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Mumford PW, Romero MA, Osburn SC, Roberson PA, Vann
CG, Mobley CB, Brown MD, Kavazis AN, Young KC, Roberts
MD. Skeletal muscle LINE-1 retrotransposon activity is upregulated
in older versus younger rats. Am J Physiol Regul Integr Comp Physiol
317: R397-R406, 2019. First published June 12, 2019; doi:10.1152/
ajpregu.00110.2019.—Long interspersed element-1 (LINE-1) is a
retrotransposon capable of replicating and inserting LINE-1 copies
into the genome. Others have reported skeletal muscle LINE-1 mark-
ers are higher in older versus younger mice, but data are lacking in
other species. Herein, gastrocnemius muscle from male Fischer 344
rats that were 3, 12, and 24 mo old (n = 9 per group) were analyzed
for LINE-1 mRNA, DNA, promoter methylation and DNA accessi-
bility. qPCR primers were designed for active (L1.3) and inactive
(L1.Tot) LINE-1 elements as well as part of the ORF1 sequence. L1.3,
L1.Tot, and ORF1 mRNAs were higher (P < 0.05) in 12/24 versus
3-mo-old rats. L1.3 DNA was higher in the 24-mo-old rats versus
other groups, and ORF1 DNA was greater in 12/24 versus 3-mo-old
rats. ORF1 protein was higher in 12/24 versus 3-mo-old rats. RNA-
sequencing indicated mRNAs related to DNA methylation (7ez/) and
histone acetylation (Hdac2) were lower in 24 versus 3-mo-old rats.
L1.3 DNA accessibility was higher in 24-mo-old versus 3-mo-old
rats. No age-related differences in nuclear histone deacetylase
(HDAC) activity existed, although nuclear DNA methyltransferase
(DNMT) activity was lower in 12/24 versus 3-mo-old rats (P < 0.05).
In summary, markers of skeletal muscle LINE-1 activity increase
across the age spectrum of rats, and this may be related to deficits in
DNMT activity and/or increased LINE-1 DNA accessibility.

aging; LINE-1; retrotransposons; skeletal muscle

INTRODUCTION

The long interspersed element-1 (LINE-1) is a class I trans-
posable element, and repeats of this gene account for ~18% of
mice DNA (54), 23% of rat DNA (13), and 17% of human
DNA (24). While a majority of genomic LINE-1 copies are
considered inactive due to either rearrangement, point muta-
tions, or truncations, there are roughly 3,000 LINE-1 copies in
mice, and 500 LINE-1 copies in rats, and 100 active LINE-1
copies in humans which are retrotransposition-competent (3,
14, 41). In this regard, LINE-1 is commonly referred to as a
jumping gene given that active elements have the ability to be
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transcribed and be pasted back into the genome via autono-
mous retrotransposition.

A full-length retrotransposition-competent LINE-1 copy is
~6 to 6.5 kilobases long and consists of a 5" untranslated region
(UTR), two open reading frames (ORF1 and ORF2) followed
by a 3’-UTR (44). ORF1 encodes a 40 kDa RNA binding
protein that preferentially binds to LINE-1 mRNA in trimers to
aid in translocation of the LINE-1 mRNA back into the nucleus
(32), while ORF2 encodes a 150-kDa protein that possesses
endonuclease (10) and reverse transcriptase domains (34).
LINE-1 retrotransposition begins with the recruitment of RNA
polymerase II to the endogenous LINE-1 promoter and subse-
quent transcription. Once transcribed, LINE-1 mRNA is trans-
ported into the cytoplasm where it is translated into the ORF1p
and ORF2p proteins (termed ORF1 and ORF2 proteins, here-
after). Both ORF1 and ORF2 proteins preferentially bind to
LINE-1 mRNA, forming a ribonucleoprotein particle (RNP)
(9, 18, 31, 55). After RNP formation, the complex is capable of
translocating back into the nucleus. The ORF2 protein on the
RNP nicks genomic DNA and uses a free 3’ hydroxyl group to
prime reverse transcription (7). This process is deemed target-
primed reverse transcription (TPRT) (28) and appears to be
random in that de novo LINE-1 insertions can occur in pro-
moter/regulatory regions, or introns and exon sequences to
affect gene expression (4). TPRT is not completely efficient,
and the premature termination of the TPRT process can occur
through inhibitory mechanisms resulting in truncated LINE-1
gene fragments within the genome (12).

Skeletal muscle aging is associated with epigenetic altera-
tions, mitochondrial dysfunction, cellular senescence, and at-
rophy (21, 25, 27). Furthermore, fiber type conversion (17, 20,
26, 38, 47), a decline in myosin heavy chain mRNA (1, 2, 5,
33, 48), and a decline in contractile (or myofibrillar) protein
content (15) have all been reported in skeletal muscle from
older versus younger humans or rodents. Interestingly, only
one paper published to date has demonstrated LINE-1 mRNA
expression and DNA copy number increases with age in
skeletal muscle of mice (8). While the phenotypic conse-
quences of increased skeletal muscle LINE-1 were not eluci-
dated, a recent study reported global Sirt6-knockout mice
exhibit a severe premature aging phenotype driven through
enhanced LINE-1 mRNA expression and retrotransposition
(53). Simon et al. (49) also recently reported that hind limb
muscle masses as well as quadriceps muscle fiber diameters
were significantly lower in Sirt6-knockout compared with
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wild-type mice. Notwithstanding, the cause of increased
skeletal muscle LINE-1 mRNA and DNA content with aging
has not been well elucidated, and it also remains to be
determined whether this phenomenon is observed across
species. Therefore, the primary purpose of this investigation
was to determine whether aging affects both LINE-1 mRNA
expression and LINE-1 DNA content in rat skeletal muscle
tissue. We also sought to examine how skeletal muscle
LINE-1 5'-UTR promoter methylation and LINE-1 DNA
accessibility are impacted by aging in rats. We hypothesized
that markers of increased LINE-1 activity would be elevated
in older versus younger rats, and this would be due to either
alterations in LINE-1 5'-UTR promoter methylation and/or
DNA accessibility.

