 KO mice. KEGG

pathway clusters are listed for each comparison where the sizes of the dots on the plot indicate the number of genes in the KEGG pathway cluster, the p-value is

denoted in a colored blue-orange scale, and each pathway is plotted by its fold enrichment value. (A) Downregulated KEGG pathways between WT obese and WT

lean mice. (B) Upregulated KEGG pathways between WT obese and WT lean mice. (C) Downregulated KEGG pathways between ChemR23 KO lean and WT lean

mice. (D) Upregulated KEGG pathways between ChemR23 KO lean and WT lean mice. (E) Downregulated KEGG pathways between ChemR23 KO obese and KO

lean mice. (F) Upregulated KEGG pathways between ChemR23 KO obese and ChemR23 KO lean mice. Data are from 7 mice per group.

regulation in the context of a high fat diet. For instance, in
the gene-level analysis we found that Scd1 and Scd3 were
significantly decreased in obese WT mice compared to lean
WT mice. However, in the exon-level analysis we see a more
complete picture where we also found that exon transcripts in
the Scd2 gene encode miRNAs (miR-5114 on exon 8 and exon
4) that are also significantly decreased in the obese WT mice
(Figure 3A). Therefore, we observe that multiple gene transcripts
in the Scd gene family are differentially expressed. When
comparing obese KOmice with lean KOmice, the obese KOs had
upregulated differentially expressed exons largely contributing
to pathways in NAFLD and oxidative phosphorylation, like
in the gene-level analysis, but unlike the gene-level results
PPAR signaling and complement/coagulation cascades were also
upregulated in the exon-level results (Figure 3B). Significantly
downregulated exons in the obese KO mice encompassed
fatty acid degradation & metabolism pathways, proteosome
and peroxisome complexes, and protein processing in the
endoplasmic reticulum (Figure 3B).

Subsequently, we examined the effects of the ChemR23 KO
on exon-level transcripts. We identified 202 downregulated exon
transcripts and 72 upregulated exon transcripts in the lean
KO mice compared to the lean wildtype mice (Figure 3C).
Most of the downregulated exon transcripts in the knockout
lean mice classified into pathways involving infections such as

hepatitis B and influenza A, Jak-STAT signaling, and protein
processing in the endoplasmic reticulum. To further determine
effects of the ChemR23 KO in the context of a high fat diet,
we examined differentially expressed exons that significantly
differed between obese WT and obese KO mice. However,
unlike the gene-level analysis where close to no differentially
expressed genes were detected, in the exon-level analysis we
found 82 differentially expressed exon transcripts that were
largely upregulated in the obese KO mice compared to the
obese WT mice (Figure 3D). Many of these upregulated exon
transcripts comprised of lipid transport and binding, cholesterol
metabolism, proteolysis, and fibrinolysis.

In the obese WT RvE1 treated mice, compared to obese
mice given a vehicle control, few exons were differentially
expressed and were mostly downregulated, such as complement
C4B (C4b, Log2FC = −0.88) and fibronectin 1 (Fn1, Log2FC
= −0.81) (Figure 4A). In the obese KO RvE1 treated mice,
relative to obese KO mice given vehicle control, there were 73
differentially expressed exons, 45 of which were downregulated
and 28 upregulated with RvE1 treatment (Figure 4B). The
downregulated exon transcripts mostly clustered into
immunological pathways involving complement cascades,
platelet activation, and fibrin clot formation. The upregulated
exon transcripts clustered into the functions of metal ion and
amino acid binding. Overall, these data highlight the importance
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FIGURE 3 | The loss of ChemR23 controls the transcriptional landscape at the exon level. (A) Heatmap of differentially expressed exons between WT obese and WT

lean mice. (B) Heatmap of differentially expressed exons between ChemR23 KO obese and ChemR23 KO lean mice. (C) Heatmap of differentially expressed exons

between WT lean and ChemR23 KO lean mice. (D) Heatmap of differentially expressed exons between WT obese and ChemR23 KO obese mice. All heatmaps are

scaled by Z-score to center all the gene expression values on the same scale. Data are from 7 mice per group.

Frontiers in Nutrition | www.frontiersin.org 7 December 2021 | Volume 8 | Article 799492

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Al-Shaer et al. RvE1-ChemR23 Axis Regulates Hepatic Transcription

FIGURE 4 | RvE1 controls transcriptional regulation and expression at the exon level. (A) Heatmap of differentially expressed exons between WT obese+RvE1 treated

mice and WT obese+vehicle control treated mice. (B) Heatmap of differentially expressed exons between ChemR23 KO obese+RvE1 treated mice and ChemR23

KO obese+vehicle control treated mice. Data are from 7 mice per group.
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of exon-level analyses to provide more in-depth characterization
of dysregulated transcripts that may not be captured at the gene
level. Furthermore, the findings again show some differential
effects on exon transcripts upon the loss of ChemR23 and upon
RvE1 administration betweenWT and ChemR23 KO obese mice.

