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Obesity and dyslipidemia are associated sl

with partially reversible modifications

to DNA hydroxymethylation of apoptosis-
and senescence-related genes in swine
adipose-derived mesenchymal stem/stromal
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Abstract

Background Obesity dysregulates key biological processes underlying the functional homeostasis, fate decisions,
and reparative potential of mesenchymal stem/stromal cells (MSCs). Mechanisms directing obesity-induced pheno-
typic alterations in MSCs remain unclear, but emerging drivers include dynamic modification of epigenetic marks, like
5-hydroxymethylcytosine (5hmC). We hypothesized that obesity and cardiovascular risk factors induce functionally
relevant, locus-specific changes in 5hmC of swine adipose-derived MSCs and evaluated their reversibility using an
epigenetic modulator, vitamin-C.

Methods Female domestic pigs were fed a 16-week Lean or Obese diet (n=6 each). MSCs were harvested from sub-
cutaneous adipose tissue, and 5ShmC profiles were examined through hydroxymethylated DNA immunoprecipitation
sequencing (hMeDIP-seq) followed by an integrative (hMeDIP and mRNA sequencing) gene set enrichment analysis.

For clinical context, we compared 5hmC profiles of adipose tissue-derived human MSCs harvested from patients with
obesity and healthy controls.

Results hMeDIP-seq revealed 467 hyper- (fold change > 1.4; p-value <0.05) and 591 hypo- (fold change <0.7;
p-value <0.05) hydroxymethylated loci in swine Obese- versus Lean-MSCs. Integrative hMeDIP-seq/mRNA-seq analy-
sis identified overlapping dysregulated gene sets and discrete differentially hydroxymethylated loci with functions
related to apoptosis, cell proliferation, and senescence. These 5hmC changes were associated with increased senes-
cence in cultured MSCs (p16/CDKN2A immunoreactivity, senescence-associated 3-galactosidase [SA-3-Gal] stain-
ing), were partly reversed in swine Obese-MSCs treated with vitamin-C, and shared common pathways with 5hmC
changes in human Obese-MSCs.
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Vitamin-C

Conclusions Obesity and dyslipidemia are associated with dysregulated DNA hydroxymethylation of apoptosis- and
senescence-related genes in swine and human MSCs, potentially affecting cell vitality and regenerative functions.
Vitamin-C may mediate reprogramming of this altered epigenomic landscape, providing a potential strategy to
improve the success of autologous MSC transplantation in obese patients.
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Introduction

Mesenchymal stem/stromal cells (MSCs) are self-renew-
ing adult somatic stem cells that release trophic factors
and extracellular vesicles (EVs) favoring tissue regenera-
tion [1]. The anti-inflammatory, anti-fibrotic, and pro-
angiogenic paracrine activities of MSCs, combined with
their multilineage differentiation potential, make them
an essential component of the endogenous repair system.
Moreover, MSCs are candidates for exogenous thera-
peutic intervention in numerous chronic diseases [1, 2,
3], with the safest contender being autologous cell trans-
plantation. Adipose tissue is an increasingly preferred
minimally invasive source of MSC harvest for cellular
regenerative therapy. However, in a growing pandemic
of obesity [4], fat-derived MSCs can become susceptible
to obesity-driven phenotypic alterations that may impair
their reparative potency and restrict their autologous
therapeutic application in obese patients.

The disease milieu of obesity modifies the microen-
vironment and endocrine function of adipose tissue,
driving chronic inflammation, insulin resistance, and
impaired wound healing [5, 6, 7]. We have previously
shown that obesity and metabolic syndrome (MetS)
instigate functional decline in adipose-derived MSCs,
manifesting as skewed differentiation [8], mitochondrial
dysfunction [9, 10, 11], impaired immunomodulatory
[12] and pro-angiogenic [13, 14] capacity, and increased
propensity for senescence [8, 13, 15]. Furthermore, obe-
sity induces broad alterations in the transcriptome and
proteome of MSCs [10, 16, 17, 18] and modifies the cargo
[19, 20, 21] and morphology [22] of their daughter EVs.
Collectively, these obesity-driven changes may blunt the
regenerative potency of the afflicted MSCs, thus limiting
their therapeutic efficacy [14, 23, 24, 25].

While the mechanisms underlying obesity-induced
phenotypic alterations in MSCs remain unclear, a puta-
tive driver is epigenetic dysregulation, which results from
altered expression or activity of chromatin-modifying
enzymes and noncoding RNAs [26]. We have previ-
ously shown that obesity and dyslipidemia dysregulate
global DNA hydroxymethylation and histone trimethyla-
tion levels [27], as well as post-transcriptional modifica-
tions involving micro-RNAs [10, 15, 18], in swine MSCs.
5-hydroxymethylcytosine (5hmC) is a stable epigenetic

mark [28], derived from 5-methylcytosine (5mC) through
action of ten-eleven translocation (TET) methylcytosine
dioxygenases [29, 30], that is potentially sensitive to the
metabolic and inflammatory derangements in obesity
[27, 31, 32, 33]. Moreover, 5hmC modifications are asso-
ciated with transcriptional regulation [34, 35, 36], may
serve as informative biomarkers for cellular state or com-
plex disease status [37, 38, 39], and, importantly, can be
favorably reprogrammed in vitro by epigenetic modula-
tors, such as vitamin-C (L-ascorbic acid), a cofactor for
the TET enzymes [40]. In agreement, we have previously
demonstrated reversal of obesity-induced changes in
global 5hmC levels of swine MSCs upon co-incubation
with vitamin-C [27].

The current study applied hydroxymethylated DNA
immunoprecipitation sequencing (hMeDIP-seq) to test
the hypothesis that obesity and dyslipidemia induce
functionally relevant, locus-specific alterations to DNA
hydroxymethylation in swine MSCs that would be revers-
ible with vitamin-C epigenetic reprogramming in vitro.
Identifying 5ShmC changes in genes implicated in salient
biological pathways, and testing their reversibility with
epigenetic modulators, will assist in the continued devel-
opment of novel therapeutic strategies to rejuvenate the
reparative capacity of MSCs for autologous transplanta-
tion in individuals with obesity and cardiovascular risk
factors.

Materials and methods

Porcine model of experimental obesity

This manuscript adheres to the ARRIVE guidelines for
the reporting of animal experiments. Animal studies
were approved by the Institutional Animal Care and Use
Committee (IACUC). Twelve three-month-old female
domestic pigs (Manthei Hog Farm, Elk River, MN) were
randomized into two groups (n =6, each): Lean pigs (con-
trol) were fed standard chow (13% protein, 2% fat, 6%
fiber; Purina Animal Nutrition LLC, MN), while Obese
pigs were fed ad libitum with a high-fat/high-fructose
diet (5B4L; 16.1% protein, 43.0% ether extract fat, 40.8%
carbohydrates; Purina Test Diet, Richmond, IN) [41].
Animals were housed in an accredited facility and pro-
vided with free access to water. After 16 weeks of diet,
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blood samples were obtained, and pigs were euthanized
with sodium pentobarbital (100 mg/kg IV, Fatal Plus®,
Vortech Pharmaceuticals, Dearborn, MI). 5-10 g of sub-
cutaneous abdominal adipose tissue was collected for
MSC isolation.

