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cell.00301.2019.—Transposable elements (TEs) are mobile DNA and
constitute approximately half of the human genome. LINE-1 (L1) is
the only active autonomous TE in the mammalian genome and has been
implicated in a number of diseases as well as aging. We have previously
reported that skeletal muscle L1 expression is lower following acute and
chronic exercise training in humans. Herein, we used a rodent model of
voluntary wheel running to determine whether long-term exercise train-
ing affects markers of skeletal muscle L1 regulation. Selectively bred
high-running female Wistar rats (n = 11 per group) were either given
access to a running wheel (EX) or not (SED) at 5 wk of age, and these
conditions were maintained until 27 wk of age. Thereafter, mixed
gastrocnemius tissue was harvested and analyzed for L1 mRNA expres-
sion and DNA content along with other L1 regulation markers. We
observed significantly (P < 0.05) lower L1 mRNA expression, higher L1
DNA methylation, and less L1 DNA in accessible chromatin regions in
EX versus SED rats. We followed these experiments with 3-h in vitro
drug treatments in L6 myotubes to mimic transient exercise-specific
signaling events. The AMP-activated protein kinase (AMPK) agonist
5-aminoimidazole-4-carboxamide ribonucleotide (AICAR; 4 mM) sig-
nificantly decreased L1 mRNA expression in L6 myotubes. However,
this effect was not facilitated through increased L1 DNA methylation.
Collectively, these data suggest that long-term voluntary wheel running
downregulates skeletal muscle L1 mRNA, and this may occur through
chromatin modifications. Enhanced AMPK signaling with repetitive
exercise bouts may also decrease L1 mRNA expression, although the
mechanism of action remains unknown.

exercise; LINE-1; L1; methylation; retrotransposons

INTRODUCTION

Transposable elements (TEs), often referred to as mobile
DNA or “jumping genes,” are genetic elements that have the
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ability to change their position in a genome (4, 41). There are
numerous types of TEs that exist based on their mechanism of
transposition (or movement) and are categorized into two
distinct classes: DNA transposons and retrotransposons (63).
The former uses a DNA intermediate termed a “cut and paste”
mechanism, while the latter utilizes a “copy and paste” mech-
anism, where an RNA intermediate is reverse transcribed into
cDNA before integration into the genome, resulting in an
amplification of the retrotransposon (63).

Long interspersed element-1 (LINE-1, or L1) is one of the
most abundant TEs in humans and constitutes large portions of
the genome of rats and mice, with estimations of 17, 18, and
21%, respectively (9, 20, 36, 54). L1 is the only autonomous
retrotransposon active in mammalian genomes, meaning that it
encodes for all the machinery needed for its retrotransposition
(for review, see Refs. 4, 32, 54)). L1 is a 6-kb genetic element
that contains an internal RNA polymerase II (Pol II) promoter
within the 5'-untranslated region (UTR). L1 encodes for two
different proteins: open reading frame 1 protein (ORF1p), an
RNA binding protein, and open reading frame 2 protein
(ORF2p), which has both endonuclease and reverse transcrip-
tase activities. The first step of L1 retrotransposition is the
recruitment of RNA Pol II to its internal promoter, followed by
transcription of the L1 DNA into a bicistronic mRNA. L1 mRNA
is then translated into its respective proteins, and the L1 proteins
preferentially bind to their mRNA, forming an L1 ribonucleopro-
tein (LIRNP) complex. LIRNP then translocates to the nucleus,
where ORF2p catalyzes the nicking of DNA at consensus TTA-
AAA target sites. Reverse transcription of L1 mRNA into cDNA
occurs via ORF2p, and this ultimately leads to the de novo
integration of L1 cDNA into the genome, resulting in target site
duplications on both the 5'- and 3’-ends of the newly inserted
element (10, 35, 49, 61). Recent elegant genetic studies have shed
light on the amplification mechanisms and site selection of L1
(see Refs. 15 and 60). Although L1 ORF proteins show cis
preference for L1 transcripts, other mRNAs and TEs can also bind
with the ORF proteins, ultimately leading to amplification of those
genes and TEs, respectively (54). In this regard, other TEs, such
as short interspersed elements (SINEs), can “hijack” L1 machin-
ery, evidenced by the number of SINEs in the human genome
(~1,000,000 copies) (54). The relevance and potential physiolog-
ical impact of these amplifications are detailed elsewhere (8, 51).
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It has been widely speculated that L1, as well as other TEs,
have had “positive” implications during evolution. For exam-
ple, there is evidence that the DNA binding domain of the
DNA transposon Tcl/mariner has been co-opted by animals in
the PAX3 gene, which is important for skeletal muscle devel-
opment (27, 50). Another example is that L1 may be involved
in a quality control mechanism in oogenesis by which defective
oocytes are removed (17, 39). However, TEs, and L1 specifi-
cally, have been implicated in a number of diseases (22, 32).
These include both associative as well as causative examples,
such as increased L1 expression in various cancers and direct
insertions, causing specific cases of Duchenne’s muscular
dystrophy (13, 23, 24, 29, 47).

With respect to TE and L1 research, skeletal muscle has
been highlighted in only a handful of studies (2, 34, 38, 44). A
seminal paper by De Cecco et al. (7) reported that skeletal
muscle and liver LI mRNA and DNA levels are significantly
higher in older mice (36 mo of age) versus younger mice (5 mo
of age), and the authors speculated that increased tissue L1
activity may accelerate the aging process. In line with these
findings, Sirt6 has been shown to act as a repressor of L1
expression, but Sirt6-mediated L1 repression is lost in aged
mice (43). Interestingly, the same laboratory demonstrated that
muscle mass loss was attenuated in Sirt6-knockout mice that
were treated with reverse transcriptase inhibitors or drugs
that inhibit ORF2p enzyme activity (59).

