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A B S T R A C T

RNA biogenesis has emerged as a powerful biological event that regulates energy homeostasis. In this context
insertion of alternative polyadenylation sites (APSs) dictate the fate of newly synthesized RNA molecules and
direct alternative splicing of nascent transcripts. Thus APSs serve a mechanistic function by regulating tran-
scriptome expression and function. In this study we employed a novel RNA-Seq Next Generation Sequencing
(NGS) approach that utilized the power of Whole Transcriptome Termini Site Sequencing (WTTS-Seq) to si-
multaneously measure APS events on multiple RNA biotypes. We used this technique to measure APS events in
the hypothalamus of adult male Long Evans rats exposed to a palatable high fat diet (HFD) or chow. Rats
maintained on HFD displayed typical hyperphagic feeding and ensuing body weight gain over the one-month
manipulation period. Our WTTS-Seq analysis mapped approximately 89,000 unique hypothalamic APSs induced
by HFD relative to chow fed controls. HFD exposure produced APSs on multiple RNA biotypes in the hy-
pothalamus. The majority of detected APSs occur on mRNA transcripts that encode functional proteins. Notably
we find APSs on micro (miRNA) and long non-coding RNAs (lncRNA), newly recognized transcription factors
that regulate body weight in rodents. In addition we detect APSs on protein encoding mRNAs that control neuron
projection development and synapse organization and glutamate signaling, key events hypothesized to maintain
excess food intake. Importantly, quantitative real time PCR indicated that APS insertion led to increased hy-
pothalamic expression of multiple RNA biotypes. Collectively these data highlight APS events as a novel genetic
mechanism that directs hypothalamic RNA biogenesis stimulated by diet-induced obesity.

1. Introduction

In recent years, it has become evident that alternative poly-
adenylation of RNA exerts profound consequences on brain and beha-
vioral function [1–4]. Polyadenylation represents the final RNA pro-
cessing step prior to translation, and is responsible for the inclusion
and/or exclusion of critical miRNA segments [5–7]. In this context,
alternative polyadenylation sites (APSs) are known variations of the 3′
poly(A) tails that determine the translational fate of numerous genes in
eukaryotes [8–11]. Notably approximately 50% of all human genes
derive from multiple APS transcripts [11], and more recent studies
suggest that 70–80% of genes are impacted by APS events in eukaryotic
systems [11]. The functional relevance of APS events is highlighted by
both clinical and preclinical studies which indicate that APS insertions
on the serotonin transporter (SERT) confers a panic like behavioral
phenotype [1]. These provocative reports suggest that APS insertion is a

novel genetic mechanism capable of regulating diverse behavioral
phenotypes.

In 2016, Zhou et al. developed a novel RNA-Seq NGS approach that
utilized the power of both APS and Whole Transcriptome Termini Site
Sequencing (WTTS-Seq) to detect APS events in target tissues [12].
Specifically, WTTS-Seq has the power to detect pre-translational APS
events that occur downstream of genetic imprinting and/or histone
modifications [13]. Given the immense impact of post-transcriptional
epigenetic events in obesity, the application of this novel all-encom-
passing technique provides a powerful means to measure the interac-
tion of environmental factors with genes that influence body weight
maintenance.

In the current study, we utilized a pre-clinical rodent model coupled
with the novel WTTS-Seq technology to develop the first pre-transla-
tional APS resource in the central nervous system (CNS) of male rats.
We hypothesized that diet-induced obesity (DIO) provoked by exposure
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to a nutritionally complete high fat diet (HFD), would induce pre-
translational APSs within the hypothalamus, a brain region that reg-
ulates both appetite and energy balance [14]. Specifically we focused
on APSs assigned to c (confined in exonic regions, or cAPSs), e (ex-
tended from exonic regions to intronic regions with at least 10 bp, or
eAPSs), i (completed in the intronic regions, or iAPSs), o (exonic re-
gions with extension, or oAPSs), p (located within 2 kb downstream of
reference transcripts, or pAPSs) and x (exonic regions, but with oppo-
site direction, or xAPSs), respectively. Our results indicate that DIO
promoted APSs on multiple hypothalamic RNA biotypes including mi-
croRNA (miRNA), long non-coding RNA (lncRNA) pseudo genes,
transfer RNA (tRNA) and protein coding RNA. Notably quantitative
real-time PCR (qPCR) validated hypothalamic RNA expression changes
on APS containing transcripts across biotypes. Collectively these data
highlight the potential of diet-induced polyadenylation events to alter
expression of the hypothalamic transcriptome.