Swine systemic measurements

After 16 weeks of diet, swine arterial blood pressure
was measured using a pressure transducer in the right
carotid artery, and body weight was recorded. Venous
levels of total cholesterol, low-density lipoprotein (LDL),
and triglycerides were measured by standard procedures.
Fasting glucose and insulin levels obtained by standard
procedures were used to calculate the homeostasis model
assessment of insulin resistance (HOMA-IR) score (fast-
ing plasma glucose x fasting plasma insulin/22.5), as an
index of insulin resistance [41].

Human MSC studies

In human subjects, subcutaneous abdominal fat (0.5-2 g)
was collected during bariatric (Obese, n=5) or kid-
ney donation (Lean, n=5) surgeries [13]. Samples were
placed on ice and processed for MSC harvesting, expan-
sion, and hMeDIP-seq analysis. Inclusion criteria for
the Obese patients were age of 18—80 years and body
mass index (BMI)>30 kg/m? For age- and sex-matched
Lean controls, inclusion criteria were age>18 years,
BMI<30 kg/m? and healthy overall state. For both
groups, exclusion criteria were recent stroke or myocar-
dial infarction, solid organ transplant recipients, chronic
inflammatory disease, immunosuppressive treatment,
pregnancy, active malignancy, or blood thinners/chronic
anticoagulant therapy. Informed written consent was
obtained from subjects after the study was approved by
the Institutional Review Board (IRB) of the Mayo Clinic.
Relevant laboratory measures, including total cholesterol,
triglycerides, LDL, and fasting glucose were assessed by
standard procedures from blood samples. Blood pressure
was obtained from the medical records.

MSC isolation, culture, and characterization

Primary swine and human MSCs isolated from subcuta-
neous abdominal adipose tissue were expanded in cul-
ture, as previously described [13, 27, 42]. Briefly, adipose
tissue was enzymatically digested using collagenase-H,
filtered through a 100 pum cell strainer and centrifuged
to pellet cells. Cells were then cultured for three weeks
in T-75 cm? flasks (TPP, Cat.#Z707503) placed within
a humidified incubator (37 °C/5% CO,), using a growth
medium consisting of Advanced Minimum Essential
Medium (Gibco, Carlsbad, CA, Cat.#12492013) supple-
mented with 5% platelet lysate (PLTmax, Mill Creek Life
Sciences, Rochester, MN) and 2 mM L-glutamine (Gibco,
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Cat.#25030081). MSCs were passaged at 60—80% conflu-
ence using TrypLe (Gibco, Cat.#12604013), and assays
were performed using passages 3—4.

Our previous studies indicate that swine [42] and
human [12, 13, 20] MSCs harvested using our lab proto-
cols satisfy the International Society for Cellular Therapy
(ISCT) minimum criteria [43]: MSCs are plastic-adher-
ent when maintained in standard culture conditions,
express MSC-specific surface markers (CD73/NT5E,
CD90/THY1, CD105/ENG) and do not express CD14,
CD34, or CD45/PTPRC, and are able to differentiate into
osteocytes, chondrocytes, and adipocytes in vitro. In the
current study, we confirmed expression of MSC-specific
markers by imaging flow cytometry (FlowSight, Amnis,
Seattle, WA), as previously described [13, 42], and veri-
fied tri-lineage differentiation using an MSC Functional
Identification Kit (R&D Systems®, Minneapolis, MN,
Cat.#SC006) [8, 13].

hMeDIP-seq analysis

From swine (n=3/group) and human (n=>5/group) Lean-
and Obese-MSC samples, DNA was extracted using the
DNeasy Blood and Tissue Kit (Qiagen, Cat.#69504) with
RNase treatment, following the manufacturer’s protocol
[44]. DNA concentrations were measured by a spectro-
photometer (NanoDrop) and diluted to 100 ng/pL with
TE buffer. The aliquot (100pL) of genomic DNA was
sonicated using a Bioruptor® Pico instrument (Diagen-
ode) for 7-10 cycles at 30 s on and 30 s off. The size of
fragmented DNA was determined using a Fragment
Analyzer (Advanced Analytical Technologies, Ankeny,
IA) with the High Sensitivity NGS Fragment Analysis
Kit (Cat.#DNF-486). Fragmented DNA with an average
size of 200 bp was denatured for 10 min at 95 °C, after
which 2.5-5 pug of DNA in 1X DNA immunoprecipitation
(DIP) buffer (10 mM sodium phosphate, pH 7.0, 140 mM
NaCl, 0.05% Triton X-100) was incubated with 1 pg of
anti-5hmC antibody from the hybridoma clone EDL
HMC 1A (equivalent to Cat.#MABE1093 from Millipore-
Sigma) for 3 h at 4 °C on a rotator. Dynabeads Protein-G
(Thermo-Fisher, Cat.#10003D) were added to the DNA/
antibody mixture, and the reaction was incubated at 4 °C
overnight on a rotator. Collected beads-antibody-DNA
complexes were then thoroughly washed with DIP buffer
and TE buffer. The enriched DNA fragments were eluted
from the beads, purified using the ssDNA/RNA Clean &
Concentrator (Zymo Research, Cat.#D7010), and quan-
tified with the Qubit ssDNA High Sensitivity Assay Kit
(Thermo-Fisher Scientific, Cat.#Q10212). DNA libraries
were generated from input and enriched DNAs using the
Accel-NGS® 1S Plus DNA Library Kit (Swift Biosciences,
Cat.#10024), according to the manufacturer’s protocol;
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they were then sequenced to 51 bp from both ends on an
[lumina HiSeq 4000 instrument in the Mayo Clinic Med-
ical Genome Facility.

Bioinformatic analysis of hMeDIP-seq data [42, 44]
was performed by aligning paired-end sequenced FASTQ
files to the porcine reference genome (susScr 11.1) for
swine MSC samples, and to the human reference genome
(hg38) for human MSC samples, using Bowtie 2 (v2.3.3.1)
[45]. Duplicate reads were removed with MarkDupli-
cates (PICARD v1.67), and hMeDIP-seq peaks were
called using MACS2 [46]. Differential binding analysis
of hMeDIP-seq peak data was performed using the Diff-
Bind package (v2.14.0), and the Homer [47] (v4.10) peak
annotation tool was used to annotate and assign differ-
ential peaks and genomic coverage bins. 5hmC coverage
analysis applied per-base coverage of regions of interest,
calculated with bedtools (v2.20.0) genomeCoverageBed.
Sequence read values for overall exonic 5hmC coverage
per gene were calculated as faux-RNA counts [42, 44]
using htseq-count [48] (v0.9.1) and then processed by
edgeR (v3.28.1). Differentially hydroxymethylated genes
in swine Obese- versus Lean-MSCs were presented in
heat maps generated using Morpheus (https://software.
broadinstitute.org/morpheus/). 5hmC profiles of rep-
resentative genes (GPX3, MYH7) in swine Obese- and
Lean-MSCs were visualized using Integrative Genomics
Viewer (IGV) [49].

mRNA sequencing (mMRNA-seq) analysis

mRNA sequencing (mRNA-seq) analysis was performed
at the Mayo Clinic Genomic Analysis Core and Bio-
informatics Core on samples from swine Obese- and
Lean-MSCs (n=3 each), as described [17, 18, 27, 50].
Libraries were prepared (TruSeq RNA Sample Prep Kit
v2, lllumina, San Diego, CA) and loaded onto flow cells
(8-10 pM) at cluster densities of 700,000/mm?, using the
standard protocol for the Illumina cBot and cBot Paired-
end cluster kit v3. Flow cells were sequenced on an
[lumina HiSeq 2000 using TruSeq SBS kit v3 and HCS
v2.0.12 data collection software. mRNA-seq data was
analyzed using the MAPRSeq v.1.2.1 workflow [51] and
the Bioinformatics Core standard tool. Gene expression
was normalized to 1 million reads and corrected for gene
length (Reads Per Kilobase per Million mapped reads,
RPKM) using edgeR 2.6.2 [52]. The mRNA-seq dataset
analyzed in this study has been previously published by
our group [17].