Our laboratory has previously shown that skeletal muscle L1
mRNA expression was significantly decreased while L1 DNA
methylation was increased in college-aged males after both
acute and chronic resistance training (58). More recent data
from our laboratory have also suggested that one bout of
endurance exercise downregulates skeletal muscle L1 expres-
sion in younger and older humans (55). De Cecco et al. (7) also
reported that skeletal muscle and liver L1 mRNA levels were
significantly lower in lifelong calorically restricted mice com-
pared with ad libitum fed counterparts. Although preliminary,
these data highlight the possibility that exercise and caloric
restriction may downregulate tissue L1 expression through a
conserved mechanism. Given the data presented above, the
goal of the present study was to examine how long-term
voluntary wheel running affects skeletal muscle L1 markers in
rats. Additionally, we sought to determine potential mechan-
sims through which exercise may operate to regulate L1 gene
expression. We hypothesized that long-term exercise would
downregulate skeletal muscle L1 markers, although we had no
a priori hypothesis regarding how this mechanistically occurs.
Consistent with our previous results in humans, we found that
long-term endurance training through voluntary wheel running
downregulates skeletal muscle L1 expression and increases L1
DNA methylation in rats. Furthermore, we provide in vitro
evidence in L6 myotubes that enhanced AMP-activated protein
kinase (AMPK) signaling may also act to decrease L1 mRNA
expression.

MATERIALS AND METHODS

Animals. All live animal experiments and dissections occurred at
the University of Missouri, and these experimental procedures were
approved by the Institution’s Animal Care and Use Committee. For
the present study, muscle was procured and analyzed by our research
group at Auburn University.
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Rats used were from a previous study in which high-voluntary
wheel running (HVR) rats were selected and bred as described earlier
(56, 57, 62). Females were chosen given that they have much higher
voluntary running tendencies compared with males. Briefly, female
Wistar rats that were selectively bred for high levels of wheel running
were divided into two groups based on whether they did or did not
have access to a voluntary running wheel [exercise (EX) and seden-
tary (SED), respectively]. Both groups were weaned at 28 days of age.
EX rats (n = 11) were provided access to running wheels from 5 wk
of age until the end of the experiment, when they were 27 wk of age,
whereas SED rats (n = 11) were housed in standard cages without
running wheels until 27 wk of age. Rats were provided drinking water
and standard rodent chow ad libitum. On the day of dissections,
animals were euthanized using CO, asphyxiation in the afternoon
hours during the middle of the light cycle (1400-1800); gastrocne-
mius muscles were rapidly removed, and muscles were flash-frozen in
liquid N> and stored at —80°C until they were shipped to Auburn
University.

Tissue preparation for protein analyses. Muscles were removed
from —80°C storage; tissue was crushed on a liquid nitrogen-cooled
ceramic mortar and pestle, and ~50 mg of tissue from each rodent
was placed in 7 mL glass vials containing 500 pL of ice-cold cell lysis
buffer [20 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM Na-EDTA,
1 mM EGTA, 1% Triton, 20 mM sodium pyrophosphate, 25 mM
sodium fluoride, 1 mM [3-glycerophosphate, 1 mM NaszVO,, and 1
pg/mL leupeptin; Cell Signaling Technology; Danvers, MA]. Tissues
were homogenized via glass dounce homogenization, and homoge-
nates were centrifuged at 12,000 g for 10 min. Supernatants were
transferred to 1.7-mL tubes, and protein concentration was determined
using a BCA assay (Thermo Scientific, Waltham, MA). Supernatants
were subsequently prepared for SDS-PAGE using 4 X Laemmli buffer
at 2 pg/pL for Western blot analysis, and 15 pL was loaded onto
4-15% SDS-polyacrylamide precasted gels obtained from (Bio-Rad
Laboratories, Hercules, CA). 1 X SDS-PAGE run buffer (Ameresco,
Framingham, MA) was used for electrophoresis at 180 V for 60 min.
Thereafter, proteins were transferred via 200 mA constant current for
120 min to polyvinylidene difluoride membranes (Bio-Rad Laborato-
ries). Membranes were then stained with Ponceau S, and digital
images were captured using a gel documentation system (UVP,
Upland, CA) to ensure equal loading of samples among lanes. Mem-
branes were then blocked at room temperature with 5% nonfat milk
powder in Tris-buffered saline with 0.1% Tween-20 (TBST) for 60
min. All of the following primary antibodies were incubated overnight at
4°C in a solution of TBST containing 5% bovine serum albumin (BSA;
Ameresco): rabbit anti-cytochrome ¢ (1:1,000, cat. no. GTX108585;
Genetex), mouse anti-ORF1p (1:1,000, cat. no. ab76726; Abcam), or
rabbit anti-phosphorylated AMPKa (Thr172) (1:1,000, cat. no. 2531;
Cell Signaling Technology). Notably, the mouse antiORF1p antibody has
previously been validated by our group using HeLa cell lysate (55). The
following day, membranes were incubated with horseradish peroxidase
(HRP)-conjugated anti-mouse or anti-rabbit IgG secondary antibodies
(1:2,000, cat. no. 7076 and 7074, respectively; Cell Signaling Technol-
ogy) in a solution of TBST containing 5% BSA at room temperature for
60 min. Thereafter, membranes were developed using an enhanced
chemiluminescent reagent (Luminata Forte HRP substrate, EMD Milli-
pore, Billerica, MA), with band densitometry subsequently assessed by
use of a digital gel documentation system and associated densitometry
software (UVP). Densitometry on white band values for each aforemen-
tioned target was normalized to a corresponding dark band using Ponceau
densitometry values. Additionally, values were normalized to SED group
to yield relative protein expression levels.