2. Materials & methods

2.1. Animals

Male Long-Evans rats (Harlan, IN) weighing 280-360 g upon arrival
to the laboratory were used as experimental subjects. All rats were
housed in an environmentally controlled vivarium on a 12:12 reverse
light cycle (lights off at 4 a.m.) with food and water available ad libitum
in standard shoebox cages. The work conducted here adhered to the
National Research Council's Guide for the Care and Use of Laboratory
and Institutional Animal Care and Use Committee guidelines at
Washington State University.

2.2. Diets

Experiment 1: Control rats (n= 8) were maintained on standard
rodent chow (Teklad, 3.41 kcal/g, 0.51 kcal/g from fat) throughout the
experiment. Rats in the experimental group (n=8) received ad libitum
access to a nutritionally complete high fat diet (HFD; Research Diets,
New Brunswick, NJ, 4.41 kcal/g, 1.71 kcal/g from fat). In experiment 2,
a separate cohort of control (n= 8) and HFD-exposed (n=8) rats were
used to verify the function of APS insertion using qPCR.

2.3. RNA extraction

Following 36 days (experiment 1) or 40 days (experiment 2) of diet
exposure, all rats were euthanized and brain tissue collected for RNA
isolation. Total RNA was isolated from hypothalamus using Qiagen
RNeasy Micro Purification Kit (Qiagen, CA) and quantified using a
NanoDrop 2000c spectrophotometer (Thermo Scientific, Wilmington,
DE). A subsample of hypothalamic tissue was removed for total RNA
extraction with Trizol reagent according to the manufacturer's in-
structions. DNA was removed by treating total RNA with DNase
(AM1906, Ambion) to prevent DNA contamination. RNA quantity and
quality were assessed by a NanoDrop spectrophotometer (Thermo
Scientific, Wilmington, DE) and non-denaturing agarose gel electro-
phoresis, respectively. Equal amounts of total RNA from each rat were
subsequently pooled and used for RNA-Seq and WTTS-Seq in experiment
1. In addition, total RNA from one of the control rats was used as a
technical replicate to test the variability of our WTTS-Seq method. RNA
collected in experiment 2 was used to validate expression changes using
qPCR.

2.4. WTTS-Seq library construction

WTTS-Seq libraries were prepared using total RNA extracted from
individual hypothalamus of four HFD exposed male rats and four male
controls following the protocol described previously by Zhou and col-
leagues [12]. Briefly, the initial step involved chemical fragmentation

of total RNA (5 μg) using RNA fragmentation buffer (AM8740, Am-
bion), followed by enrichment of poly(A)+RNA with Dynabeads oligo
(T) magnetic beads (61002, Ambion). We synthesized the first-strand
cDNA by reverse transcription with SuperScript III Reverse Tran-
scriptase (18,080, Invitrogen) while adding both 5′- and 3′- adaptors in
the reaction to fit the Ion Torrent sequencing platform. All possible
leftover RNA molecules were then removed using RNases H (M0297L,
NEB) and I (EN0601, Thermo Scientific) and 200–500 bp of the first
strand cDNA fragments were selected by solid-phase reversible im-
mobilization beads (A63880, Beckman Coulter) for PCR to synthesize
second-strand cDNA for sequencing. Finally, the WTTS-Seq libraries
were submitted to the Washington State University Genomics Core for
sequencing on an Ion PGM Sequencer. As results, a total of 36,816,970
raw reads were produced, ranging from 4.15 million to 5.05 million
reads per library.

2.5. Quality control, read mapping and APA (alternative polyadenylation
site) collection

We used the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_
toolkit/) to check sequencing quality for removal of low quality
reads, followed by trimming T-rich stretches (corresponding to poly(A)
tails) with our in-house Perl scripts and selecting the clean reads with
average sizes of ≥16 bp for further analysis [12]. The NCBI Rattus
norvegicus Rnor_6.0 (Annotation Release 106) served as the reference
genome for clean read mapping using TMAP version 3.4.1 (https://
github.com/iontorrent/TMAP). When the mapped reads were located
on the same strand, they were finally clustered together using a moving
window of 24 nt. For each clustered APS, we required at least 32
mapped reads as evidence. As a consequence, a total of 89,022 APSs
were identified in the present study.