MATERIALS AND METHODS
Animals

All animal experimental procedures were approved by Auburn
University’s Institutional Animal Care and Use Committee. Fischer
344 male rats aged 3, 12, and 24 mo (n = 9 per age group) were
purchased via Envigo Laboratories (Indianapolis, IN). Rats were
housed two per cage at the Auburn University Biological Research
Facility in quarters with constant 12-h light and 12-h dark cycles at
ambient room temperature. Standard chow (24% protein, 58% carbo-
hydrate, 18% fat; Teklad Global no. 2018 Diet, Envigo Laboratories)
and tap water were provided to animals ad libitum.

The morning of the necropsies, rats were removed from the
Biological Research Facility, transported to the Molecular and Ap-
plied Sciences Laboratory in the School of Kinesiology, and were then
acclimated for ~3—4 h with ad libitum access to water only. After
acclimation, rats were euthanized under CO, gas induction in a 2-liter
chamber (VetEquip, Pleasanton, CA). Thereafter, total body mass was
recorded, and right-leg gastrocnemius muscle was dissected out and
weighed using an analytical scale with a sensitivity of 0.0001 g
(Mettler-Toledo; Columbus, OH). Dissections on the right-leg gas-
trocnemius muscle were performed close to the origin and insertion
sites, and any visible connective or fat tissue was removed. Tissues
were then flash frozen in liquid nitrogen and stored at —80°C until
analyses, described below.

Tissue Preparation for Protein Analyses

Mixed gastrocnemius tissues were removed from —80°C storage,
tissue was crushed on a liquid nitrogen-cooled mortar and pestle, and
~50 mg of tissue from each rodent were placed in 500 pl of ice-cold
general cell lysis buffer [20 mM Tris HCI (pH 7.5), 150 mM NacCl, 1
mM sodium-EDTA, 1 mM EGTA, 1% Triton, 20 mM sodium
pyrophosphate, 25 mM sodium fluoride, 1 mM -glycerophosphate, 1
mM Na3zVO, and 1 pg/ml leupeptin] (Cell Signaling; Danvers, MA).
Tissues were homogenized via micro pestles and homogenates were
centrifuged at 500 g for 5 min. After centrifugation insoluble proteins
were removed and supernatants were stored at —80°C before Western
blot analysis.

Western Blot Analysis

Total protein determination on supernatants were performed fol-
lowing the dye-based bicinchoninic acid (BCA) colorimetric assay
(Thermo Fischer Scientific, Waltham, MA). Supernatants were sub-
sequently prepared for SDS-PAGE using 4X Laemmli buffer at 2
pg/ul, and 15 pl were loaded onto 4-15% SDS-polyacrylamide
precasted gels (Bio-Rad Laboratories; Hercules, CA). 1 X SDS-PAGE
run buffer (Ameresco; Framingham, MA) was used for electrophore-
sis at 180 V for 60 min. Thereafter, proteins were transferred to
polyvinylidene difluoride membranes (Bio-Rad Laboratories) via con-
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stant amperage (200 mA) for 120 min. Membranes were then stained
with Ponceau S and digital images were captured using a gel docu-
mentation system (UVP, Upland, CA) to ensure equal loading of
samples between lanes. Membranes were then blocked at room
temperature with 5% nonfat milk powder in Tris-buffered saline with
0.1% Tween-20 (TBST) for 1 hour. All following primary antibodies
were incubated overnight at 4°C in a solution of TBST containing 5%
BSA (Ameresco): /) mouse anti-ORF1 (1:1,000, cat. no. ab76726,
Abcam, Cambridge, MA), 2) rabbit anti-DNMT3A (1:1,000, cat. no.
2160S, Cell Signaling), 3) rabbit anti-TET1 (1:1,000, cat. no.
ab191698, Abcam), 4) rabbit anti-histone deacetylase (HDAC2) (1:
1,000, cat. no. 2540, Cell Signaling), and 5) rabbit anti-CTCF protein
(1:1,000, cat. no. 2899, Cell Signaling). The following day, mem-
branes were incubated with HRP-conjugated anti-mouse or anti-rabbit
IgG secondary antibodies (1:2,000; Cell Signaling) in a solution of
TBST containing 5% BSA at room temperature for 1 h. Thereafter,
membranes were developed using an enhanced chemiluminescent
reagent (Luminata Forte HRP substrate; EMD Millipore, Billerica,
MA) where band densitometry was assessed by use of a digital gel
documentation system and associated densitometry software (UVP).
Densitometric values of white bands for each target were normalized
to dark band Ponceau densitometry values. These values were then
normalized to the 3-mo group average to yield relative expression
units (REUs).