RNA isolation and quantitative PCR prep. Approximately 20 mg of
powdered frozen gastrocnemius muscle from each rodent were placed
in 500 pL of Ribozol (Ameresco, Solon, OH) per the manufacturer’s
recommendations. Thereafter, phase separation was achieved accord-
ing to the manufacturer’s instructions for RNA isolation. Following
RNA precipitation and pelleting, pellets were resuspended in 20 pL of
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Table 1. Rat primer sequences used for real-time qPCR

Gene Accession No./L1 Family
(Rat) Fibrillarin (Fbl; HKG), forward (5" — 3"): CTGCGGAATGGAGGACACTT; NM_001025643.1
reverse (5" — 3'): GATGCAAACACAGCCTCTGC
(Rat) B2-Microglobulin (B2m; HKG), forward (5" — 3'): GGAAACTGAGGGGAGTAGGG; NC_005102.4
reverse (5" — 3'): CCTGGGCTTTCATCCTAACA
(Rat) Glyceraldehyde-3-phosphate dehydrogenase (Gapdh; HKG), forward (5" — 3'): NC_005103.4
TGATGCCCCCATGTTTGTGA; reverse (5 — 3'): GGCATGGACTGTGGTCATGA
(Rat) Cyclophilin A (Ppia; HKG), forward (5" — 3): GCATACAGGTCCTGGCATCT; NM_017101.1
reverse (5" — 3'): AGCCACTCAGTCTTGGCAGT
(Rat) Hypoxanthine phosphoribosyltransferse 1 (Hprt; HKG), forward (5" — 3'): NM_012583.2
AAGACAGCGGCAAGTTGAAT; reverse (5" — 3'): GGGCCTGTGTCTTGAGTTCA
(Rat) L1 (L1-3), forward (5" — 3’): GACCATCTGGAACCCTGGTG; reverse (5" — 3'): DQ100473.1
GGGCCTGTGTCTTGAGTTCA
(Rat) L1 (L1-Tot), forward (5" — 3'): GGAAGAGACCACCAACACTG; reverse (5’ — 3'): DQ100473.1
GAAGGTTTAGCTCTCCCTCC DQ100475.1
DQ100476.1
DQ100477.1
DQ100474.1
DQ100482.1

HKG, housekeeping gene; bp, base pairs; UTR, untranslated regions.

RNase-free water, and RNA concentrations were determined in du-  full-length L1 elements, including those that contained a 5'-promoter,
plicate at an absorbance of 260 nm by using a NanoDrop Lite but did not have the ability to undergo retrotransposition based on
(Thermo Scientific, Waltham, MA). Isolated RNA (10 pg) was DNase  mutations throughout the L1 gene. The L1-3 and L1-Tot primers were
treated (Turbo DNase, cat. no. AM2238; Invitrogen, Carlsbad, CA), designed for the 5'-end of L1 elements based on a previous study
and cDNA (2 ng) was synthesized using a commercial qScript cDNA  characterizing functional elements (33). A diagram of general primer
SuperMix (Quanta Biosciences, Gaithersburg, MD) per the manufac-  location is depicted in Fig. 1A. Fold change values from the SED rats
turer’s recommendations. Quantitative PCR (qPCR) was performed  were performed using the 244€9 method, where 24€9 = 2 [house-
with gene-specific primers and SYBR-green-based methods (Quanta  keeping gene (HKG) Cq — gene of interest Cq], and 22444 (or fold
Biosciences) in a real-time PCR thermal cycler (Bio-Rad Laborato- change) = [24C9 value/24€9 average of SED group]. The geometric
ries). The final volume of qPCR reactions was 20 pL, which con- mean of housekeeping genes (Fbl, Ppia, and Hprt) was used to
tained a final concentation of 2 uM of forward and reverse primers normalize mRNA expression results for the in vivo data, while the
and 25 ng of cDNA. All reactions were performed in duplicate. geometric mean of B2m, Ppia, and Hprt were used for in vitro data.
Primers for housekeeping genes (Table 1) were designed with primer  There were no between-group differences in the geometric mean of
designer software (Primer3Plus, Cambridge, MA), and melt curve housekeeping genes.

analyses demonstrated that one PCR product was amplified per DNA isolation and gPCR prep. Powdered gastrocnemius muscle
reaction for all reactions. For rats, two primer sets were designed to ~ was removed from —80°C storage, and ~15 mg was processed using
interrogate L1 mRNA expression based on previous data (33). The the commercially available DNeasy Blood & Tissue Kit (Qiagen,
first primer set (L1-3) was designed to probe for the most active L1,  Venlo, The Netherlands) per the manufacturer’s recommendations,
while the second primer set (L1-Tot) was designed to encompass all  including RNase treatment. Following DNA precipitation and pellet-
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Fig. 1. Long interspersed element-1 (L1) primer design, skeletal muscle L1 DNA content, L1 mRNA expression, and correlations with select mitochondrial
markers. A: general location of L1 primers. B and C: L1 DNA content differences between the groups using the L1-Tot (B) and L1-3 (C) primer sets described
in the text. D and E: mRNA expression for L1-Tot (D) and L1-3 (E). F: open reading frame protein 1 (ORFl1p) protein expression with a Western blot
representative image (right). All data in B—F are presented as individual values as well as fold change relative to the sedentary rat (SED) group = SD, and group
comparisons were performed using independent-samples ¢ tests (n = 11 animals per group). G and H: associations between L1-3 mRNA expression and
mitochondrial markers (citrate synthase activity and cytochrome c, respectively). EX, exercised rats.
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ing, DNA was eluted with 100 pL of elution buffer from the kit per
the manufacturer’s recommendations, and DNA concentrations were
determined in duplicate at an absorbance of 260 nm by using a
NanoDrop Lite (Thermo Scientific). Isolated DNA was then used for
the downstream assays described below as well as L1 DNA content
using qPCR with the L1-3 and L1-Tot qPCR primers.