2.6. Gene assignment for APSs

The Cuffcompare (v2.2.1) program was used to assign gene biotypes
and class codes to APSs based on NCBI Rattus norvegicus Rnor_6.0
genome assembly. For gene biotypes, we mainly analyzed APSs as-
signed to the protein coding genes as coding APSs, long noncoding
RNAs (lncRNAs) as lncAPSs, pseudogenes as pseudoAPSs, microRNAs
(miRNAs) as miAPSs and transfer RNAs (tRNAs) as tAPSs, respectively.
For genomic neighborhood analysis of APSs, we determined two types:
ARSs – Adenosine rich sites or NARSs – no Adenosine rich sites. For the
former, we required a consecutive 7 As or a total of 8 As within a 10 bp
window in the downstream region of polyA sites.

2.7. Statistical and pathway analysis

Daily caloric intake and body weight were compared using a two-
tailed t-test for both experiment 1 and experiment 2. Specifically, the
data utilized in these calculations came from the average (± SEM) data
from each data point in a standard two-tailed t-test, with significant p-
values determined as< 0.05. The DESeq2 package (https://
bioconductor.org/packages/release/bioc/html/DESeq2.html) was
used to identify differently expressed APSs (DE-APSs) between the HFD
exposed condition and the controls. We selected DE-APSs with sig-
nificant P-values of 0.05. If average expression levels of DE-APSs under
the HFD exposed condition was greater than DE-APSs in the control
condition, their fold changes were set up as the positive values (the
former average divided by the latter average). If DE-APSs were up-
regulated in the control condition relative to the HFD exposed condi-
tion, their fold changes were designated as negative values. Both gene
sets associated with DE-APSs that were up or down-regulated in HFD
exposed condition were used together as inputs into the Metascape
program for both pathways and protein network enrichments.
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2.8. Data availability

The raw WTTS-Seq reads have been submitted to The NCBI Gene
Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/) under
accession no GSE100349.

2.9. qPCR to determine APS function

Total RNA collected in experiment 2 was quantified using a Nano
drop 2000c spectrophotometer. Complementary DNA (cDNA) was re-
verse transcribed using High Capacity cDNA Reverse Transcription Kit
with RNase Inhibitor (Applied Biosystems, CA). The template cDNA was
mixed with Fast SYBR® Green Master Mix (Applied Biosystems, CA) and
assayed in triplicates on a 96 well plate with appropriate negative
controls to detect contamination. The RNA expression of rn45s (house-
keeping gene), mir665, RGD1566401, Timp2, Ppp1r9b, Galnt7 and
Cep112 were measured by real-time qPCR using ViiA 7 real-time PCR
system (Life Technologies Corporation, NY). The primers (IDT, San
Diego, CA, USA) used were as follow: rn45s, left-GTGGAGCGATTTGT
CTGGTT and right-CGCTGAGCCAGTTCAGTGTA; mir665, left-GAACA
GGGTCTCCTTGAGGG and right-TAAGGGACCTCAGCCTCCTG;
RGD1566401, left-CCCAGGACCCTCCAACTGTA and right-GGTGAGCT
CAGGTCATGGAG; TIMP-2, left-TCACTCTCAAGGTTCCCAAGC and
right-GGCATAACGCGACAGAGAGAT; Ppp1r9b, left-ACTAGGGGAAAG
GGTAGTCCA and right-AGGCACACGGAGAAGTTGAG; Galnt7, left-
TATTATCCCCCACCCCTAACCC and right-AAAATGCTTAACAGGCC
CCA; Cep112, left-ATGCATCATCCAGACACTGGG and right-AGCAGTT
GTCAGCATGTACTC. All qPCR runs included a melt curve analysis to
ensure the specificity of the primers. Relative quantification of the
amount of target transcript was done using 2−ΔCt method.

3. Results

3.1. HFD exposed male rats exhibit hyperphagic feeding and develop an
obese phenotype

Consistent with previous reports, HFD exposed male rats developed
DIO over the 30-day manipulation period [14–20]. Specifically, as ob-
served in Fig. 1A, HFD exposed male rats displayed characteristic hy-
perphagic feeding behavior, consuming significantly more calories than
the controls, during the first 13 days of HFD exposure leading to de-
velopment of an obese body weight phenotype relative to the controls
(Fig. 1B).