Exon Level Analyses Reveal Differential
Expression of miRNAs Between Lean and
Obese ChemR23 KO Mice
Next, we further conducted exon-level analyses between lean
and obese ChemR23 KO mice. We discovered that comparing
the lean ChemR23 KO mice with the obese ChemR23 KO mice
yielded the most differentially expressed miRNAs than all the
other groups. We found 12 significantly upregulated miRNA
transcripts and 6 significantly downregulated miRNA transcripts
in obese KO mice compared to lean KO mice (Figures 5A,B).
Most the differentially expressed exon transcripts fell into miR-
207 in the dnaJ heat shock protein family (Hsp40) member A1
(Dnaja1) gene, comprising of 6 differentially expressed exons
with exon 14 containing the largest transcript segment, and all
the miR-207 exons were upregulated in obese KO mice relative
to lean KO mice (Figure 5C). For miR-5114 in the Scd2 gene
there was one differentially expressed exon that was significantly
decreased in the obese KO mice compared to the lean KO mice
(Figure 5D). MiR-1893 in the enhancer of polycomb homolog 1
(Epc1) gene contained three differentially expressed exons, two
of which (exons 14 and 17) were significantly downregulated
in obese KO mice compared to lean KOs, and exon 1 was
significantly upregulated in the obese KO mice (Figure 5E). For
miR-5121 it spanned the small nucleolar RNA, C/D box 33
(Snord33) and ribosomal protein L13a (Rpl13a) genes with four
differentially expressed exons, two of which were downregulated
(exons 1–2) and two were upregulated (exons 5 and 11) in
the obese KO mice versus the lean KOs (Figure 5F). MiR-343
contained in the excision repair cross-complementation group
2 (Ercc2) gene had only one differentially expressed transcript
(exon 25) that was downregulated in the obese KO mice relative
to lean KOs (Figure 5G). In miR-3064, contained in the DEAD-
Box helicase 5 (Ddx5) gene, there was also one differentially
expressed transcript (exon 10) that was upregulated in the obese
KO mice compared to lean KOs (Figure 5H). MiR-21 spanned
the vacuole membrane protein 1 (Vmp1) with one differentially
expressed transcript (exon 4) that is mostly upregulated in the
obese KO mice compared to lean KOs (Figure 5I). Lastly, miR-
1892 contained in the serine palmitoyltransferase small subunit A
(Sptssa) gene had one differentially expressed transcript at exon
2 that is downregulated in the obese KO mice relative to lean KO
mice (Figure 5J). These results underscore the role of miRNAs in
ChemR23 mediated signaling pathways, which may be relevant
upon activation of ChemR23 with RvE1.

Predicted Targets of miRNA Transcripts in
KO Obese and KO Lean Mice
To determine the potential gene-pathway targets of the miRNAs
that were identified, we conducted a miRNA target prediction
analysis and clustered the generated gene lists into their
corresponding KEGG pathways. For miRNAs with too few gene

targets to cluster into KEGG pathways we report “biological
process” gene ontologies instead. We found miR-207 likely
targets genes in pathways mainly related to ascorbate/aldarate
metabolism, cytochrome P450 metabolism, steroid hormone
biosynthesis, and retinol metabolism (Figure 6A). For miR-
5114 multiple immunological pathway targets were revealed
such as leukocyte migration, cell adhesion molecules (CAMs),
and cytokine-cytokine receptor interactions (Figure 6B). As
for miR-1893, the primary gene ontology the gene targets
classified into was apoptotic signaling with the largest fold
enrichment at 83.7 followed by potassium ion transport at
25.1 (Figure 6C). For miR-5121 regulation of autophagy, ErbB
signaling, choline metabolism, toll-like receptor signaling, and
mTOR signaling were the primary pathway targets (Figure 6D).
MiR-5121 also had a few targets in immunological pathways
such as the hepatitis C and Epstein-Barr viral infection
response. Similarly, miR-343 also had immunologically related
gene targets such as negative regulation of IL-6 production
(Figure 6E). On the other hand, miR-3064 primarily contained
gene targets that classified into cytoskeletal functions such
as exocytosis, cytoskeletal organization, and actin cytoskeletal
filaments (Figure 6F). In addition, miR-3064 contained potential
targets in negative regulation of the insulin receptor signaling
pathway and Rho protein signal transduction. For miR-21, we
found immunological pathway hits such as ERK1/ERK2 cascades,
lymphocyte and monocyte chemotaxis, negative regulation
of GTPases, and negative regulation of fibroblast growth
factor signaling (Figure 6G). Lastly, miR-1892 had gene targets
that spanned pathways such as retrograde endocannabinoid
signaling, tryptophan metabolism, and cancer-related pathways
(Figure 6H). Taken together, many predicted miRNA targets
span a wide range of metabolic and inflammatory pathways
that provide a framework for testing their role in ChemR23
mediated signaling.