DNA methylation analysis. L1 promoter methylation analysis was
performed on isolated gastrocnemius DNA (described above) using a
commercially available methylated DNA immunoprecipitation (Me-
DIP) kit (Abcam, Cambridge, MA). Prior to performing the MeDIP
assay, 1.5 wg of gastrocnemius DNA was digested using Msel due to
the fact that this enzyme did not digest DNA within our qPCR primer
sequences (New England BioLabs, Ipswich, MA). Following diges-
tion reactions, 1 pg of DNA was used for immunoprecipitation with
an anti-5-methylcytosine antibody provided within the kit. gPCR was
then performed on the methylated DNA-enriched sample using the
L1-3 and L1-Tot primers listed above, given that both primer pairs
span CpG-rich areas in the 5'-UTR. Additionally, 0.1 pg of residual
input DNA from each sample was used as a control in a parallel
reaction to normalize qPCR results. Both the experimental and control
wells contained 25 ng of DNA for the reactions and were carried out
using the same primer- and SYBR green-based methods as described
above for qPCR. Fold change scores in L1 DNA methylation were
calculated as follows: /) 224€9 values were calculated whereby
AC4 = input DNA C, — methylated DNA Cg, and 2) fold change
values were then obtained by dividing each individual 249 value by
the SED 244 group mean.

L1 chromatin accessibility analysis. LINE-1 chromatin accessibil-
ity was assessed from each rodent using a commercially available kit
(Chromatin Accessibility Assay Kit, product no. ab185901; Abcam)
per the manufacturer’s recommendations. Because of sample limita-
tions, only a subset of animals was analyzed in this experiment (SED,
n = 10; EX, n = 9). Briefly, methods involved obtaining DNA,
digesting the DNA using a proprietary nuclear digestion buffer, and
performing qPCR on digested versus undigested samples. The prem-
ise of the assay is that a gene of interest localized to euchromatin
regions is more susceptible to digestion and thus possesses a lower
gPCR amplification signal relative to genes in heterochromatin re-
gions. Gastrocnemius DNA was freshly isolated using propriety
columned-based methods provided by the kit. qPCR was performed as
described above on 25 ng of digested DNA using the L1-3 and L1-Tot
primers to decipher fold change in genomic L1 DNA residing in
euchromatin. Undigested DNA from each sample (25 ng) was used as
a control to normalize RT-PCR results. Fold-change in L1-3 hetero-
chromatin DNA was calculated using the 222C9 method, where
24Cd = 2A [undigested L1-3 DNA Cq - digested L1-3 DNA C,] and
244C4 (or fold change) = [24C9 value/24C9 average of SED group].

Nuclear DNMT activity assay. Prior to assaying nuclear DNA
methyltransferase (DNMT) activity, nuclear protein extraction was
performed on frozen gastrocnemius muscle (~25 mg) using a com-
mercially available kit (Nuclear Extraction Kit, cat. no. ab113474;
Abcam) per the manufacturer’s recommendations. Global DNMT
activity of nuclear isolates (10 pL) was assessed using a commercially
available kit (DNMT Activity Assay Kit, cat. no. ab113467; Abcam)
per the manufacturer’s recommendations. Briefly, gastrocnemius tis-
sue was homogenized in an extraction buffer provided by the Kkit,
followed by centrifugation at 12,000 rpm for 15 min. Supernatant was
then discarded followed by the addition of a dithiothreitol solution and
protease inhibitor cocktail to the aforementioned extraction buffer, all
provided in the kit. The newly made solution was added to the pellet
and incubated on ice (15 min) while vortexing every 3 min. The
suspension was centrifuged at 14,000 rpm, the supernatant was
transferred to a new tube, and protein content was determined using
the BCA method described above. DNMT activity was measured on
the nuclear extracts. Reactions were carried out on a 96-well plate that
included Adomet substrate (provided in the kit) and 10 g of nuclear
extract followed by incubation at 37°C. Wells were then washed, and
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the capture antibody was added to the wells and incubated at room
temperature for 60 min. Wells were washed again, and detection
antibody was then added, followed by another incubation at room
temperature for 30 min. Wells were washed again, followed by the
addition of enhancer solution and a 30-min incubation time at room
temperature. Wells were washed, a developer solution was added, and
wells were incubated for 10 min away from light at room temperature,
followed by the addition of a stop solution. Wells were then read in a
microplate reader at 450 nm for 10 min. DNMT activity is expressed
as relative expression units, which were normalized to input muscle
weights.

Citrate synthase activity assay. Citrate synthase (CS) activity was
performed using frozen muscle obtained from rats following eu-
thanasia, as previously described by our laboratory (25). The assay
principle is based on the reduction of 5,50-dithiobis-(2-nitroben-
zoic acid) (DTNB) at 412 nm (extinction coefficient 13.6
mmol-L " '-cm™!) coupled to the reduction of acetyl-CoA by the
CS reaction in the presence of oxaloacetate. Briefly, 2 g of
skeletal muscle protein was added to a mixture composed of 0.125
mol/L. Tris-HCI (pH 8.0), 0.03 mmol/L acetyl-CoA, and 0.1
mmol/L DTNB. The reaction was initiated by the addition of 5 pL
of 50 mmol/L oxaloacetate, and the absorbance change was re-
corded for 1 min. Notably, the purpose of this assay was to
associate CS activity levels (along with muscle cytochrome ¢
protein levels) to skeletal muscle L1 mRNA expression levels.

mRNA microarray. Total RNA was extracted from the gastrocne-
mius muscle as described above, and a subset of samples from each
group (n = 8 per group) was shipped to a commercial service for
transcriptome-wide analysis (Thermo Fisher Scientific). Briefly, RNA
integrity was first assessed using microfluidic gel electrophoresis.
Thereafter, RNA was subjected to first- and second-strand cDNA
synthesis reactions. A series of reactions was then used to generate
fragmented, single-stranded cDNA, which was labeled using the WT
Terminal Labeling Kit. Labeled cDNA was then hybridized on Rat
Clariom S array chips according to the manufacturer’s instructions.
Differential gene expression was calculated using Transcriptome
Analysis Console 4.0, summarization was performed using the SST-
RMA algorithm, and results were provided as tab-delimited files.
Log, signal intensity values for mRNAs related to DNA methylation
were then calculated and statistically compared via independent-
samples ¢ test between SED and EX rats. Dnmt and Tet genes were
selectively chosen for analysis based on their ability to regulate L1
elements in prior literature (11, 45, 46, 53).