RNA Isolation, cDNA Synthesis, and RT-PCR

Approximately 20 mg of frozen mixed gastrocnemius muscle from
each rodent were placed in 500 pl of Ribozol (Ameresco, Solon, OH)
per the manufacturer’s recommendations. Thereafter, phase separa-
tion was achieved according to manufacturer’s instructions for RNA
isolation. Following RNA precipitation and pelleting, pellets were
resuspended in 30 pl of RNase-free water, and RNA concentrations
were determined in duplicate at an absorbance of 260 nm by using a
NanoDrop Lite (Thermo Fisher Scientific). cDNA (2 pg) was syn-
thesized using a commercial qScript cDNA SuperMix (Quanta Bio-
sciences, Gaithersburg, MD) per the manufacturer’s recommenda-
tions. RT-PCR was performed with gene-specific primers and SYBR-
green-based methods in a RT-PCR thermal cycler (Bio-Rad). Primers
were designed with primer designer software (Primer3Plus, Cam-
bridge, MA), and melt curve analyses demonstrated that one PCR
product was amplified per reaction. Additionally, PCR products were
resolved on 1% agarose gels to verify that a product produced at the
anticipated molecular weight was obtained. Three primer sets were
designed to interrogate LINE-1 mRNA and DNA expression. The first
primer set (L1.3) amplified a portion of the 5’-UTR region and was
designed to probe for the most active LINE-1 element based upon the
findings of Kirilyuk et al. (23). The second primer set (L1.Tot) also
amplified a portion of the 5'-UTR region and was designed to
encompass full-length LINE-1 elements that contained a 5’ promoter,
but did not have the ability to undergo retrotransposition based on
mutations in the protein coding regions (23). We also designed a
primer set to amplify a portion of the ORF1 region. The forward and
reverse primer sequences for all genes are listed in Table 1. Fold
change values from 3-mo-old rats were performed using the 244C4
method where 24€4 = 27[housekeeping gene (HKG) Cq — gene of
interest Cq] and 222€4 (or fold change) = [22€9 value/24<9 average
of 3 mo age group]. The geometric mean of fibrillarin (Fbl), glycer-
aldehyde 3-phosphate dehydrogenase (Gapdh), cyclophilin A (Ppia),
and hypoxanthine phosphoribosyltransferase 1 (Hprtl) was used to
normalize mRNA expression results. While data are represented as
fold change from the 3-mo group, they are presented as REUs. The
overall coefficient of variation values for Cq duplicates of the
assayed genes were as follows: HKG = 0.99%, L1.3 = 0.47%,
L1.Tot = 0.53%, ORF1 = 0.43%.
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Table 1. Rat primer sequences used for real-time PCR

R399

Gene

Accession No. Amplicon Length

Glyceraldehyde-3-phosphate dehydrogenase (Gapdh; HKG)
FP (5' — 3'): TGATGCCCCCATGTTTGTGA
RP (5" — 3'): GGCATGGACTGTGGTCATGA
Fibrillarin (Fbl; HKG)

FP (5" — 3'): CTGCGGAATGGAGGACACTT
RP (5’ — 3'): GATGCAAACACAGCCTCTGC
Cyclophilin A (Ppia; HKG)

FP (5' — 3'): GCATACAGGTCCTGGCATCT
RP (5" — 3'): AGCCACTCAGTCTTGGCAGT
Hypoxanthine phosphoribosyltransferse 1 (Hprtl; HKG)
FP (5' — 3'): AAGACAGCGGCAAGTTGAAT
RP (5’ — 3'): GGGCCTGTGTCTTGAGTTCA
Ribosomal protein S16 (Rpsi6; HKG)

FP (5" — 3’): TCGCTGCGAATCCAAGAAGT
RP (5" — 3’): CCCTGATCCTTGAGACTGGC
Histone deacetylase 1 (Hdacl; HKG)

FP (5" — 3'): GAGCGGTGATGAGGATGAGG
RP (5’ — 3'): CACAGGCAATGCGTTTGTCA
32-Microglobulin (B2m; HKG)

FP (5' — 3'): GGAAACTGAGGGGAGTAGGG
RP (5" — 3'): CCTGGGCTTTCATCCTAACA
LINE-1 5'-UTR primer set 1 (L1.3)

FP (5" — 3'): GACCATCTGGAACCCTGGTG
RP (5’ — 3'): GGGCCTGTGTCTTGAGTTCA
LINE-1 5'-UTR primer set 2 (L1.Tot)

FP (5" — 3'): GGAAGAGACCACCAACACTG
RP (5" — 3'): GAAGGTTTAGCTCTCCCTCC

LINE-1 Open Reading Frame 1 (ORF1)
FP (5" — 3’): AAGAAACACCTCCCGTCACA
RP (5" — 3'): CCTCCTTATGTTGGGCTTTACC

NM_017008.4 163 bp
NM_001025643.1 83 bp
NM_017101.1 93 bp
NM_012583.2 192 bp
NM_001169146.1 87 bp
NM_001025409.1 74 bp
NM_012512.2 143 bp
DQ100473.1 181 bp
DQ100473.1 200 bp
DQ100475.1

DQ100476.1

DQ100477.1

DQ100474.1

DQ100482.1

N/A N/A

bp, base pairs; LINE-1, long interspersed element-1; HKG, housekeeping gene; 5'-UTR, 5’ untranslated region.