Gene sets-based integrative analysis of gene expression
and 5hmC profiles of swine MSCs

To investigate the implication of DNA hydroxymeth-
ylation on biological and cellular processes altered in
Obese- versus Lean-MSCs, we performed a comparative
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Gene Set Enrichment Analysis (GSEA, version 4.0.3,
Broad Institute) [53] on the mRNA-seq and hMeDIP-seq
datasets obtained from swine samples. For this purpose,
we separately performed GSEA on the mRNA-seq and
hMeDIP-seq data files, screening for all online available
gene sets (>31,000) in the Molecular Signatures Database
(MSigDB)  (https://www.gsea-msigdb.org/gsea/msigdb/
index.jsp). The results were ranked by normalized enrich-
ment score (NES) and selected using a threshold of +1.4.
The filtered gene sets from mRNA-seq and hMeDIP-seq
were then cross-compared and visualized with a scat-
terplot. Genes from gene sets with NES<— 1.4 for both
hMeDIP-seq and mRNA-seq were extracted from the
MSigDB v7.4 collections, and Gene Ontology: Biological
Process (GOBP) overlap was computed, selecting the top
10 overlapping gene sets, given FDR g-value <0.05. Genes
from gene sets with NES > 1.4 for both hMeDIP-seq and
mRNA-seq were also extracted and, for genes with a
multiplicity of at least 3 in the composite list (i.e., those
that appeared in at least 3 of the 95 gene sets), GOBP
overlap analysis was performed. The MSigDB GOBP
overlap analysis was validated by computing GOTERM _
BP_DIRECT Functional Annotation Chart analyses with
the Database for Annotation, Visualization and Inte-
grated Discovery (DAVID 2021 Update; https://david-d.
ncifcrf.gov/) [54].

hMeDIP-seq analysis of apoptosis- and senescence-related
genes in swine MSCs

To elucidate whether obesity deregulates 5hmC levels
in genes related to apoptosis in swine MSCs, we filtered
[42] our hMeDIP-seq data by the Gene Ontology (GO)
term for apoptotic process (GO:0006915), using gene
sets obtained from the MGI database (http://www.infor
matics.jax.org/genes.shtml) and AmiGo-2 (Organism:
Homo sapiens; http://amigo.geneontology.org/amigo).
For senescence, we filtered genes by the union of two
gene sets: Cellular Senescence REACTOME Super-
path (https://pathcards.genecards.org/card/cellular_
senescence) and the GO term for Cellular Senescence
(GO:0090398) from the MGI database. We also filtered
the hMeDIP-seq dataset by the GO term for cell popula-
tion proliferation (GO:0008283), with gene sets obtained
from the MGI database and AmiGo-2 (Homo sapiens).
Apoptosis-, cell population proliferation-, or senes-
cence-associated genes with differential 5ShmC levels in
Obese- versus Lean-MSCs were then designated based
on p-value<0.05 (two-tailed Student’s ¢-test) and fold
change (Obese-MSCs/Lean-MSCs)>1.4 (high 5hmC
levels) or<0.7 (low 5hmC levels). Heat maps of differ-
entially hydroxymethylated apoptosis, senescence, and
cell population proliferation genes were generated using
Morpheus. Differentially hydroxymethylated apoptosis
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genes were additionally filtered with Venn diagram analy-
sis (Venny 2.1.0) by GO terms for positive regulation of
apoptotic process (GO:0043065) and negative regula-
tion of apoptotic process (GO:0043066), using gene sets
obtained from the MGI database and AmiGo-2 (Homo
sapiens). Functional network analysis was performed
on differentially hydroxymethylated senescence-related
genes using Search Tool for the Retrieval of Interacting
Genes (STRING) version 11.5 (http://string-db.org/))
[55]. The minimum required interaction score was set
to medium confidence (0.400). For human MSC sam-
ples, filtering of the hMeDIP-seq dataset for apoptosis-,
cell population proliferation-, and senescence-associated
genes was performed, using identical methods to those
employed in the pig studies above.

Protein expression of candidate genes
Expression of several apoptosis-, senescence-, or prolifer-
ation-related proteins was quantified in a blinded manner

Object Sum Area
Confluence =
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The plate was placed in a Cytation” 5 Cell Imaging
Multi-Mode Reader, which also served as an incubator
(37 °C/5% CO,).

A montage of four phase-contrast images per well
was acquired using a wide field of view camera and a
4X objective. Images were taken hourly for 24 h and
analyzed using Gen 5 software (version 3.09, Agilent
Technologies). Images were preprocessed to enhance
contrast by using a dark background (allowing cells to
appear white) and a Rolling Ball diameter of 20. These
transformed phase-contrast images were then used for
cellular analysis. A threshold value of 800, 2 cycles of
image smoothing, and background evaluation on 5% of
the lowest pixels were found to optimize the identifica-
tion of cellular structures. A minimum object size of
20 pm was used to exclude cellular debris. The masking
effectiveness was visually confirmed by comparing raw
phase-contrast images to the transformed and masked
images. Confluence was calculated as:

x 100%

Total area of transformed phase-contrast image

in swine Obese- and Lean-MSCs by Western blotting:
DDIT3/CHOP (Cat.#MA1-250, Invitrogen; 1:1000),
CASP14 (Cat.#PA5-72903, Invitrogen; 1:1000), MAPK10
(Cat.#17572-1-AP, Proteintech; 1:1000), CDKN2C
(Cat.#PA5-78378, Invitrogen; 1:500), and TERT
(Cat.#PA5-116024, Invitrogen; 1:500). Results were nor-
malized to the loading control, GAPDH (Cat.#ab8245,
abcam; 1:5000).

Fluorescence microscopy

Fluorescence microscopy studies were performed with
a ZEISS Axio Observer-Z1 inverted fluorescence micro-
scope at 20X (LD Plan-Neofluar 20x/0.4 Korr Ph2 M27
objective) or 40X (C-Apochromat 40X-1.20 W Korr
objective) magnification, an AxioCamMR3 camera,
and ZEN 2 Desk software (ZEISS, Munich, Germany).
Images were acquired using excitation/emission fil-
ters of 353 nm/465 nm (blue channel), 590 nm/617 nm
(red channel), 650 nm/673 nm (far-red channel), and
488 nm/509 nm (green channel). Any adjustment for
image presentation purposes was applied to the entire
image and not selectively.

Cell proliferation studies

To study swine MSC proliferation [27], a 24-well plate
(TPP, Cat.#Z707791) containing 500pL of growth
medium per well was prepared. Each well was seeded
with 4.5x10° Obese- or Lean-MSCs quantified with a
Countess hemocytometer (Thermo-Fisher, NY, USA).