DISCUSSION

This study provides the first in-depth transcriptional analysis of
RvE1-ChemR23 mediated hepatic pathways that span gene and
exon-level transcriptional changes. In the gene-level analyses, we
first tested diet-level changes between groups and found that both
WT and ChemR23 KO obese mice had dysregulated pathways
related to insulin signaling, glucose intolerance, hepatic steatosis,
and NAFLD compared to lean WT and ChemR23 KO controls.
This indicates that the loss of ChemR23 is not protective against
the transcriptional dysregulation that is driven by a high fat diet.

When comparing genotype driven differences between the
WT lean and ChemR23 KO lean mice, we found that pathways
related to activated immunological and chemotaxis markers were
primarily upregulated in ChemR23 KO animals consuming a
control diet. This is in agreement with multiple studies that have
shown ChemR23’s regulatory effects in immune cell chemotaxis
and inflammation (13, 17, 57–60). Interestingly, when challenged
with a high fat diet, the WT and KO obese mice portray the
same gene-level profile, potentially indicating that obesity drives
the two groups to have similar hepatic transcriptional landscapes
when examining gene-level changes. However, with an exon-
level analysis accounting for changes in alternative splicing, the
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FIGURE 5 | Exon level analyses show differential expression of mirnas between lean and obese ChemR23 KO mice. (A) MA plot between ChemR23 KO lean and

ChemR23 KO obese mice showing miRNAs with a BH-adjusted p-value below 0.1 and Log2 fold change (FC) above one plotted by Log2FC in the y-axis and Log2

(Continued)
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FIGURE 5 | mean expression in the x-axis. Upregulated miRNAs are colored in red and downregulated miRNAs are colored in blue. (B) Heatmap of miRNAs with

corresponding exons that were differentially expressed between ChemR23 KO lean and ChemR23 KO obese mice. Differential expression plot of exon transcripts in

(C) miR-207 (D) miR-5114 (E) miR-1893, (F) miR-5121, (G) miR-343, (H) miR-3064, (I) miR-21, and (J) miR-1892 that were significantly different between ChemR23

KO lean and ChemR23 KO obese mice. Data are from 7 mice per group.

gene-level analysis failed to detect differentially expressed exons
in pathways such as lipid transport and cholesterol metabolism
that are upregulated in the livers of obese ChemR23 KO mice.
Therefore, these studies suggest that the loss of ChemR23 could
be further exacerbating the hepatic transcriptome in response to
a high fat diet. There is some evidence that the loss ChemR23
promotes a modest increase in body weight in older mice without
a major impact on adipocyte differentiation (61). Thus, future
studies should investigate the role of ChemR23 in liver lipid and
glucose metabolism.

An interesting finding was that obese WT mice, relative to
lean controls, had a robust reduction in pathways related to
the biosynthesis of unsaturated fatty acids. We also observed a
reduction in stearoyl-coA desaturase gene expression, consistent
with the notion that unsaturated fatty acids are lowered in the
livers of obese mice. This is worth exploring in greater detail in
the future as a high fat diet may be rendering the liver to be
deficient in key unsaturated fatty acids such as EPA andDHA and
thereby downstream metabolites of these fatty acids including
RvE1, which are critical players in resolution of inflammation
(62). Indeed, there is evidence that liver 15- and 16-desaturase
activities are lowered with a high fat diet, which has implications
for the development of insulin resistance (63).

The gene-level analysis showed that WT obese RvE1 treated
mice had significantly upregulated genes in pathways relating
to insulin sensitivity, which corroborates our previous findings
that established RvE1’s effects at reducing hyperinsulinemia
and hyperglycemia (10, 64). In the obese ChemR23 KO RvE1
treated mice, genes related to hepatic glucose homeostasis, such
as Foxq1, were downregulated as well; however, decreasing
Foxq1 is associated with increased impairment of glucose
homeostasis (50). This is also worth further investigation as
our previous findings showed that ChemR23 KO mice do not
show improvements in hyperglycemia/insulinemia upon RvE1
treatment, indicating that RvE1’s effects are ChemR23 dependent
(10). Hence, in the obese KO mice, we found genes supporting
mechanisms related to glucose impairment, indicating that in the
absence of the ChemR23 receptor, RvE1’s glucose homeostatic
effects in the liver are impaired.