DNA Isolation and RT-PCR for Assessing LINE-1 DNA Content

Mixed gastrocnemius was removed from —80°C, and ~25 mg of
each tissue from each rodent were processed using the commercially
available DNA isolation kit DNeasy Blood & Tissue Kit (Qiagen,
Venlo, The Netherlands) per the manufacturer’s recommendations.
Following DNA precipitation and pelleting, pellets were resuspended
in 200 pl elution buffer from the kit, and DNA concentrations were
determined in duplicate at an absorbance of 260 nm using a NanoDrop
Lite (Thermo Fisher Scientific). DNA (25 ng) was subjected to
RT-PCR analysis using the aforementioned methods. The geometric-
mean of ribosomal protein S16 (Rpsi6), histone deacetylase 1
(Hdacl), and B2-microglobulin (B2m) was used to normalize DNA
expression results. Fold change values from 3-mo-old rats were
performed using the aforementioned 2444 method, and data are
presented as REUs. Overall coefficient of variation values for Cq
duplicates of the assayed genes were as follows: L1.3 = 0.51% and
L1.Tot = 0.62%, ORF1 = 0.31%, HKG = 0.24%.

LINE-1 5'-UTR Promoter Methylation Analysis

LINE-1 5'-UTR promoter methylation analysis was performed on
isolated gastrocnemius DNA (described above) from n = 8§ rats per
age group using a commercially available methylated DNA immuno-
precipitation (MeDIP) kit (product no. ab117133; Abcam). Before the
assay as performed, 1.5 pg of gastrocnemius DNA was digested using
Msel (New England BioLabs, Ipswich, MA). Following digestion
reactions, total methylated DNA from a total of 1 g input was
immunoprecipitated using an anti-5-methylcytosine antibody pro-
vided within the kit. RT-PCR was then performed on 25 ng of the
methylated DNA using the L1.3 primers described above to decipher

fold change in methylated LINE-1 5'-UTR. Residual input DNA from
each sample (25 ng) was used as a control to normalize RT-PCR
results. Fold change in 5-UTR promoter methylation was calculated
using the 244€d method where 249 = 2A[input L1.3 DNA Cq —
methylated L1.3 DNA Cq] and 244%9 (or fold change) = [24C9
value/24€9 average of 3 mo age group]. Fold change values from
3-mo-old rats were performed using the aforementioned 244C4
method, and data are presented as REUs. Overall coefficient of
variation values for Cq triplicates of the assayed genes were as
follows: input L1.3 = 0.44% and methylated L1.3 = 0.35%.

LINE-1 Chromatin Accessibility Analysis

LINE-1 chromatin accessibility was assessed from n = 8 rats per
age group using a commercially available kit (Chromatin Accessibil-
ity Assay Kit, product no. ab185901; Abcam) per the manufacturer’s
recommendations. Briefly, methods involved obtaining DNA, digest-
ing the DNA using a proprietary nuclear digestion buffer, and per-
forming RT-PCR on digested versus undigested samples. The premise
of the assay operates through a gene of interest localized to euchro-
matin regions being more susceptible to digestion and, thus, possess-
ing a lower RT-PCR amplification signal relative to genes in hetero-
chromatin regions. RT-PCR was performed on 25 ng of digested DNA
using the L1.3 primers described above to decipher fold change in
genomic LINE-1 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 euchromatin DNA was calculated using
the 2244C4 method where 24€4 = 2/[digested L1.3 DNA Cq — undi-
gested L1.3 DNA Cq] and 2444 (or fold change) = [24C9 value/24C4
average of 3-mo age group]. Fold change values from 3-mo-old rats
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were performed using the aforementioned 2444 method, and data are
presented as REUs. Overall coefficient of variation values for Cq
triplicates of the assayed genes were as follows: undigested L1.3
DNA = 1.64% and digested L1.3 DNA = 0.36%.

DNA Methyltransferase Activity Assay

Before assaying DNA methyltransferase (DNMT) activity, nuclear
protein extraction was performed on frozen gastrocnemius muscle
(~25 mg) using a commercially available kit (Nuclear Extraction Kit;
Abcam) per the manufacturer’s recommendations. Global DNMT
activity of nuclear isolates (10 wl) was assessed using a commercially
available kit (DNMT Activity Assay Kit, no. ab113467, Abcam) per
the manufacturer’s recommendations. DNMT activity was expressed
as REUs, which were then normalized to input muscle weights.
Overall coefficient of variation values for duplicate readings were
33.2%.

HDAC Activity Assay

Global HDAC activity on nuclear isolates (10 wl) was assessed
using a commercially available fluorometric kit (Histone Deacetylase
Activity Assay Kit, no. ab156064, Abcam,) per the manufacturer’s
recommendations. HDAC activity was expressed as relative fluores-
cence units, which were then normalized to input muscle weights.
Overall coefficient of variation values for duplicates readings were
5.3%.

RNA-sequencing

RNA-sequencing was performed only on a subset of 3-mo (n = 8)
and 24-mo (n = 8) with the intent of identifying how aging affected
the mRNA expression of genes related to LINE-1 regulation. Gas-
trocnemius tissues were processed for RNA isolation using methods
described above. Thereafter, RNA was shipped to LC Sciences
(Houston, TX) for RNA-sequencing. The steps described below were
completed for this analysis.