Cell culture. For all in vitro experiments, rat L6 myoblasts (passage
2) were grown in growth medium (DMEM, 4.5 g/L glucose, 10%
FBS, 1% penicillin-streptomycin, and 0.1% gentamycin) on 12-well
plates at a seeding density of 2 X 10°/mL under standard culture
conditions (37°C in a 5% CO, atmosphere). Once myoblast growth
reached 80-90% confluency, differentiation was induced by remov-
ing growth medium and replacing it with differentiation medium
[DM; DMEM, 2% (vol/vol) horse serum, 1% penicillin-streptomycin,
and 0.1% gentamycin]. DM was then replaced every 24 h for 6 days
to allow for myotube growth.

For drug screening experiments in L6 myotubes, cells were treated
(n = 4 cell culture wells per condition) with one of six treatments, or
vehicle, to investigate the possible exercise-associated mechanisms
that regulate L1 gene expression (Table 2).

Treatments included AICAR (1 mM, cat. no. BML-EI330; Enzo,
Farmingdale, NY), caffeine (5 mM, cat. no. A10431; Alfa Aesar,
Ward Hill, MA), rotenone (100 nM, cat. no. ALX350360G001;
Enzo), resveratrol (10 wM, cat. no. R0071; TCI America, Portland,
OR),the global HDAC inhibitor trichostatin A (100 nM, cat. no.
G656A; Promega, Madison, WI), 5-azacytidine (10 uM, TCI Amer-
ica), or 0.1% DMSO (cat. no. 25-950-CQC; Corning Inc., Corning,
NY) as a vehicle control. All conditions contained the same amount of
DMSO in their final concentrations. Treatments were added to fresh
DM when DM was replaced, and treatment DM was left on cells for
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Treatment Mechanism of Action Concentration Ref. No.
DMSO (control) Vehicle for all drugs (served as control) 0.1% 1
AICAR Increase AMPK activity 1 mM 1
Caffeine Increase intracellular calcium release 5 mM 1
Rot Increase intracellular NADH levels 100 nM 21
Res Increase SIRT activity 10 pM 12
TA Decrease HDAC activity 100 nM 26
5-AZA Decrease DNMT activity 10 pM 31

AICAR; 5-aminoimidazole-4-carboxamide ribonucleotide; AMPK, AMP-activated protein kinase; 5-AZA, 5-azacytidine; DNMT, DNA methyltransferase;
HDAC, histone deacetylase; Res, resveratrol; Rot, rotenone; SIRT, sirtuin; TA, trichostatin A.

a 3-h incubation. After treatments, cells were washed once with PBS
and lysed with Ribozol for RNA isolation or DNA isolation, as
described above. Following RNA isolation, qPCR was performed as
described above to interrogate L1 mRNA expression using the SYBR
green-based JPCR methods and the rat primers described above.

Follow-up AICAR-only experiments in L6 myotubes (n = 6
wells/dose) were performed as described above, with the exception of
different doses of AICAR [1 (n = 6),2 (n = 6), and 4 mM (n = 6)]
being applied to cells over a 3-h treatment period along with their
respective controls (n = 6 wells of DMSO). All wells contained the
same percentage of DMSO.

Statistics. Statistics were performed using SPSS version 23.0 (IBM,
Armonk, NY). Prior to statistical analyses, assumptions testing was
performed on all dependent variables. In cases where data were not
normally distributed, we applied either log;o or square root transfor-
mations. Dependent variables were analyzed using independent-sam-
ples 7 tests. For data that were not normally distributed after transfor-
mation, we performed nonparametric statistics (Mann-Whitney U
test). For in vitro data analysis, dependent variables were analyzed
using independent-samples ¢ tests relative to the vehicle condition. For
data that violated Levene’s test for equality of variances, a Welch’s ¢
test was used. Additionally, Pearson product correlations were also
performed on L1 expression and select dependent variables. The
magnitude of effects is expressed in the results, using Cohen’s d
calculations, and effect sizes of 0.2, 0.5, and 0.8 were considered
small, moderate, and large, respectively. Statistical significance for all
null hypothesis testing was set at P < 0.05. All data are presented as
means = SD.

RESULTS

Animal characteristics. SED and EX animal characteristics
have previously been reported by Toedebusch et al. (62) and
are only described here for convenience to the reader. Notably,
of the 11 animals per group, only n = 8 per group were
phenotyped. Body composition according to dual X-ray ab-
sorptiometry indicated that percent body fat was greater in
SED versus EX rats (18.9 = 2.2 versus 11.6 £ 1.4%, respec-
tively, P < 0.001), while whole body lean mass was similar
between groups (262 £ 8 vs. 257 = 5 g, respectively, P =
0.156). Dissection analysis using an analytical scale revealed
that gastrocnemius masses were greater in SED versus EX rats
(1.67 = 0.04 vs. 1.61 = 0.06 g, respectively, P = 0.034).
Indirect calorimetry during a maximal treadmill test during the
week of euthanasia revealed that body mass-adjusted VOspeak
was greater in EX versus SED rats (71 = 3 ml Oy-kg™!-min !
vs. 57 = 1 ml Oo-kg™!-min~!, respectively, P < 0.001). Fi-
nally, EX animals (on average) ran >40 km per week during
the first week when housed in running wheels and >60 km per
week thereafter until they were euthanized.