In addition, we studied swine Obese- and Lean-MSCs
proliferation using immunofluorescent staining of Ki67
(Cat.#ab15580, abcam) and PCNA (Cat.#ab29, abcam);
% cellular positivity (normalized for DAPI-stained
nuclei) was quantified in a blinded fashion in an aver-
age of 10 fields/sample under fluorescence microscopy
at 20X magnification. We further performed an MTS
assay (CellTiter-96 Aqueous Non-Radioactive Cell Pro-
liferation Assay) in a 96-well plate (30,000 cells/well)
and measured absorbance at 490 nm using a BioTek
Synergy = Mx Multi-Mode Reader. Studies were per-
formed in a blinded manner.

Apoptosis assays
Apoptosis of swine Obese- and Lean-MSCs was
detected using the APC Annexin-V/Dead Cell Apopto-
sis Kit with APC Annexin-V and SYTOX® Green (Inv-
itrogen, Eugene, OR; Cat.#V35113), as described [42].
Analysis was performed using a FlowSight (Amnis,
Seattle, WA) flow-cytometer and IDEAS (Amnis, v6.0).
To assay cellular response to challenge, swine
Obese- and Lean-MSCs were treated for 24 h in
vitro with pro-apoptotic staurosporine dissolved in
DMSO (Cat.#S6942, Sigma-Aldrich, final concentra-
tion 20 nM) [56], or with DMSO alone (0.1% v/v); the
final solution was filtered through a 0.22 um PVDF
syringe filter before use. Apoptosis was then evalu-
ated by terminal deoxynucleotidyl transferase dUTP
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nick-end-labeling (TUNEL) assay using the DeadEnd
Fluorometric TUNEL System (Promega), with TUNEL-
positive cells counted in a blinded fashion in an aver-
age of 7 fields/sample under fluorescence microscopy
at 40X magnification and normalized to the number of
DAPI-stained nuclei.

Senescence assays

Cellular senescence of swine Obese- versus Lean-MSCs
was evaluated by senescence-associated-[-Galactosidase
(SA-B-GAL) staining (Cellular Senescence Detection Kit-
SPiDER-BGal; Dojindo, Cat.#SG04) according to the ven-
dor’s protocol. At least 20 fields/sample were captured
under fluorescence microscopy at 40X magnification;
SA-B-GAL +cells were counted and normalized to the
number of DAPI-stained nuclei. p16/CDKN2A immu-
nofluorescent staining (Abcam; Cat.#ab118459) was per-
formed following standard protocol, and the percentage
of positively stained area was quantified in fluorescence
microscopic images (40X magnification) using ZEN®
2012 blue edition (ZEISS, Munich, Germany) [15].

Epigenetic reprogramming of Obese-MSCs

Swine Obese-MSCs at third passage were cultured for
another passage without (Untreated) or with (Treated)
co-incubation for 48 h (starting at 80-90% confluence)
with vitamin-C (50 pg/mL) [27]; hMeDIP-seq analy-
sis was then performed. Genes with differential 5hmC
levels in Treated versus Untreated Obese-MSCs were
identified based on p-value<0.05 (two-tailed Stu-
dent’s t-test) and 5hmC levels fold change (Treated/
Untreated) > 1.4 (high) or<0.7 (low). Genes with con-
current high 5hmC levels in Obese- versus Lean-MSCs
and low 5hmC levels in Treated versus Untreated Obese-
MSCs, or vice versa, were identified from scatterplot
analysis, filtered for apoptotic process (GO:0006915), cell
cycle (GO:0007049; MGI), cell population proliferation
(GO:0008283), and cellular senescence (REACTOME
Superpath + G0O:0090398), and presented in a heat map
generated using Morpheus.

Statistical analysis

GraphPad Prism 9.3.1 (GraphPad Software) and JMP
version 14 (SAS Institute, Cary, NC) were used for sta-
tistical analysis. Animals were randomly assigned to
Lean or Obese groups, and studies were performed in a
blinded manner. The normality assumption was tested
using the Shapiro—Wilk test. Two-tailed Student’s ¢-test
and Mann—Whitney U test were used for parametric and
non-parametric comparisons, respectively. Data were
presented as mean=+standard deviation, except non-
normal data, which were displayed as the median and
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interquartile range (in box-plot format). For cellular pro-
liferation studies, repeated measures two-way ANOVA
was performed with Geisser-Greenhouse correction and
Sidak’s multiple comparisons test, and data were plot-
ted as mean +standard error of the mean. The apoptosis
response to staurosporine was analyzed using the Welch’s
t-test (due to unequal variances) or with paired ¢-test for
paired comparisons. Statistical significance was accepted
for p<0.05.

Results

Swine systemic characteristics

To explore the effects of diet-induced obesity on the
5hmC profile of MSCs, we used a swine model of experi-
mental obesity previously characterized by our group
[41] (Fig. 1). After 16 weeks of diet, Obese as compared
with Lean pigs presented with a cluster of cardiovascu-
lar risk factors, including hypertension, dyslipidemia
(elevated total cholesterol, LDL cholesterol, and triglyc-
erides), and insulin resistance (Table 1). While fasting
insulin levels and HOMA-IR score were higher in Obese
versus Lean pigs, comparable fasting glucose levels were
noted, consistent with development of pre-diabetic MetS.

Obesity/dyslipidemia alters the 5hmC profile of swine
MSCs

MSCs expressed classical markers and possessed multi-
lineage potential, evidenced by their differentiation into
osteocytes, chondrocytes, and adipocytes in vitro (Addi-
tional file 2: Figure S1); as we have previously reported
[8], obesity skewed MSC differentiation toward adipo-
cytes and osteocytes. hMeDIP-seq analysis of Obese- and
Lean-MSCs identified 5hmC levels in a total of 18,933
genes, of which 467 (2.5%) had high and 591 (3.1%) had
low average 5hmC peak levels in Obese-MSCs compared
with Lean-MSCs (Fig. 2A—C). Thus, distinctions in the
physiological metabolic states of the two experimental
swine groups are reflected by general changes in 5hmC
epigenetic marks.

Integrative hMeDIP-/mRNA-seq analysis

To identify biological processes with concurrent epige-
netic and transcriptional derangement in Obese-MSCs
compared with Lean-MSCs, we conducted an unbiased,
integrative gene set enrichment analysis on mRNA- and
hMeDIP-seq data files (Fig. 3A). Given that high levels of
5hmC in gene bodies are generally associated with tran-
scriptional activation [34, 57], we focused on gene sets
with the same direction of NES for 5hmC and mRNA.
Among members of 95 gene sets upregulated in Obese-
MSCs at the level of both mRNA and 5hmC, we identi-
fied enrichment for pathways related to apoptotic process
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Fig. 1 Schematic of experimental design. Three-month-old pigs were fed either standard pig chow (Lean) or a high-fat/high-fructose diet

(Obese) for 16 weeks (n=6 each). Mesenchymal stem/stromal cells (MSCs) were isolated from subcutaneous abdominal fat, expanded in

vitro, and characterized for surface markers. Hydroxymethylated DNA immunoprecipitation sequencing (hMeDIP-seq) was performed on