Library preparation and sequencing. Total RNA quality and quan-
tity were assessed using Bioanalyzer 2100 and RNA 6000 Nano
LabChip Kits (Agilent Technologies, Santa Clara, CA). Total RNA
was subjected to poly(A) mRNA enrichment with poly-T oligo-
attached magnetic beads (Invitrogen). Following purification, the
poly(A) mRNA fractions were fragmented into small pieces using
divalent cations under elevated temperature. The cleaved RNA frag-
ments were subsequently reverse-transcribed to create final cDNA
libraries in accordance with strand-specific library preparation by
dUTP method. The average insert size for the paired-end libraries was
300 = 50 bp. Paired-end 2 X 150 base pair sequencing was per-
formed on an Illumina Hiseq 4000 platform following the manufac-
turer’s recommended protocol.

Table 2. Effects of age group on skeletal muscle characteristics

LINE-1 ACTIVITY IN SKELETAL MUSCLE

Transcripts assembly. Cutadapt (30) and perl scripts were used to
remove the reads that contained adaptor contamination, low quality
bases, and undetermined bases. Sequence quality was verified using
FastQC (http://www .bioinformatics.babraham.ac.uk/projects/fastqc/).
HISAT2 (22) was used to map reads to the genome of Rattus
norvegicus (version: v88). The mapped reads of each sample were
assembled using StringTie (42). Thereafter, all transcriptomes from
the 16 samples were merged to reconstruct a comprehensive transcrip-
tome using perl scripts and gffcompare (https://github.com/gpertea/
gffcompare/). After the final transcriptome was generated, StringTie
(42) and Ballgown (11) were used to estimate the expression levels of
all transcripts.

Differential expression analysis of mRNAs. StringTie (42) was
used to measure expression levels for mRNAs by calculating FPKM
values {FPKM = [total_exon_fragments/mapped_reads(millions) X
exon_length(kB)]}. Differentially expressed transcripts related to
LINE-1 regulation between the young and old groups were deter-
mined by comparing FPKM values. Given that RNA sequencing was
used as a screening tool herein, differentially expressed transcripts
related to LINE-1 regulation were considered meaningful if the
unadjusted P value of a given mRNA between groups was P < 0.05.

Age-Related Skeletal Muscle Phenotyping

Beyond examining skeletal muscle LINE-1 pathway markers in
the three cohorts, we also sought to analyze muscle for age-related
phenotypes. These methods are described below.

Total myofibrillar protein assessment. Myofibrillar protein isola-
tions were performed based on the methods of Goldberg’s laboratory
(6). Briefly, mixed gastrocnemius foils were removed from —80°C
storage, tissue was crushed on a liquid nitrogen-cooled mortar and
pestle, muscle (~20 mg) was weighed using an analytical scale
sensitive to 0.0001 g (Mettler-Toledo, Columbus, OH) and immedi-
ately placed in 1.7 ml polypropylene tubes containing 190 pl of
ice-cold homogenizing buffer (20 mM Tris HCI, pH 7.2, 5 mM
EGTA, 100 mM KCl, 1% Triton X-100) and 6.4 M spermidine (Alfa
Aesar, Haverhill, MA). Samples were homogenized on ice using
tight-fitting pestles, and centrifuged at 3,000 g for 30 min at 4°C. The
resultant pellet was resuspended in homogenizing buffer, and
samples were centrifuged at 3,000 g for 10 min at 4°C. Resultant
supernatants from this step were discarded, resultant pellets were
resuspended in 190 pl ice-cold wash buffer (20 mM Tris HCI, pH
7.2, 100 mM KCI, 1 mM DTT), and samples were centrifuged at
3,000 g for 10 min at 4°C; this specific process was performed
twice. Final myofibril pellets were resuspended in 200 pl of
ice-cold storage buffer (20 mM Tris-HCI, pH 7.2, 100 mM KClI,
20% glycerol, 1 mM DTT) and frozen at —80°C until protein

Age Group, months old ANOVA

3 12 24 F P M2
Body mass, g* 285 + 29° 429 = 20* 439 * 420 73.73 <0.001 0.86
Gastroc. mass, gt 1.21 = 0.11¢ 1.57 = 0.08* 1.45 = 0.08° 35.51 <0.001 0.75
Relative gastroc. mass, mg/g¥ 4.31 = 0.28* 3.67 = 0.18° 3.32 £0.19¢ 52.04 <0.001 0.81
Myofibrillar protein, pg/mg wet muscle 78.34 = 7.08 76.63 = 7.21 78.12 = 5.14 0.20 =0.818 0.02
Myosin protein, ADU/mg wet muscle 1.71 £0.28 1.67 = 0.30 1.60 £ 0.34 0.35 =0.711 0.03
Actin protein, ADU/mg wet muscle 1.07 £0.16 1.17 £ 0.14 1.18 £ 0.15 1.33 =0.284 0.10
CS activity, mM-min~!-mg protein ! 0.23 = 0.03 0.24 £ 0.05 0.21 = 0.03 1.04 =0.369 0.08
Muscle triglycerides, pmol/g wet muscle 1.62 £ 0.48 1.57 £0.32 1.61 £ 0.44 0.05 =0.955 0.01

Data are expressed as means = SD (n = 8 rats per group). The F' and P values are reported from one-way ANOVAs, including age as the between-subjects
factor. Gastroc, gastrocnemius; ADU, arbitrary density units; CS, citrate synthase. *Significant between age group differences (P < 0.05). "Significant between
age group differences (P < 0.05). “Significant between age group differences (P < 0.05). *These data were published by Mobley et al. (37). TThese data were
published by Mumford et al. (39) and are presented here for the convenience of the reader.
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concentration determination. Myofibrillar protein concentrations
were determined using a BCA assay, which were then normalized
to input muscle weights. Overall coefficient of variation values for
triplicate readings were 2.04%.