L1 DNA content and mRNA expression. One concern when
analyzing L1 data is the fact that different animals can have

differing amounts of L1 encoded in their genome. There were
no significant between-group differences for either L1-Tot or
L1-3 DNA [#20) = 1.154, P = 0.262, d = 0.49 and #(20) =
0.663, P = 0.515, d = 0.28, respectively; Fig. 1, B and C].
L1-Tot and L1-3 mRNA expression, however, were signifi-
cantly lower in the EX group [#(20) = 3.941, P = 0.001,
d=1.68 and #(12) = 2.831, P = 0.016 (Welch’s ¢ test),
d = 1.21, respectively; Fig. 1, D and E]. Thus, we posit that
lower mRNA levels in EX animals were due to the exercise
stimulus and not inherent L1 DNA content between groups.
Despite L1 mRNA differences, there was no significant be-
tween-group difference for ORF1 protein levels [#(20) =
1.009, P = 0.325, d = 0.43; Fig. 1F]. We next wanted to test
for potential associations between our markers of exercise
training with the expression of the most active L1 gene, L1-3.
We observed a significant negative correlation between L1-3
mRNA and CS activity (P = 0.011, r = —0.532; Fig. 1G).
Moreover, we observed a similar effect with cytochrome ¢
(P = 0.036, r = —0.448; Fig. 1H).

DNA methylation and chromatin dynamics. With the mi-
croarray data, we focused on the mRNA expression of en-
zymes that regulate DNA methylation given that L1 expression
is highly regulated by DNA methylation (Fig. 2A) (11). Inter-
estingly, Dnmtl mRNA expression was significantly greater
[#(10) = 3.024, P = 0.012 (Welch’s ¢ test), d = 1.51; Fig. 2A]
in EX versus SED, and Ter2 mRNA expression was signifi-
cantly lower in EX versus SED [#(14) = 3.544, P = 0.003,
d = 1.77; Fig. 2A]. Neither Dnmt3a nor Dnmt3b were signif-
icantly different between groups [#(14) = 0.672, P = 0.512,
d=0.34 and 1(14) = 0.232, P = 0.820, d = 0.12, respec-
tively]. Tet] and Tet3 mRNA was also not significantly differ-
ent between groups [#(14) = 0.357, P = 0.726, d = 0.18 and
1(14) = 0.623, P = 0.543, d = 0.32, respectively].

Next, we tested global DNMT activity and found that the EX
group had significantly higher DNMT activity [#(20) = 4.039,
P = 0.001, d = 1.72; Fig. 2B]. Interestingly, the L.1-3 and
L1-Tot primer sets also indicated that L1 DNA methylation
was significantly higher in EX versus SED rats [#(20) = 2.994,
P =0.007, d = 1.28 and #(20) = 2.478, P = 0.022, d = 1.06,
respectively; Fig. 2, C and D]. Based on our microarray as well
as our DNA methylation data, we chose to investigate L1
chromatin accessibility using the L1-3 and L1-Tot primer sets.
The EX group had significantly lower amounts of L1-Tot in
accessible chromatin [#(17) = 2.323, P = 0.033, d = 1.06; Fig.
2E], while L1-3 was trending lower in the EX group as well
[#(15) = 1.784, P = 0.093, d = 0.81; Fig. 2F].

Cell culture screen for exercise-specific pathways. An inde-
pendent in vitro screen experiment was used to examine
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whether one or multiple exercise-related signaling mediators
could decrease L1 mRNA expression (Fig. 3, A and B).
Relative to vehicle-only treatments, 5-aminoimidazole-4-car-
boxamide ribonucleotide (AICAR) numerically decreased L1-
Tot and L1-3 mRNA, although statistical significance was not
reached [#(6) = 1.439, P = 0.200, d = 1.02, #(6) = 0.661, P =
0.533, d =0.47, respectively]. L1-Tot and L1-3 mRNA
trended upward with caffeine treatments [#(6) = 2.279, P =
0.063, d = 1.61 and #6) = 2.110, P = 0.079, d = 1.49, re-
spectively], while rotenone did not affect these mRNAs
[#(6) = 0.625, P = 0.555, d = 0.44 and #(6) = 1.394, P =
0.213, d = 1.11, respectively], nor did resveratrol [#(6) =
0.199, P = 0.849, d = 0.14 and #(6) = 0.486, P = 0.644,
d = 0.34, respectively]. L1-Tot and L1-3 mRNAs trended up-
ward with trichostatin A treatments [#(6) = 2.238, P = 0.067,
d =1.58 and #6) = 2.051, P = 0.086, d = 1.45, respectively],
while 5-azacytidine did not affect these mRNAs [#(4) = 0.537,
P = 0.620 (Welch’s t test), d = 0.38 and #3) = 0.673, P = 0.547
(Welch’s t test), d = 0.48, respectively].

AICAR, which is a known stimulator of the AMP-dependent
protein kinase (AMPK) pathway, was the only compound that
appeared to numerically decrease L1-Tot and L1-3 mRNA
expression, albeit not significantly. Because of this finding,
along with the involvement of increased AMPK activity during
endurance exercise, we performed a follow-up experiment
using increasing concentrations of AICAR. Notably, all cells in
this follow-up experiment were treated simultaneously in the

incubator to minimize batch-to-batch treatment effects. Using
treatments of 1, 2, and 4 mM concentrations of AICAR in rat
L6 myotubes [#(6) = 6.047, P 0.001 (Welch’s ¢ test),
d=3.49, 1(6) =27.794, P < 0.001 (Welch’s ¢ test), d =
16.05, #(5) = 17.484, P < 0.001, d = 10.09, Fig. 3C], we did
not observe a significant decrease in L1-Tot or L1-3 at the 1
mM dose [P = 0.423 (Mann-Whitney U test), d = 0.93 and
P = 1(10) = 1.501, P = 0.164, d = 0.87, respectively] or the
2 mM dose [#(10) = 0.556, P = 0.590, d = 0.32 and P = 0.873
(Mann-Whitney U test), d = 0.33, respectively]. We did, how-
ever, observe significantly lower L1-3 and L1-Tot mRNA
expression in cells treated with 4 mM of AICAR [#(10) =
2423, P = 0.036, d = 1.40 and P = 0.010 (Mann-Whitney U
test), d = 2.50, respectively, Fig. 3, D and E].