3.2. First CNS APS resource in rat

Collections of 36,816,970 raw reads derived from 8 WTTS-Seq li-
braries allowed us to develop the first APS resource with a total of
89,022 sites (Supplementary Table S1) in rat, including 78,351 APSs
assigned to currently annotated genes and 10,671 APSs remained un-
known in the species. We first evaluated the effects of gene biotypes on
usage of APSs (Fig. 2A). Briefly, ~73% (8327/11,407) of protein coding
genes use more than one APS. However, this figure went down to ~42%

(411/969) for lncRNAs (long non-coding RNAs), ~28% (185/658) for
pseudogenes, ~22% (10/45) for miRNAs (microRNAs) and ~19% (3/
16) for tRNAs (transfer RNAs), respectively. As a consequence, the
number of APSs per gene increased from 1.31 for tRNAs, 1.47 for
miRNAs, 1.50 for pseudogenes, 2.54 for lncRNAs to 6.52 for protein
coding genes (Fig. 2A).

Next, we analyzed the effects of gene biotypes on usage of class
codes (Fig. 2B). iAPSs were enriched for both protein coding and
lncRNA genes, while cAPSs were dominant in pseudogenes. Both
miRNAs and tRNAs had>60% of pAPSs. Lastly, we extended these
analyses to include the APS genomic neighborhoods (Fig. 2C). Gen-
erally speaking, iAPSs, pAPSs and xAPSs were frequently located ARS
containing regions, while eAPSs and oAPSs were most associated with
NARS containing regions. Approximately 75% of cAPSs were adjacent
to NARSs.

When expression counts were combined within each gene, we found
that a total of 13,266 genes were expressed in rat hypothalamus
(Supplementary Table S2). DESeq analysis on gene expression levels
revealed that there were only two differentially expressed genes based
on adjusted p < 0.10 with justification or 73 genes that reached
p < 0.01 without justification. However, DESeq analysis on APS ex-
pression levels identified 9 differentially expressed APSs (DE-APSs)
with adjusted p < 0.10 (Supplemental Table S1) and 886 DE-APSs
with p < 0.01(Supplemental Table S3).

3.3. Protein coding genes and pathway changes due to HFD exposure

Among these DE-APSs selected above, 763 (~86%) out of 886 were
derived from protein coding genes, including 274 down-regulated DE-
APSs and 489 up-regulated DE-APSs with p≤ 0.01, respectively in HFD
exposed rats relative to chow controls. The former DE-APSs were then
assigned to 267 differentially expressed coding genes (DECGs), while
the latter belonged to 400 DECGs. As such, down-regulated DECGs had
1.03 DE-APSs per gene, while up-regulated DECGs possessed 1.22 DE-
APSs per gene (Fig. 3A). When considering class codes, iAPSs increased
by 26% from down- (28%) to up-regulated DE-APSs (54%), while oAPSs
decreased by 15% from the former (16%) to the latter (1%) and cAPSs
differed by 13% (X2=110.61, p=0.0000) (Fig. 3B). Up-regulated DE-
APSs also used more NARSs than the down-regulated DE-APSs
(X2= 11.03, p= 0.0009) (Fig. 3C).

Both down- and up-regulated protein-coding genes induced by HFD
were jointly enriched for functional pathways using the Metascape
program based on biological function (Fig. 3D). Among top 20 enriched
pathways, six were shared by both down- and up-DECGs, but up-reg-
ulation was more dominant than the down-regulation. The remaining
14 pathways were uniquely enriched with up-DECGs (Fig. 3D). Overall,
these 20 top enriched pathways were related to two broad categories:
neuron projection development and synapse organization.

Interestingly, there were 35 genes shared by both down- and up-
DECGs and they are Abr, Asic2, Atp1b2, Camta1, Celf4, Chd3, Csmd1,
Dst, Fam19a5, Grip1, Grm7, Kcnip4, Limch1, Magi2, Mdga2, Mink1,
Mllt6, Mtmr4, Nacc2, Nalcn, Nrg3, Nrxn3, Pafah1b1, Peg3, Polr2a, Ptgds,
Ptprg, Rbfox1, Rgs12, Spen, Srgap2, Taok2, Tsc22d1, Ttc3 and Zfp281.