Lean- and Obese-MSCs (n=3 each), and again on Obese-MSCs (n=3) cultured with epigenetic modulator vitamin-C, to determine levels of the
5-hydroxymethylcytosine (5hmC) epigenetic mark. (lllustrations were created with BioRender.com and exported under a paid subscription through

the Mayo Clinic)

Table 1 Systemic characteristics in experimental swine groups
(n=6, each) at 16 weeks

Parameter Lean Obese

Body weight (kg) 71.1+£130 91.1+£2.5%
Mean arterial blood pressure (mmHg) 964+12.7 127.2+85%
Total cholesterol (mg/dL) 81.1+69 4380+81.9%
LDL cholesterol (mg/dL) 328+6.0 371.7 +143.0%
Triglycerides (mg/dL) 80+12 19.8+58
Fasting glucose (mg/dL) 12734137 116.5+179
Fasting insulin (WU/mL) 0.4+0.09 0.7 +0.04*
HOMA-IR score 0.7 (0.6-0.7) 1.9 (1.6-2.0)*

LDL Low-density lipoprotein; HOMA-IR Homeostasis model assessment of
insulin resistance. Data displayed as mean + standard deviation, or median
(interquartile range)

"p<0.05vs. Lean

(GO:0006915), regulation of cell death (GO:0010941),
cell population proliferation (GO:0008283), and response
to cytokine (GO:0034097) (Fig. 3B; Additional file 1:
Tables S1-S5). The 7 gene sets in Obese-MSCs with
downregulated 5hmC and mRNA were enriched for
pathways related to cell killing (GO:0001906, GO:003141,
GO0:0031343) and leukocyte-mediated cytotoxicity
(GO:0001909, GO:0001910) (Fig. 3C; Additional file 1:
Table S6).

Changes in 5hmC levels in apoptosis-, proliferation-,

and senescence-related genes

Because our integrative analysis revealed dysregulation
of 5hmC and mRNA in pathways related to apoptosis
and cell proliferation (especially their negative regula-
tion; Additional file 1: Tables S1-S5), we subsequently
reexamined the genomic distribution of 5hmC in
Obese- versus Lean-MSCs, focusing on discrete genes
associated with these pathways and cellular senescence
(irreversible proliferative arrest). Of 1,847 genes identi-
fied in our hMeDIP-seq analysis associated with apop-
totic process, 58 (3.1%) had high and 46 (2.5%) had low
average 5hmC levels in Obese-MSCs versus Lean-MSCs
(Fig. 4A, B), among which negative apoptosis regulators
prevailed (Fig. 4C). Two randomly selected candidate
apoptosis-related genes with decreased 5hmC levels
in Obese-MSCs, DDIT3/CHOP and CASP14, showed
correspondingly attenuated protein expression (Addi-
tional files 3, 4: Figures S2, S3).

Of 2,020 genes in our hMeDIP-seq analysis associated
with cell population proliferation, 54 (2.7%) had high
and 52 (2.6%) had low average 5hmC levels in Obese-
MSCs (Additional file 5: Figure S4). For the related bio-
logical process of cellular senescence, 405 associated
genes were identified, of which 12 (3.0%) had high and
5 (1.2%) had low average 5hmC levels in Obese-MSCs
(Fig. 5A, B). To interrogate the importance of these
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Fig. 2 Obesity and dyslipidemia induce epigenetic changes in 5-hydroxymethylcytosine (5hmC) in swine adipose-derived MSCs. A Volcano plot

of genes with significant changes in overall exonic 5hmC peak levels in Obese-MSCs versus Lean-MSCs, as defined by the following thresholds
(dashed lines): p-value <0.05 and fold change (Obese-MSCs/Lean-MSCs) > 1.4 (high 5hmC levels) or 0.7 (low 5hmC levels). Genes with high
(n=467) or low (n=591) 5hmC levels in Obese- versus Lean-MSCs are represented with red or blue circles, respectively, while blank circles indicate
genes without significant alterations. Outlier genes with very large fold change values (often due to undetectable ShmC levels in Lean-MSCs) are
displayed as triangles. B Heat map of genes with higher (left) or lower (right) 5hmC levels in Obese-MSCs versus Lean-MSCs. C Integrative Genomics
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genes in a cellular senescence functional network, we
examined their interactions with canonical markers of
MSC senescence (pl6, p21, p53) and with stress kinase
p38-a, using the STRING tool, which revealed a rich
space of known and predicted interactions (Fig. 5C).
Protein expression of candidate cellular senescence- or
proliferation-related genes with increased (CDKN2C
and TERT) or decreased (MAPK10) 5hmC levels in
Obese-MSCs was unaltered (Additional file 3, 4: Fig-
ures S2, S3).

Obesity increases senescence in swine MSCs

To investigate the potential functional implications of
our epigenetic findings for cell fate decisions, we assayed
cellular proliferation and markers of apoptosis or senes-
cence in swine Obese- and Lean-MSCs. No difference
in cell proliferation over 24 h was detected by a Cyta-
tion""-5 Cell Imaging Multi-Mode Reader (Lean- versus
Obese-MSCs: p-value=0.17; Fig. 6A); for confirmation,
we also assayed the markers of cell proliferation PCNA
(Additional file 6: Figure S5A) and Ki67 (Additional file 6:
Figure S5B), which revealed no significant differences
between groups. In contrast, a metabolic activity (MTS)

assay suggested decreased proliferation in Obese-MSCs
(p-value=0.0087; Additional file 6: Figure S5C).

While no differences in basal cellular apoptosis rates
(p-value=0.13, Additional files 7, 8: Figures S6, S7A) were
detected between Obese- and Lean-MSCs, Obese-MSCs
had higher rates of live cells and lower rates of dead cells
(both p-value=0.0022; Additional files 7, 8: Figures S6,
S7B,C). Nevertheless, Obese-MSCs exhibited resist-
ance to the induction of apoptosis with staurosporine
(p-value=0.16 versus DMSO), unlike Lean-MSCs
(p-value=0.012 versus DMSO) (Fig. 6B, Additional files
9, 10: S8, S9). In addition, Obese-MSCs showed signifi-
cantly increased SA-B-Gal positivity (p-value=0.020;
Fig. 6C) and pl6 immunoreactivity (p-value<0.0001;
Fig. 6D) compared with Lean-MSCs, consistent with
increased cellular senescence.