We then sought to examine whether DNA methylation was
different between the AICAR-treated versus vehicle-treated
cells. Using the same L1 primers, we did not observe a
significant difference between the control condition and 1 mM
of AICAR treatment for L1-Tot or L1-3 [#(9) = 0.885, P =
0.399, d = 0.54 and #9) = 0.970, P = 0.357, d = 0.59, re-
spectively; Fig. 3, F and G]. Paradoxical to what we antici-
pated, however, L1 methylation for L1-Tot and L1-3 was
significantly lower in both the 2 mM [#(5) = 2.940, P = 0.032
(Welch’s t test), d =1.70 and #5) =2981, P = 0.030
(Welch’s t test), d = 1.72, respectively] and the 4 mM AICAR
condition [#(5) = 2.733, P = 0.040 (Welch’s ¢ test), d = 1.58
and #(5) = 2.797, P = 0.036 (Welch’s t test), d = 1.61, respec-
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Fig. 3. Cell culture experiments to determine possible exercise-specific pathways that regulate long interspersed element-1 (L1) mRNA expression in rat L6

myotubes. A and B: mRNA expression for L1-Tot (A) and L1-3 (B) following 3-h treatments with a variety of drugs described in Table 2 (n = 4

wells/drug/vehicle treatment). C: phosphorylation of AMP-activated protein kinase (AMPK; Thr172) with increasing doses of 5-aminoimidazole-4-carboxamide
ribonucleotide (AICAR) along with an accompanying Western blot representative image. D and E: effects of different AICAR doses on L1-Tot (D) and L1-3
(E) mRNA expression. F and G: L1-Tot (F) and L1-3 methylation (G) measured via methylated DNA immunoprecipitation (MeDIP). Data in A-G are presented

as individual values, and all treatments were statistically compared with the DMSO control (DMSO presented as solid line at 1.0 = SD; n = 6
wells/AICAR/vehicle treatment in C-G). 5-AZA, 5-azacytidine; CAF, caffeine; RES, resveratrol; ROT, rotenone; TA, trichostatin A. 1, 2, and 4 mM refer to

the increasing concentrations of AICAR.

tively]. Thus, AICAR seemingly reduced L1 mRNA levels in
a dose-dependent manner, although this is seemingly indepen-
dent of L1 DNA methylation.

DISCUSSION

As described before, L1 has the potential to be detrimental to
an organism; however, only a handful of papers investigating
L1 activity in muscle exist (2, 34, 38, 44, 55). In line with our
previous human work, we provide evidence in rats suggesting
that long-term voluntary wheel running downregulates L1
mRNA expression. Furthermore, L1-3 mRNA expression was
negatively associated with two markers of mitochondrial ca-
pacity (CS activity and cytochrome ¢ protein), which strength-
ens the relationship between decrements in L1 mRNA expres-
sion with increased muscle fitness. Our current data suggest
voluntary wheel running may decrease L1 mRNA expression
by increasing 5'-UTR methylation and reducing chromatin
accessibility in regions containing L1 DNA. Furthermore, the

in vitro data add to the current body of literature by suggesting
that exercise may also decrease L1 expression through in-
creased AMPK signaling. However, these two mechanisms
may be independent of each other, and this is discussed in
greater detail below.

A burgeoning field of research links cellular metabolism to
epigenetic control with direct implications in vivo such as cell fate
decisions and various diseased states (6, 14, 37, 52). Histone
acetyltransferases/deacetylases and histone/DNA methyltrans-
ferases/demethylases are directly influenced by metabolic inter-
mediates and electron carriers, including S-adenosyl methionine
(DNMTs and HMTs), acetyl-CoA (HATS), o-ketoglutarate
(TETs, JmjCs), FAD (LSD), and NAD™ (SIRTs), among others
(3, 16, 52). Furthermore, several studies suggest that a-ketoglu-
tarate and succinate concentrations (activating substrate and in-
hibitory product of the TETs and JmjCs and DNA and histone
demethylases, respectively) are altered in skeletal muscle after an
intense bout of endurance exercise (3, 16, 18, 19, 52). Whether
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these substrate-enzyme interactions are involved during or acutely
after exercise to affect L1 mRNA expression remains to be
determined. However, it is notable that exercised rats in the
current study presented higher levels of DNMT activity and L1
DNA methylation as well as lower levels of L1 DNA in euchro-
matin regions. Thus, it is quite possible that several of the
exercise-induced substrate-enzyme interactions mentioned above
may be responsible for creating this molecular milieu.