Fig. 1. HFD Exposure Promotes DIO in Male Rats. (A)
Average (± SEM) 24 h caloric intake (kcal) over the
duration of the study. HFD exposed rats displayed sig-
nificant caloric overconsumption (p < 0.05) and hyper-
phagic feeding behavior over the first 13 days of the study
relative to the CHOW controls. (B) Average (± SEM) body
weight gain throughout the study. The beginning of a diet-
induced obesity is present at day 16, where there was a
significant (p < 0.05) difference between the HFD exposed
and CHOW groups.
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This means that these genes each have at least two APSs, one down- and
another up-regulated in response to HFD. Metascape analysis dis-
covered that these genes are involved in pathways related to regulation
of cell migration, regulation of ion transport, regulation of neurogen-
esis, actin filament-based process, regulation of RNA splicing and sy-
napse assembly. Among these seven pathways, four function as reg-
ulatory factors.

3.4. Non-coding genes and regulation in HFD feeding

Here we focus on three types of non-coding genes. Among 886 DE-
APSs with p≤ 0.01, only one miRNA gene: mir655 was up-regulated in
HFD-fed animals (Fig. 3E). A total of 21 lncRNAs were classified as DE-
APSs, including two down-, but 19 up-regulated DE-APSs. The ratio be-
tween down- and up-regulated pseudoAPSs was 4:5 respectively (Fig. 3E).

3.5. Validation

As indicated above, 37 APSs were identified as DE-APSs with
padj≤ 0.30. After removal of unknown APSs without gene annotation

or those APSs with short raw reads, we selected 32 of them for in silico
validation (Supplementary Table S4). Basically, BLAST tool at NCBI was
used to match each of these DE-APSs against the nr/nt databases using
the longest mapped raw reads as queries (Supplementary Table S5). For
15 cAPSs, 4 eAPSs, 2 oAPSs and 1 xAPSs, we found the best matches for
all of them with the highest similarities to their own genes. Among 8
iAPSs, we found genes and/or EST (expressed sequence tag) for two of
them, comparative support with mouse for three of them and no sup-
port for the remaining three. In addition, two pAPSs, had sequence
support from mouse.

3.6. qPCR analysis of APS function

In addition to in silico validation, we performed an additional experi-
ment where we biologically replicated the DIO model in a separate cohort
of rats then used qPCR to determine the function of APSs detected with
WTTS-Seq. Following confirmation of our selected primers we probed
RNA expression changes for three separate RNA biotypes confirmed by in
behaviorally characterized DIO and control rats. Specifically we measured
hypothalamic expression changes for miRNA, lncRNA and protein-coding

Fig. 2. Characterization of APSs in rat. (A) ~73% (8327/11,407) of protein coding genes use more than one APS. 42% (411/969) of lncRNAs (long non-coding RNAs) use more than one
APS whereas 28% (185/658) of pseudogenes used APSs, 22% of miRNAs (microRNAs) (10/45) and 19% (3/16) of tRNAs (transfer RNAs) used more than one APS, respectively. APSs per
gene increased from 1.31 for tRNAs, 1.47 for miRNAs, 1.50 for pseudogenes, 2.54 for lncRNAs to 6.52 for protein coding genes. (B) iAPSs were enriched for both protein coding and
lncRNA genes, while cAPSs were dominant in pseudogenes. Both miRNAs and tRNAs had> 60% of pAPAs. (C) Our APS genomic neighborhood analysis indicated that iAPSs, pAPSs and
xAPSs are frequently located in ARS regions, while eAPSs and oAPSs are almost associated with NARS regions. Approximately 75% of cAPSs were adjacent to NARSs.

J.N. Brutman et al.



RNAs in DIO rats and chow fed controls prepared identically to experiment
1 (Fig. 4A–B). Results indicate that hypothalamic expression of
RGD1566401 was significantly increased in HFD exposed rats relative to
chow fed controls. We detected increased expression of mir665 in the HFD
condition, however this effect did not reach statistical significance

(Fig. 5A–B). We also evaluated expression patterns of three separate pro-
tein-coding mRNAs. We detected increased hypothalamic expression of
TIMP-2 in HFD exposed rats relative to controls (p < 0.05; Fig. 5C). No
expression changes were detected for hypothalamic Ppp1r9b, Galnt7 or
Cep112, respectively (Fig. 4D–F).