Determination of myosin heavy chain and actin content. SDS-
PAGE preps from resuspended myofibrils were performed using: /)
10 pl resuspended myofibrils, 2) 65 .l distilled water (diH>O), and 3)
25 wl 4 X Laemmli buffer. Samples (5 nl) were then loaded on
precasted gradient (4—15%) SDS-polyacrylamide gels (Bio-Rad Lab-
oratories) and subjected to electrophoresis (200 V for 45 min) using
premade 1X SDS-PAGE running buffer (Ameresco). After electro-
phoresis gels were rinsed in diH,O for 15 min and immersed in
Coomassie stain (LabSafe GEL Blue; G-Biosciences, St. Louis, MO)
for 45 min. Thereafter, gels were destained in diH,O for 60 min,
bright-field imaged using a gel documentation system (UVP), and
band densities were determined using associated software. Myosin
and actin concentrations were expressed as arbitrary density units
(ADU) per milligram muscle, and this assay was performed in singlets
due to its robust sensitivity (45).

Citrate synthase activity assay. Mixed gastrocnemius foils were
removed from —80°C storage, tissue was crushed on a liquid nitro-
gen-cooled mortar and pestle, and ~30 mg of tissue from each rodent
were placed in 500 wl of ice-cold cell lysis buffer (recipe described
above) (Cell Signaling). Tissues were homogenized via micro pestles
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and homogenates were centrifuged at 500 g for 5 min. After centrif-
ugation, insoluble proteins were removed, and supernatants were
stored at —80°C before citrate synthase activity assessments. Citrate
synthase activity was as previously described by our laboratory (19).
The assay principle is based upon the reduction of 5,50-dithiobis (2-
nitrobenzoic acid) (DTNB) at 412 nm (extinction coefficient 13.6
mmol-1~-cm™!) coupled to the reduction of acetyl-CoA by the citrate
synthase reaction in the presence of oxaloacetate. Briefly, 2 pug 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 recorded for 1 min.
Overall coefficient of variation values for duplicate readings were
4.2%.

Muscle triglyceride assay. Gastrocnemius skeletal muscle tissue
(~20 mg) was weighed using an analytical scale sensitive to 0.0001 g
(Mettler-Toledo, Columbus, OH), and immediately placed in 1.7 ml
polypropylene tubes. Thereafter, triglyceride analysis was performed
using a commercially available triglyceride colorimetric kit (Cayman
Chemical, Ann Arbor, MI) according to manufacturer’s instructions.
Gastrocnemius skeletal muscle triglyceride content was expressed
pmol per gram wet muscle. Overall coefficient of variation values for
duplicate readings were 1.2%.
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Fig. 1. Effect of aging on skeletal muscle long interspersed element-1 (LINE-1) mRNA, DNA, and protein expression. Age group differences are shown in L1.3
mRNA (A), L1.Tot mRNA (B), and ORF1 mRNA (C). Right panels in A, B, and C include logo transformed individual data from each rat. D: L1.3 and L1.Tot
primer validation through agarose gel electrophoresis. E: age group differences in L1.3 DNA content (gDNA). F: L1.Tot DNA content. G: ORF1 DNA content.
H: total ORF1 protein expression. I: nuclear ORF1 protein expression. Data are means + SD (n = 9 rats per group). *Significant between-group age differences
(P < 0.05). L: 50 bp DNA ladder. J and K: total and nuclear ORF1 representative Western blot images.
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Statistical Analyses

Statistics were performed using the open-source software R (42a),
R Studio (46a), and SPSS v 23.0 (IBM, Armonk, NY). Before
statistical analysis, assumption testing was performed on all depen-
dent variables. For non-normally distributed data, values were log-
transformed and reanalyzed for normality. Dependent variables for the
rodent experiments were analyzed using one-way ANOVAs with
Fisher LSD post hoc tests or Welch’s #-tests (when assumptions were
violated) to assess differences in dependent variables between age
groups. Magnitude of effects are also expressed in the results using
partial eta squared (n,?) effect size, and effect sizes of 0.01, 0.06 and
>0.14 were considered small, moderate, and large, respectively.
Statistical significance for all null hypothesis testing was set at P <
0.05. All data herein is presented as means * SD.

RESULTS

Skeletal Muscle Mass, Myofibrillar Protein, Citrate Synthase,
Collagen, and Triglyceride Levels

Table 2 contains data related to skeletal muscle aging
phenotype. Notably, body masses and gastrocnemius masses
from these rats have been previously reported (37, 39).
There were no significant between-group differences for
myofibrillar protein concentrations, myosin protein concen-
trations, actin protein concentrations, citrate synthase activ-
ity or muscle triglyceride concentrations.