Given our in vitro findings in L6 myotubes, one exercise-
specific pathway that we speculate does downregulate L1
mRNA expression in vivo is increased AMPK activity. Nu-
merous studies have demonstrated that endurance exercise
increases skeletal muscle AMPK activation during and acutely
following exercise (30). Additionally, and as mentioned be-
fore, long-term caloric restriction, which is a well-known
activator of skeletal muscle AMPK, has been shown to down-
regulate L1 mRNA in rodent skeletal muscle (5, 7). Although
we did observe lower L1 expression in the 4 mM AICAR
conditions, this also resulted in lower L1 DNA methylation,
which is a paradoxical finding. There are data suggesting that
AMPK interacts with both DNMT and TET enzymes; specif-
ically, DNMT1 activity is inhibited upon phosphorylation by
AMPK, while TET2 activity appears to increase after phos-
phorylation by AMPK (40, 64). These data seemingly support
our findings regarding lower L1 DNA methylation in AICAR-
treated myotubes. However, it is currently difficult to explain
why AICAR and increased AMPK activation decreased L1
mRNA expression as well as L1 DNA methylation, and we
speculate that AMPK may either /) affect L1 mRNA expres-
sion through other pathways to reduce L1 DNA chromatin
accessibility (e.g., HDAC regulation) or 2) decrease L1 mRNA
stability. This hypothetical working model is presented in Fig.
4. The former hypothesis is not far-fetched given that others
have demonstrated that exercise-induced increases in AMPK
act to alter nuclear HDAC levels and affect GLUT4 mRNA
expression patterns (42).

Although we did not expect the observed results, our data
collectively suggest that L1 DNA methylation, chromatin ac-
cessibility, and mRNA expression can be regulated by a variety
of mechanisms, and these potential mechanisms are ripe for
further interrogation.

We recently facilitated the transfer of tetORFeus mice
breeders (48) to John McCarthy’s laboratory, who then crossed
multiple tetORFeus mice with mice harboring the human

Fig. 4. Hypothetical model of how exercise Exercise

may decrease skeletal muscle long inter-
spersed element-1 (L1) mRNA expression. A
series of experiments from our laboratory
have determined /) resistance and endurance
exercise and training decrease skeletal mus-
cle L1 mRNA in rats and humans, 2) endur-
ance training in rats reduces L1 chromatin
accessibility, and 3) stimulation of AMP-
activated protein kinase (AMPK) via 5-ami-
noimidazole-4-carboxamide ribonucleotide
reduces L1 mRNA in vitro, which is inde-
pendent of L1 DNA methylation. Given these
observations, our working model entails ex-
ercise upregulating skeletal muscle AMPK
activity as well as L1 DNA methylation,
which in turn decreases L1 transcription.
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skeletal actin (HSA)-rtTA transgene (28). Although the intent
of this cross was to generate offspring capable of experiencing
increases in skeletal muscle L1 mRNA (and potentially retro-
transposition) via low doses of doxycycline (DOX) adminis-
tration, a series of pilot DOX administration experiments failed
to accomplish these objectives in mice that were positively
genotyped for both transgenes (unpublished observations from
C. Brooks Mobley, University of Kentucky). Thus, we were
unable to examine how the muscle-specific overexpression of L1
affected skeletal muscle physiology, given that DOX did not drive
the expression of the transgene. Given the above-mentioned
shortcomings, we have not linked exercise-induced alterations in
skeletal muscle L1 markers with physiological outcomes. Hence,
we can only speculate that this is a favorable outcome given the
prior literature, which has demonstrated that markers of increased
L1 activity are associated with various genetic maladies and
upregulated in skeletal muscle with aging (7, 44). It is notable that
recent reports have suggested increased L1 mRNA accumulation
in the cytoplasm leads to an increase in L1 cytoplasmic cDNA
accumulation and stimulation of the cGAS-STING pathway (59).
These events can ultimately result in enhanced proinflammatory
cytokine expression. Thus, we speculate that the exercise-induced
downregulation in L1 DNA accessibility and L1 mRNA may
favorably affect skeletal muscle by either /) reducing L1 retro-
transposition events or 2) reducing the accumulation of cytoplas-
mic L1 cDNA. Indeed, future innovative research using animal
and human models is needed to validate this hypothesis.
Limitations. There are limitations to the current study. First,
only a single muscle was analyzed between groups. This can
make interpreting results from a single tissue difficult and does
not lend itself well to making whole body inferences. Because
of the fact that animals were euthanized the day following the
last voluntary wheel running bout, it is also possible that we
observed the acute effects of exercise on skeletal muscle L1
markers. However, it is notable that we have previously re-
ported that L1 mRNA is downregulated 48—72 h following a
resistance training bout in humans (58). Furthermore, we
recently reported that an acute bout of exercise, while modestly
downregulating skeletal muscle L1 mRNA in humans, does not
affect L1 DNA methylation levels up to 8 h following exercise
(55). Thus, we believe that our prior human data support the
notion that the observations herein were due to the chronic
effects of wheel running rather than transient effects. We also
used only female rats for our analysis given that this was
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the only tissue available through our collaboration. Although
there is the possibility that sex differences may be at play, we
have reason to believe that L1 responses to exercise training
are similar between sexes. First, these female rodent data
follow the same trend from our previous studies in which
muscle from college-aged male participants was used (58).
Likewise, our recent publication in humans also suggests that
no sex differences existed between males and females regard-
ing the ability of one exercise bout to transiently downregulate
skeletal muscle L1 expression (55). Our in vitro drug screen for
exercise-specific pathways was limited due to the fact that
dose-response curves and exposure times were not investi-
gated. In this regard, some of the compounds aside from
AICAR could possibly have an effect on L1 expression if
different doses or exposure times were used. For example,
although caffeine showed a surprising result (trending toward
increasing L1-Tot and L.1-3 mRNA expression), we chose not
to pursue caffeine in downstream analyses. Finally, it is pos-
sible that the effects of voluntary exercise were not fully
manifested because the rats were genetically predisposed for
exercise. Even with these limitations, our data suggest that
“exercise signals” in skeletal muscle have the ability to alter
transcriptional control of L1, and future research is needed to
investigate how this is related to skeletal muscle physiology.

In conclusion, this is the first report demonstrating that
long-term voluntary wheel running downregulates skeletal
muscle L1 gene expression. We speculate that this may occur
through changes in L1 5'-UTR methylation and chromatin
accessibility as well as increased AMPK activity. However,
these two mechanisms may operate independently to down-
regulate L1 expression.
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