Exon level analyses of RvE1 treated mice revealed multiple
exon transcripts related to immunological functions such as
complement cascades. These pathways were downregulated in
both obese WT and KO RvE1 treated mice, indicating that some
of RvE1’s immunological effects in the liver are also mediated
by ChemR23-independent mechanisms. One likely mechanism
would be RvE1 binding and signaling through the LTB4 receptor
(BLT1), a major driver of inflammation (17, 65–67). Future
studies will need to tease apart how RvE1 may control the
inflammatory status at the cellular level by signaling through
LTB4 across metabolic tissues such as liver and white adipose
tissue. LTB4 is of interest given its role as a chemoattractant

for pro-inflammatory cells (67). Overall, RvE1 is likely targeting
multiple pathways related to hepatic chronic inflammation which
could also include a role for chemerin, the ligand for ChemR23.
Indeed, there is evidence for differing SPMs to control varying
aspects of hepatic inflammation (68).

Another advancement from this study was the differential
expression of miRNAs that were identified between lean
ChemR23 KO vs. obese ChemR23 KO mice that would have
not been detected with only a gene-level analysis. We identified
miRNAs that target a variety of pathways. Many of these miRNA
pathway targets related to immunological outcomes such as
leukocyte and monocyte migration/chemotaxis, cell adhesion
molecules, toll-like receptor signaling, cytokine receptor
signaling, viral infection response, and negative regulation of
IL-6 production. A limitation to the miRNA analysis is that
we cannot determine whether the identified miRNA pathway
targets are up- or downregulated since some miRNAs result
in either inhibition or upregulation of transcription. However,
these findings indicate that miRNAs can play a major role in
ChemR23 mediated signaling, particularly in immunologically
related phenotypes or inflammation, and should be considered
in mechanistic studies related to the ChemR23 receptor and
it’s ligands (i.e., RvE1, chemerin), especially in the context of
diet-induced obesity.

There are several limitations to this study. We relied on a four
day treatment with RvE1, which does not model how RvE1 intake
would occur in humans. Thus, future studies will need to examine
how long-term RvE1 intake can control the transcriptional
landscape in WT and KO mice. In addition, we did not examine
sex differences as there is an increasing appreciation that SPM
bioavailability is different between males and females (9, 69,
70). In addition, the effects of RvE1’s parent compound EPA
on glucose homeostasis also appear to be sex-specific (71).
Furthermore, we did not conduct studies at the cellular level,
which will provide insight on how the RvE1-ChemR23 axis
controls the transcriptional landscape, particularly at the exon
level of distinct cell types that express high levels of ChemR23.
Future studies will need to connect if dietary EPA exerts its effects
through RvE1 on the hepatic transcriptional landscape. This will
require investigating the bioavailability of RvE1 in the liver in
response to EPA administration. Finally, subsequent studies will
need to probe the transcriptional response to RvE1 immediately
after intervention with this SPM. In this study, we measured
the transcriptional response a day after the last dose of RvE1.
However, since RvE1 is rapidly metabolized, it is possible that
transcriptional activity would vary at an earlier time point.

In conclusion, our study emphasizes the importance of
measuring both whole gene level and in-depth exon level
changes to capture a more accurate snapshot of transcriptional
regulation that may not detected or lost in gene-level only
analyses (72). Importantly, we discovered that the loss of
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FIGURE 6 | KEGG pathway and gene ontology analyses of predicted miRNA gene targets in ChemR23 KO obese and ChemR23 KO lean mice. Predicted miRNA

KEGG pathway or gene ontology (GO) biological process (BP) targets are plotted by fold enrichment and colored by p-value, with red denoting the least significance

(Continued)
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FIGURE 6 | and blue denoting the most significance. Predicted KEGG pathway targets for (A) miR-207 and (B) miR-5114 between ChemR23 KO lean and ChemR23

KO obese mice Predicted GO BP targets for (C) miR-1893 between ChemR23 KO lean and ChemR23 KO obese mice. Predicted KEGG pathway targets for (D)

miR-5121 between ChemR23 KO lean and ChemR23 KO obese mice. Predicted GO BP targets for (E) miR-343, (F) miR-3064, and (G) miR-21 between ChemR23

KO lean and ChemR23 KO obese mice. Predicted KEGG pathway targets for (H) miR-1892 between ChemR23 KO lean and ChemR23 KO obese mice. Data are

from 7 mice per group.

ChemR23 is associated with a dysregulated transcriptional profile
at the exon level in response to a high fat diet compared to
controls. In addition, RvE1 administration upregulated genes
related to pathways of insulin sensitivity in WT mice, which
was generally not recapitulated with the ChemR23 KO mice
given RvE1. These results provide inflammatory and metabolic
targets of interest for future mechanistic studies focused on the
RvE1-ChemR23 axis.
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