>

N
S

- o -
oON

(FPKM values)

Fig. 2. Muscle RNA-sequencing results for 3-mo-
old and 24-mo-old rats. Age group differences are

L1 transcriptional activator mRNAs
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Gastrocnemius LINE-1 Activity Markers

L1.3, L1.Tot, and ORF1 mRNA expression were not nor-
mally distributed, and these variables were log-transformed
before statistical analysis. L1.3 mRNA expression was signif-
icantly different between age groups (P = 0.003, n,*> = 0.38;
Fig. 1A), and post hoc analysis revealed that 12-mo-old and
24-mo-old rats had higher L1.3 mRNA expression compared
with 3-mo-old rats (P < 0.05). L1.Tot mRNA expression was
significantly different between age groups (P = 0.003, n,,*
0.42; Fig. 1B), and post hoc analysis revealed that 12-mo and
24-mo rats had higher L1.3 mRNA expression compared with
3-mo rats (P < 0.05). ORFI mRNA expression was signifi-
cantly different between age groups (P < 0.001, n,> = 0.47;
Fig. 1C), and post hoc analysis revealed that 12-mo and 24-mo
rats had higher ORF1 RNA expression compared with 3-mo
rats (P < 0.05).

L1.3 DNA content was significantly different between age
groups (P = 0.013, mp* = 0.31; Fig. 1E), and post hoc analysis
revealed that 24-mo-old rats had higher expression levels
compared with 3-mo-old rats (P < 0.05). ORF1 DNA content
was significantly different between age groups (P = 0.009,
Mp> = 0.33; Fig. 1G), and post hoc analysis revealed that both
12-mo and 24-mo-old rats had higher expression compared
with 3-mo-old rats (P < 0.05). Total ORF1 protein expression
was significantly different between age groups (P < 0.001,
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Mp> = 0.69; Fig. 1H), and post hoc analysis revealed that
12-mo-old and 24-mo-old rats had higher expression levels
compared with 3-mo rats (P < 0.05). There were no between
group differences for L1.Tot DNA content (Fig. 1F) or nuclear
OREF]1 protein expression (Fig. 11).

RNA-Sequencing Results Between 3-Mo-Old and 24-Mo-Old
Rats for Generating Downstream Assays

Upon receiving RNA-sequencing results, we aimed to ex-
amine the mRNA expression patterns of genes related to
LINE-1 regulation from pervious literature (50). In the first
cluster of genes, LINE-1 transcriptional activators (Fig. 2A),
Hdac?2 was significantly lower in 24- compared with 3-mo rats
(P = 0.007). Additionally, Ctcf, KIf4, and EIfl were signifi-
cantly higher in 24- compared with 3-mo rodents (P < 0.05 for
each target). In the second cluster of genes, endogenous
LINE-1 inhibitors (Fig. 2B), Cdknla was significantly higher
in 24- compared with 3-mo rodents (P = 0.003). In the third
cluster of genes, or genes related to DNA methylation (Fig.
2C), Tetl was significantly lower in 24- compared with 3-mo
rodents (P < 0.001).

Effect of Aging on Skeletal Muscle L1.3 DNA Methylation,
L1.3 DNA Accessibility, Global DNMT Activity, and Global
HDAC Activity

L1.3 DNA methylation and expression values of L1.3 DNA
in the euchromatin state were not normally distributed and
these variables were log-transformed before statistical analysis.
There were no between-group differences for L.1.3 5'-UTR
DNA methylation (P = 0.160, n,*> = 0.16; Fig. 3A) or L1.3
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DNA in the euchromatin state (P = 0.150, n,> = 0.17; Fig.
3B), although a forced post hoc indicated that this variable was
greater in 24-mo-old versus 3-mo-old rats. Nuclear DNMT
activity was statistically significantly different between age
groups (P = 0.018, m,* = 0.32; Fig. 3C), and post hoc analysis
revealed that both 12-mo-old and 24-mo-old rats possessed
lower nuclear DNMT activity compared with 3-mo-old rats
(P = 0.016). Nuclear DNMT3A protein expression was statis-
tically significant (P < 0.001, m,> = 0.48; Fig. 3E), and post
hoc analysis revealed that both 12-mo-old and 24 mo-old rats
possessed paradoxically higher nuclear DNMT3A protein ex-
pression compared with 3-mo-old rats (P < 0.05). No differ-
ences between groups existed for nuclear TET1 protein expres-
sion (Fig. 3F). Notably, we attempted to probe for nuclear
CTCF and HDAC?2 protein expression, but no signals were
detected in the nuclear fraction (data not shown).

DISCUSSION

This is the first investigation examining skeletal muscle
LINE-1 mRNA and DNA expression across the age spectrum
in rats. Our observations of higher LINE-1 mRNA and
genomic DNA expression in older versus younger rats is in
agreement with our hypotheses as well as the findings of De
Cecco et al. (8) who previously reported skeletal muscle
LINE-1 mRNA and DNA copy number were higher in 36-mo-
old versus 5-mo-old mice.

Skeletal muscle aging in rodents and humans is largely
conserved, and involves a reduction in fiber size and number of
type II fibers, a loss in resident satellite cells, a dysfunction in
translational machinery, a decrease in contractile protein con-
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Fig. 3. Effect of aging on skeletal muscle long interspersed element-1 (LINE-1) 5" -UTR (5’ untranslated region) methylation and chromatin accessibility. A:
age group differences in L1.3 5" -UTR methylation (n = 8 per group). B: L1.3 euchromatin content (n = 8 per group). C: nuclear DNA methyltransferase
(DNMT) activity (n = 8 per group). D: nuclear histone deacetylase (HDAC) activity (n = 8 per group). E: nuclear DNMT3a protein expression (n = 9 per group).
F: nuclear TET1 protein expression (n = 8 per group). G and H: representative Western blot images. REU, relative expression units. Data are means * SD.

abSignificant between-group age differences (P < 0.05).
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tent, an increase in fibrotic tissue, and a decrease in mitochon-
drial function (reviewed in Ref. 36). Indeed, a major limitation
of this study is that we did not observe lower contractile protein
concentrations or citrate synthase activity levels (reflective of
mitochondrial content and function) in the 24-mo-old rats
versus other groups. However, we did observe that gastrocne-
mius muscle weights, both on an absolute and relative scale,
were lower in 24-mo versus 12-mo rats. This age-related
atrophy may reflect the beginnings of muscle aging and, had
we examined older animals, we likely would have captured a
more egregious muscle-aging phenotype.