Fig. 3. Evaluation of HFD-Induced Differentially Expressed Genes. (A) Numbers of differentially expressed protein-coding genes that were up-regulated and/or down-regulated by HFD
exposure. HFD up-regulated DECGs possessed 1.22, whereas down-regulated DECGs had 1.03 DE-APSs per gene. (B) iAPSs were increased by 26% from down- (28%) to up-regulated DE-
APSs (54%). oAPSs decreased by 15% from (16%) to (1%) and cAPSs differed by 13% (X2= 110.61, p=0.0000). (C) Up-regulated DE-APSs used more NARSs than the down-regulated
DE-APSs (X2= 11.03, p= 0.0009). (D) Among top 20 enriched pathways, six were shared by both down- and up-DECGs. Enriched pathways were related to two broad categories: neuron
projection development and synapse organization. (E) Among 886 DE-APSs with p≤ 0.01, only one miRNA gene: mir655 was up-regulated in HFD exposed rats. A total of 21 lncRNAs
was classified as DE-APSs, including two down-, but 19 up-regulated DE-APSs. The ratio between down- and up-regulated pseudoAPSs was 4:5 respectively.

Fig. 4. Biological Replication of DIO in Male Rats. We
performed a biological replication of DIO in male Long
Evans rats to determine the functional relevance of APS
insertions for gene expression. (A) Represents average
(± SEM) 24 h caloric intake (kcal) over the duration of the
HFD exposure period. HFD exposed rats displayed sig-
nificant caloric overconsumption (p < 0.05) and hyper-
phagic feeding behavior over the first 13 days of the study
relative to the CHOW controls. (B) Average (± SEM) body
weight gain throughout the study. In this cohort we de-
tected significant body weight differences (p < 0.05) be-
tween the HFD and CHOW exposed rats beginning on day 9
of the manipulation period.

J.N. Brutman et al.



4. Discussion

The goal of the current manuscript was to better understand how
diet-induced obesity influences transcriptome expression in the hy-
pothalamus, a feeding relevant CNS region. From this effort we dis-
covered that DIO promotes APS events on multiple RNA biotypes with
the majority occurring on protein-coding mRNA in the hypothalamus of
behaviorally characterized DIO rats. Specifically we detect APS events
on miRNA and lncRNA, RNA biotypes that exert critical influence on
gene transcription and transcriptome function. The APSs we detect on
mRNA occurred on genes whose functional proteins regulate critical
aspects of neuronal plasticity. Notably APS insertion has clear effects on
hypothalamic transcriptome expression as validated by qPCR.
Collectively these data represent the first APS resource in the DIO rat.
Perhaps more importantly our results support the contention that APS
events are novel genetic mechanisms that regulate DIO-induced tran-
scriptome function in a feeding-relevant CNS region. We detail the re-
levance of detected APS events below.

4.1. APS insertion on lncRNA & miRNAs

lncRNA (RNA > 200 nucleotides) and miRNA (RNA < 200 nucleo-
tides) are non-protein encoding RNA species that exert profound influence
on gene transcription [21–23]. lncRNA brings DNA binding proteins into

close proximity with DNA, thus recruiting epigenetic modifiers to distinct
genes. Although lncRNA has a clear role in neuronal development [24]
emerging evidence suggests that this particular RNA biotype regulates
multiple aspects of brain and behavioral function [25]. We find significant
APS insertion and increased hypothalamic RNA expression of
RGD1566401 in DIO rats. Recent work indicates that the expression of
RGD1566401 is activity induced by N-Methyl-D-aspartate receptor
(NMDAR) stimulation in cortical cultures and in the hippocampus of fear-
conditioned mice. In addition, once expressed, RGD1566401 regulates α-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPA)
insertion into the plasma membrane [26]. These data highlight the ac-
tivity-dependent nature of lncRNAs and suggest that biogenesis of
RGD1566401 may also be stimulated by palatable food exposure.

miRNA's are expressed in 94% of hypothalamic POMC and NPY/
AgRP neurons [27] and alterations in miRNA production promote hy-
perphagia and obesity in mice [28]. Moreover production of miR-200a,
a particular miRNA, is present in the ARC of obese mice and is reduced
by leptin treatment [51]. We detect increased APSs mir665, a miRNA
that found to be up regulated in the hippocampus of cocaine-condi-
tioned rats [29]. Although we were only able to confirm a trend for up
regulation of mir665, it is worth noting here that reductions in miRNA
in brain reward regions have been implicated in the development of
DIO in rodents. For example reduced miRNA-155 expression in the
nucleus accumbens promotes DIO in mice [30]. These data suggest that