Epigenetic reprogramming partly reverses obesity-induced
5hmC marks in swine Obese-MSCs

To test whether these altered 5hmC marks may be
reversed through epigenetic reprogramming, we co-incu-
bated Obese-MSCs in vitro with the epigenetic modula-
tor vitamin-C. For 40 genes with initially low 5hmC levels
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Fig. 3 Obesity/dyslipidemia-induced 5hmC marks correlate with changes in gene expression in pathways related to apoptotic process, cell
proliferation, and leukocyte-mediated cytotoxicity. A Scatterplot of gene sets from the Molecular Signatures Database identifying those with
concordant dysregulation of 5ShmC levels and mRNA expression in swine Obese- versus Lean-MSCs. For each gene set, the normalized enrichment
score (NES) is separately calculated for hMeDIP-seq (vertical axis) and mRNA-seq (horizontal axis) using Gene Set Enrichment Analysis. Based on
thresholds (dashed lines) of NES > 1.4 and NES <-1.4, gene sets with higher (n=95) or lower (n=7) levels of both 5ShmC and mRNA in Obese- versus
Lean-MSCs were marked as red or blue dots, respectively. Genes from the gene sets with B NES> 1.4 or C NES <-1.4 for both hMeDIP-seq and
mMRNA-seq were extracted, and classified via Gene Ontology (GO): Biological Process overlap analysis. In panels (B, C), salient overlapping gene

categories are highlighted in yellow

in Obese- versus Lean-MSCs, vitamin-C increased 5hmC
levels in treated versus untreated Obese-MSCs (Fig. 7A).
Of these genes, 4 (10.0%) were involved in apoptotic
process and 5 (12.5%) in cell population proliferation,
cell cycle, and/or cellular senescence (Fig. 7B). For 28
genes with initially high 5hmC levels in Obese-MSCs,
vitamin-C decreased 5hmC levels (Fig. 7A). Of these, 5
(17.9%) were annotated for apoptosis and 7 (25%) for cell
proliferation, cell cycle, and/or senescence (Fig. 7B). In
comparison, vitamin-C treatment of Obese-MSCs fur-
ther increased 5hmC levels in only 2 genes with initially
high 5hmC (versus Lean-MSCs) and decreased 5hmC
levels in only 4 genes with initially low 5hmC (Fig. 7A).
Hence, vitamin-C modulates 5hmC levels in MSCs and
partially reverses the molecular phenotype observed in
Obese-MSCs.

Obesity/dyslipidemia alters 5hmC levels of apoptosis-

and senescence-associated genes in human MSCs

To assess the clinical relevance of our findings, we con-
ducted a preliminary analysis of the 5hmC profile of
MSCs from Obese (n=5) and Lean (n=5) patients.
Blood pressure, total cholesterol, LDL, fasting glucose,

age, and sex were comparable between Obese and Lean
patients, whereas BMI and triglycerides were higher in
Obese patients (Additional file 1: Table S7). In hMeDIP-
seq analysis, of 1,973 genes associated with apoptotic
process, 16 (0.8%) had high and 52 (2.6%) had low aver-
age 5hmC levels, in human Obese- versus Lean-MSCs
(Fig. 8A, Additional file 11: S10A). Of 420 genes associ-
ated with cellular senescence, 15 (3.6%) had low and 1
(0.2%) had high average 5hmC levels (Fig. 8B, Additional
file 11: S10B). For cell population proliferation, 2,121
associated genes were identified, of which 45 (2.1%)
had low and 27 (1.3%) had high 5hmC levels in human
Obese-MSCs (Additional file 12: Figure S11). Thus,
results observed for Obese- versus Lean-MSCs in swine
translate into similar findings for human MSCs.

Discussion

This study demonstrates that obesity and dyslipidemia
are associated with altered 5hmC levels in apoptosis- and
senescence-related genes, with potential functional rel-
evance, in swine adipose tissue-derived MSCs. Our inte-
grative analysis combining high-throughput hMeDIP-seq
and mRNA-seq results identified key gene categories
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Fig. 4 Obesity/dyslipidemia associates with dysregulated 5hmC levels in swine MSCs on genes related to apoptotic process. A Volcano

plot showing differential 5hmC levels in Obese- versus Lean-MSCs for genes filtered by the Gene Ontology (GO) term for apoptotic process
(GO:0006915). For a given gene, differential 5ShmC levels entail p-value <0.05 and fold change (Obese-MSCs/Lean-MSCs) > 1.4 (high 5hmC levels)
or<0.7 (low 5hmC levels). Genes with high (n=58) or low (n=46) 5ShmC levels in Obese-MSCs versus Lean-MSCs are represented with red or blue
markers, respectively. High 5hmC genes with undetectable ShmC levels in Lean-MSCs are presented as outliers (red triangles). B Heat map of genes
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analysis shows regulators of apoptotic process among genes with higher (left) or lower (right) 5hmC levels in Obese- versus Lean-MSCs, grouped
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with concurrent epigenomic and transcriptomic
derangements in the chronic inflammatory milieu of obe-
sity, which underpinned subsequent filtering for genes
involved in cell proliferation and fate (apoptosis and
senescence). These 5hmC changes were partially reversed
in swine MSCs treated with the epigenetic modulator
vitamin-C. Moreover, obesity/dyslipidemia-driven epige-
netic dysregulation of these pathways was also observed
in human MSCs. Therefore, our observations character-
ize the epigenomic landscape of Obese-MSCs and offer
a potential intervention for epigenetic reprogramming of
this dysfunctional cellular state.

Obesity is a growing public health concern clinically
associated with numerous cardiovascular and metabolic
abnormalities. Exposure to this complex disease envi-
ronment may drive functional deterioration of MSCs
residing in perivascular niches of adipose tissue, lead-
ing to blunted repair capacity, altered secretome pro-
file, decreased stemness, and propensity for deleterious
cell fates, such as senescence or maldifferentiation [8,
13, 14, 22, 23, 24, 58]. These features collectively render

Obese-MSCs suboptimal for endogenous repair or autol-
ogous therapy.

Reprogramming of cellular memory through epigenetic
dysregulation may mediate MSC dysfunction, and thera-
peutics targeting epigenetic marks may bolster MSC-
mediated tissue regeneration [26]. 5hmC is an attractive
epigenetic mark for investigation, due to its confined
genomic location, biochemical stability, and capacity
to be read and interpreted by specific proteins [57]. The
5hmC profile offers an exquisite marker of cell identity
and disease; it is sensitive to metabolic perturbations
[31, 32], modulates chromatin structure remodeling for
active gene expression, and may direct cell fate decisions
[57]. We have previously shown that obesity induces
widespread global epigenetic alterations at the DNA and
histone levels in swine MSCs; importantly, global 5hmC
levels correlated with MSC migration and proliferation,
and with clinical characteristics of dyslipidemia [27].
Yet, elucidation of the functional role of 5hmC in injured
MSCs requires locus-specific methods in a genome-
wide analysis [57]. Therefore, we took advantage of
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high-throughput hMeDIP-seq analysis to detect dynami-
cally modified 5hmC coverage of genes in Obese-MSCs.

We identified 467 hyper- and 591 hypo-hydroxymethyl-
ated genomic loci in swine Obese- versus Lean-MSCs. To
permit their filtering based on functional relevance, we
performed an integrative analysis on genome-wide epi-
genomic (hMeDIP-seq) and transcriptomic (mMRNA-seq)
datasets from swine Obese- and Lean-MSCs, and gener-
ated GO terms classifying members of overlapping dys-
regulated gene sets. Gene sets enriched in Obese-MSCs
at the level of both 5hmC and mRNA featured genes with
functions related to apoptosis, cell proliferation, and reg-
ulation of cell death, while those concurrently depleted
were linked to leukocyte-mediated cytotoxicity and cell
killing.