While the mechanistic causes of muscle aging are multifac-
torial, three intriguing molecular signatures of muscle aging in
rodents and humans exist including: /) transcriptome-wide
changes in mRNA expression (35, 43), 2) genome-wide alter-
ations in DNA methylation patterns, which, in turn, likely
contribute to said transcriptome changes (56), and 3) an alter-
ation in mRNA splicing, which leads to the formation of more
transcript variants (46). It seems reasonable to speculate that
these age-associated nuclear genome alterations likely contrib-
ute muscle aging from a top down perspective; that is, a
dysregulation in mRNA expression may lead to altered expres-
sion of critical proteins and enzymes needed to maintain
cellular homeostasis. Given that LINE-1 retrotransposition has
the ability to disrupt the genetic code and affect global tran-
scriptome-wide patterns, the notion that increased skeletal
muscle LINE-1 retrotransposition during aging is partially, if
not predominantly, responsible for the aforementioned ge-
nome- or transcriptome-wide alterations is an attractive hy-
pothesis.

We attempted to elucidate biomarkers which potentially
explains how aging increases skeletal muscle LINE-1 activity.
RNA-sequencing indicated mRNAs for Hdac2, which encodes
for a histone deacetylase enzyme, and Tet1, which encodes for
an enzyme that affects DNA methylation, were both signifi-
cantly lower in the older versus younger cohort. L1.3 DNA
chromatin accessibility also increased across the age spectrum
and was significantly higher in older versus younger rats.
Collectively these data suggest that age-related decrements in
chromatin modifying enzymes, or systems at large, may alter
chromatin structure to expose more LINE-1 copies for tran-
scription. However, nuclear fraction experiments proved diffi-
cult in validating this hypothesis. First, nuclear DNMT3A
protein was paradoxically higher in older rats, and nuclear
TET1 protein levels were not different between age groups.
Additionally, while we attempted to probe for nuclear HDAC2
protein, we discovered that is was likely too low as expressed
to be detected using conventional Western blot analysis tech-
niques. Finally, nuclear HDAC activity was not different be-
tween age groups. One intriguing finding, which did seem to
support our hypothesis, however, is that nuclear DNMT
activity was lower in the 12-mo-old and 24-mo-old versus
3-mo-old rats despite older rats possessing greater levels of
nuclear DNMT3A protein. Discordant findings between
higher DNMT3A protein and lower DNMT activity in older
rats is difficult to reconcile, although it may be due to a
feedback mechanism in an attempt to increase DNMT activity.
Notwithstanding, age-related decrements in DNMT activity
may be a mechanism that alters chromatin to expose more
active LINE-1-containing DNA regions. These phenomena, in
turn, may lead to the upregulation in LINE-1 mRNA expres-
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sion and eventual increase in de novo LINE-1 integration; both
of which were observed in the older versus younger rats herein.
This working model agrees with De Cecco et al. (8) who
posited that there is a loosening of specific LINE-1 genomic
regions in postmitotic skeletal muscle fibers with aging, and
this phenomenon leads to increases in LINE-1 mRNA expres-
sion and LINE-1 genomic insertions.

One final topic critical to this discussion is the ramifications
of increased skeletal muscle LINE-1 activity with aging.
LINE-1 retrotransposition has been associated with >100 dif-
ferent diseases ranging from Duchene muscular dystrophy,
hemophilia, neurofibromatosis, and various cancers (16), and
recent estimates suggest LINE-1-mediated retrotransposition
events account for ~1 of every 1,000 spontaneous and disease-
producing insertions in humans (4). LINE-1 transcripts have
also been shown to be upregulated in synovial fluid samples
obtained from patients suffering from rheumatoid arthritis (40),
and others have reported that a robust elevation in LINE-1
mRNA expression levels occurs following ischemia-reperfu-
sion in rat cardiac tissue (29). As mentioned, it is also notable
that global Sirt6-knockout mice demonstrated enhanced global
LINE-1 mRNA expression as well as lower muscle masses and
quadriceps muscle fiber diameters compared with wild-type
mice (49). Therefore, while we did not decipher whether
increased skeletal muscle LINE-1 activity coincides with or
causes muscle aging, we maintain the hypothesis that increased
LINE-1 activity with aging is likely disruptive to cellular
homeostasis and this needs to be more firmly established in
future research endeavors.

Perspectives and Significance

In conclusion, this is the first observation of higher skeletal
muscle LINE-1 mRNA and DNA expression in older versus
younger rats. We posit that these observations are potentially
due to increased LINE-1 DNA accessibility across the age
span. Increased tissue LINE-1 activity with aging is generally
viewed as negative due to the increased mutagenic potential
that may be caused through retrotransposition. Therefore, fu-
ture research is needed to investigate how increases in LINE-1
mRNA and DNA expression affects skeletal muscle physiol-
ogy, and if this pathway appreciably contributes to the skeletal
muscle aging process.
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