Fig. 5. qPCR validation of Hypothalamic APS Function.
DIO-induced APS events stimulate hypothalamic expression
of multiple RNA biotypes. Mean (± SEM) fold change in
the RNA expression level compared with reference gene is
presented. (A) Hypothalamic expression of the lncRNA,
RDG1566401 was up-regulated in HFD rats relative to
chow-fed controls. (B) A non-significant increase in the
hypothalamic expression of the miRNA mir665 was also
observed in HFD relative to chow controls. (C)
Hypothalamic expression of the protein coding Timp2 gene
was also up-regulated in HFD rats relative to controls.
(D–F). No other statistically significant changes were ob-
served in hypothalamic protein-coding genes including
Cep112, Ppp1r9b and Galnt7 respectively.

J.N. Brutman et al.



the direction of expression and function of miRNAs may differ across
brain regions during the progression of DIO.

4.2. APS insertion on protein-coding mRNAs

The majority of APS events we detected in the hypothalamus oc-
curred on protein-coding mRNA. Our pathway analysis identified APSs
on genes whose functional proteins regulate synapse development, and
neuronal plasticity. In this context, matrix metalloproteinase (MMP)
activity regulates synaptic remodeling through proteolysis of extra-
cellular matrix proteins as well as growth factor activation [31]. We
find significant increase in APS insertion on TIMP-2, one of four pro-
teins that inhibit MMP activity [32]. Importantly prior studies indicate
that genetic reduction of Timp2 promotes hyperphagia and obesity in
mice, an effect exaggerated by HFD exposure [33,34]. Notably this ef-
fect was apparent in male mice only and absent in female suggesting
sexual dimorphism for TIMP-2 control of feeding behavior. Moreover
TIMP-2 deficient mice exhibit leptin resistance prior to obesity onset
suggesting that TIMP-2 expression is necessary for proper ligand-re-
ceptor interactions at the level of the hypothalamus. These data suggest
that TIMP-2 activity plays a counter–regulatory role for hyperphagic
feeding and body weight gain through mediation of leptin signaling.
The data we present here highlight APS insertion as a genetic me-
chanism that stimulates TIMP-2 expression and provide novel evidence
that this process exists within a feeding relevant brain region.

4.3. Functional pathway enrichment

In regards to DIO in the clinical population, feeding pathologies
such as binge eating disorder (BED) have recently been characterized as
an addictive behavior [35–37]. Importantly, exposure to palatable
foods stimulates synaptic plasticity within hypothalamic neurons [38],
an event hypothesized to adapt behavior based on nutrient availability
[39]. The most significant APS changes we identified were represented
in two broad categories: neuron projection development and synapse
organization. Neuron projection development and synapse organization
are functions present during the re-wiring process of synapses in the
CNS [40–42]. Synaptic plasticity controls the strengthening or weak-
ening of synaptic contacts in the CNS and is most notably associated
with cognitive processes that control learning and motivated behaviors
[43–45]. The novel data we present here suggest that APS insertions
may orchestrate a series of synaptic events in hypothalamic neurons.
Future studies are necessary to determine if these events stimulate or
counter-regulate body weight gain.

4.4. Physiological control of APS events

There are certain limitations when interpreting our findings due to
the vast array of both neurobiological and physiological changes that
occur during the onset of an obese phenotype. Specifically, the gas-
trointestinal (GI) tract communicates directly and extensively with the
CNS to control feeding behavior [46–48]. This aspect becomes relevant
for the current data as flux of GI peptides produce central genetic ex-
pression changes in the CNS hypothesized to control feeding behavior
and body weight maintenance [49–51]. Thus, it is possible that GI
peptides stimulated in response to HFD exposure contribute to the hy-
pothalamic APS events we present here. However future studies are
required to determine to what extent endogenous physiological factors,
such as ghrelin and/or leptin impact hypothalamic APS events.

5. Conclusion

In summary, the novel data we present here provide the first hy-
pothalamic APS resource in the DIO rat. Importantly, our data establish
that pre-translational APS events in the brain's endogenous appetite
center regulate expression of novel transcription factors and functional

proteins that regulate diverse features of feeding behavior. Thus, data
generated by this study offers valuable insight into the transcriptome
processes that generate and maintain an obese phenotype. Future stu-
dies that utilize manipulations of feeding peptides are necessary to
determine the physiological processes that regulate APS insertions in
the context of body weight gain.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.physbeh.2018.01.026.
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