The functional categories of apoptotic process and
cell population proliferation are particularly salient, as
inflammation and oxidative stress in obesity may drive
MSCs toward cell cycle arrest, senescence, and altered
cell death, possibly limiting tissue regeneration [23, 24,

58, 59]. Apoptosis is caspase-mediated programmed cell
death that plays an important role in maintaining tissue
homeostasis, represents a favorable alternative to pro-
inflammatory necrotic cell death, and may be required
for the therapeutic function of transplanted MSCs [60];
however, excessive apoptosis could interfere with MSC
function and therapy [3]. The contribution of 5hmC mod-
ifications to an apoptotic functional signature has been
examined in prior work. Progression of alcoholic liver
disease was linked to TET-1 inhibition and decreased
5hmC formation that promote apoptotic gene expression
in hepatocytes [61]. Furthermore, TET-2 protein-medi-
ated formation of 5hmC has been positively associated
with apoptosis and negatively associated with cell cycle
progression in human keratinocytes [62]. Finally, altera-
tions in cardiac 5hmC in dilated cardiomyopathy were
mapped to genes within pathways related to cell death/
apoptosis [63]. With this in mind, we chose to examine
apoptotic genes with dysregulated hydroxymethylation in
swine Obese-MSCs.
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Within the hMeDIP-seq dataset, 12% of genes with
high, and 8% with low, 5hmC levels in Obese-MSCs were
annotated for the apoptotic process. The distribution of
pro- versus anti-apoptotic gene annotations was similar
between hyper- and hypo-hydroxymethylated loci, favor-
ing negative regulators of the apoptotic process. Hyper-
hydroxymethylated genes in Obese-MSCs included FIS1,
which participates in recruitment and activation of pro-
caspase-8 [64], and BCL3, a regulator of NF-«B signaling
with cellular pro-survival functions [65]. Hypo-hydroxy-
methylated genes included DDIT3, which is involved in
endoplasmic reticulum stress-induced apoptosis [66],
and MADD, a death domain protein that interacts with
TNF receptor-1, activates the mitogen-activated protein
kinase (MAPK) pathway, and regulates prevention of
cell death [67]. Hypo-hydroxymethylation of DDIT3 was
accompanied by downregulation of its encoded protein
CHOP in Obese-MSCs, consistent with its deactivation
in the obese milieu.

Overall, obesity/dyslipidemia did not impose a univo-
cal, directionally consistent impact on 5hmC levels of
apoptosis-related genes in swine MSCs, underscoring the
dynamic and complex nature of the 5hmC mark. Con-
gruently, no differences in basal apoptosis were detected
between swine Obese- and Lean-MSCs, in agreement

with our previous observations in human Obese-MSCs
[13]. For comparison, apoptosis is either increased [68]
or unchanged [69] in adipose-derived MSCs from high-
fat diet (HFD)-fed mice, possibly related to differences in
the models. Despite unaltered early apoptotic phenotype,
rates of cell death were lower for swine Obese-MSCs, in
contrast to prior results in adipose-derived MSCs from
horses with MetS [70]. Hence, we hypothesized that
altered apoptosis phenotype in swine Obese-MSCs may
be disclosed during challenge; indeed, staurosporine
increased apoptosis in Lean-MSCs but not in Obese-
MSCs. This subtle alteration under obesity may account
for inconsistent observations made across different
conditions.

The obesity-dysregulated cell proliferation signature
identified in our integrative 5hmC/mRNA analysis may
be related to stem cell exhaustion and aging-related dis-
ease [68, 71, 72]. In this context, inflammation, epige-
netics, and metabolism converge on cellular senescence,
an irreversible proliferative arrest associated with stress
response, macromolecular damage, and tissue-destruc-
tive secretory features [71, 73]. We have shown that fat
inflammation triggers a premature senescence program
in Obese-MSCs [8, 13], which may hamper their in vitro
expansion, blunt their regenerative potency [23, 24], and
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Fig. 7 Epigenetic reprogramming of swine MSCs with vitamin-C partly reverses obesity/dyslipidemia-induced changes in hydroxymethylation

of genes related to apoptosis and cell proliferation/senescence. A Scatterplot of genes in which vitamin-C induced differential 5hmC levels in
Obese-MSCs. Genes showing differential 5hmC levels both in Obese- versus Lean-MSCs (x-axis) and in vitamin-C-treated Obese-MSCs versus
untreated Obese-MSCs (y-axis) are colored. Differential 5hmC levels entail p-value <0.05 and fold change > 1.4 (high 5ShmC levels) or <0.7 (low
ShmC levels). Outliers (with very large fold change values) are represented with triangle markers. Green points (n=40) represent genes with low
5hmC levels in Obese- versus Lean-MSCs, which are reversed upon vitamin-C treatment, while orange points (n =28) represent genes with high
5hmC levels in Obese- versus Lean-MSCs, which are reversed upon vitamin-C treatment. B Heat map of genes for which vitamin-C treatment
reverses the differential 5hmC levels observed in Obese-MSCs (orange and green clusters from panel A), filtered for apoptotic process (GO:0006915),
cell cycle (GO:0007049), cell population proliferation (GO:0008283), and cellular senescence [REACTOME SuperPath + (GO:0090398)]. n=3 per group

adversely impact neighboring cells. Removal of senescent
fat cells alleviated metabolic dysfunction in obese mice
[74], suggesting a feed-forward pathogenic role for cellu-
lar senescence in obesity.

While epigenetic dysregulation drives MSC senescence
and proliferation loss in aging and metabolic disease [26,
72], few studies have focused on the role of 5hmC marks.
Our group recently showed differential hydroxymethyla-
tion of senescence-associated loci in MSCs from hyper-
tensive, dyslipidemic swine with kidney dysfunction
[42]. Furthermore, genes mapped to sites of high 5ShmC
and low 5mC in MSCs of advanced-age bone marrow
donors showed enrichment for negative regulation of cell
cycle [75], whereas therapeutic manipulation of 5hmC
and 5mC levels in aged human adipose-derived MSCs
increased proliferation and decreased senescence, cell
death, and oxidative stress [76].

We identified differentially hydroxymethylated
senescence-related genes in swine Obese- versus Lean-
MSCs, and assembled them into a protein functional
and physical interaction network (STRING) containing
three canonical markers of senescent cell cycle arrest,
namely cyclin-dependent kinase (CDK) inhibitors p16

(CDKN2A) and p21 (CDKN1A), and tumor-suppressor
protein p53 (TP53) [13, 71], as well as MAPK14, a pro-
totypic member of the p38 MAPK family implicated
in oxidative stress-induced premature senescence of
MSCs [77] and in regulation of the senescence-associ-
ated secretory phenotype [78]. The STRING network
analysis identified rich protein functional interactions
between MAPK14 and two other senescence-associated
MAPK genes with high (MAP2K3; a MAPK14 activa-
tor) or low (MAPK10) 5hmC in Obese-MSCs. It also
identified CDKN2C (p18™K4C) a senescence-associated
gene and strong inhibitor of stem cell self-renewal [79]
with high 5hmC levels in Obese-MSCs, as an interac-
tor of CDKN2A. Finally, our studies revealed network
interactions of TERT and TWIST1, both high 5hmC in
Obese-MSCs, with CDKN2A and TP53. TERT encodes
telomerase reverse transcriptase, which contributes to
stem cell self-renewal [72] and is downregulated in senes-
cent adipose tissue-derived MSCs from obese pigs [8]
or patients with diabetes [58]. The transcription factor
TWIST1 inhibits senescence in human bone marrow-
derived MSCs [72].
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Fig. 8 Obesity/dyslipidemia-driven dysregulation of 5hmC epigenetic marks on apoptosis- and senescence-related genes in human
adipose-derived MSCs. A Heat maps showing high (left; n=16) and low (right; n=>52) 5hmC levels in genes filtered by apoptotic process
(GO:0006915) in human Obese- versus Lean-MSCs. B Heat map showing high (AAAS, n=1) and low (n=15) 5hmC levels in genes filtered by the
Cellular Senescence REACTOME Superpath or the GO term for Cellular Senescence (GO:0090398) in human Obese- versus Lean-MSCs. n=5 per

group

In parallel with these epigenetic alterations in senes-
cence-related genes, swine Obese-MSCs exhibited
increased cellular senescence, as indicated by increased
SA-B-Gal positivity [8, 15, 18, 58, 68] and pl6 immu-
noreactivity [13, 15], consistent with previous findings.
On the other hand, an irreversible proliferative arrest is
a hallmark of full senescence phenotype [73], yet we did
not observe significant differences in the proliferative
ability of swine Obese- versus Lean-MSCs in vitro, as
measured by image-based analysis and levels of prolifera-
tion proteins. These findings contrast with prior results
in subcutaneous adipose-derived MSCs from patients
with obesity [13] and type-2 diabetes [58], but are con-
sistent with previous observations in obese mice [69].
Interestingly, however, we observed in Obese-MSCs
blunted metabolic activity that may reflect blunted pro-
liferative ability. Possibly, the lack of advanced co-mor-
bidities (found in human subjects) in our swine model
of short-term, diet-induced obesity may account for the
partial senescence program observed in Obese-MSCs,
which leads to borderline proliferative impairment that
unravels in specific conditions or cohorts.

Repatterning of 5hmC in MSCs exposed to obesity
might be reversible [26, 32, 71], which may be tested

by targeting co-factors of the TET enzymes [27, 33].
Vitamin-C modulates TET-dependent 5hmC forma-
tion in embryonic stem cells and fibroblasts, changing
gene expression at loci that alter cell fate [40, 80], and it
reverses the obesity-prone phenotype of TET1-insuffi-
cient HFD mice [81]. We have shown that co-incubation
of swine Obese-MSCs with vitamin-C enhances global
5hmC marks [27]. The current study expands our pre-
vious observations, demonstrating that obesity-driven
dysregulation of 5hmC marks on apoptosis, cell cycle,
proliferation, and senescence-related genes in swine
Obese-MSCs is partly reversed with in vitro vitamin-C
treatment, toward levels observed in Lean-MSCs. These
results present vitamin-C as a promising epigenetic mod-
ulator to potentially restore homeostasis and regenera-
tive potential in dysfunctional MSCs.

For clinical context, we examined the dysregulated
5hmC profile in human Obese-MSCs for genes with
functions related to apoptosis, cell proliferation, or
senescence. Minimal overlap in differentially hydroxym-
ethylated loci was detected between swine and human
Obese-MSCs, encompassing only the apoptosis-related
gene EIF2B5 (low 5hmC in Obese-MSCs) and the cell
proliferation-related genes IL23R (low 5hmC), FST (high
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5hmC), and CALCRL (low 5hmC). Nonetheless, swine
and human Obese-MSCs shared common dysregulated
pathways. Within the important apoptosis-related cas-
pase pathway, CASP10 and CASP6 had low 5hmC levels
in human Obese-MSCs, while CASP14 had low 5hmC
levels (as well as decreased protein expression) in swine
Obese-MSCs.  Furthermore,  senescence-associated
members of the MAPK pathway had altered 5hmC lev-
els in both swine and human Obese-MSCs. For swine,
these genes included the aforementioned MAPK10 and
MAP2K3, while for humans, MAP3K3 had low 5hmC
levels in Obese-MSCs; MAP3K3 expression is inversely
associated with cellular senescence (including lev-
els of pl6 and p21) in bone marrow cells [82]. Finally,
other important senescence-associated genes such as
CDKN2B, which encodes p15™¥*® and POT1, which
protects against telomere dysfunction and subsequent
senescence [83], showed low 5hmC in human Obese-
MSCs. These observations imply that obesity alters com-
parable gene sets in pigs and human subjects.

This study has several limitations. Whether the iden-
tified differentially hydroxymethylated loci drive bio-
logical effects or are biomarkers for metabolic disease,
senescence, or epigenetic drift [72] remains to be estab-
lished. Our hMeDIP-seq and complementary mRNA-seq
data were obtained from comparable but different pigs
within the corresponding groups. This integrative analy-
sis focused on gene sets; thus, the dynamic and intricate
nature of the 5ShmC epigenetic mark precludes unequivo-
cal assignment [32] of activation status to the modified
loci [42]. Furthermore, obesity/dyslipidemia-driven
alterations in MSCs are likely regulated by parallel epi-
genetic mechanisms, including micro-RNAs [15, 18, 21]
and histone post-translational modifications [27], that
may obscure relationships between 5hmC level and gene
expression [42]; protein expression patterns of candidate
genes may be further obscured by downstream post-
translational regulation. Moreover, average 5hmC peak
content was analyzed only in exons, not in promoters
[34] or enhancers [35]. Our swine model was limited by
the small sample size, short disease duration, and use of
only female pigs. The model also does not permit elucida-
tion of the relative contributions of co-morbidities to the
alterations observed in MSCs. Specifically, given that our
experimental pigs and patients had both obesity and dys-
lipidemia, the observed epigenetic alterations cannot be
unequivocally attributed to one or the other [27, 84, 85];
further studies are needed to fully address this question.
Harvested primary MSCs were expanded for only 3-4
passages [8, 27] to avoid the effects of long-term culture
on senescence phenotype and epigenome [86]. Finally,
because the growth medium used in our cell studies con-
tains vitamin-C (2.5 pg/mL ascorbic acid phosphate),
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the effect of vitamin-C might have been underestimated.
Future studies are needed to determine the full effect of
vitamin-C on dynamic 5hmC modifications in MSCs,
especially in those from human subjects with dyslipi-
demia, with or without obesity.

Conclusion

We interrogated the dysregulated 5hmC profile of senes-
cent MSCs derived from subcutaneous adipose tissue of
obese pigs and identified locus-specific changes in path-
ways of cell proliferation and fate. Vitamin-C reverses
some 5hmC changes in genes corresponding to these
pathways. Importantly, we extended our proof-of-con-
cept from swine to human MSCs. Further studies are
needed to explore the diagnostic utility of the 5hmC pro-
file as a molecular readout of MSC dysfunction in obesity
and the role of vitamin-C as an epigenetic modulator of
this diseased state, to improve repair potency for autolo-
gous transplantation in obese patients.
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Additional file 1. Supplementary tables.

Additional file 2: Figure S1. Tri-lineage differentiation of swine Obese
and Lean-MSCs. 16 weeks of diet-induced obesity skews the tri-lineage
differentiation potential of swine MSCs toward adipocytes (FABP4, red; 20X
magnification) and osteocytes (osteocalcin, red; 20X magnification) and
away from chondrocytes (aggrecan, red; 40X magnification).

Additional file 3: Figure S2. Protein expression of differentially hydroxy-
methylated candidate genes with functions related to apoptosis, senes-
cence, or cell proliferation. A Protein levels were evaluated by Western
blotting in swine Lean- and Obese-MSCs, n = 6 each; B quantification
revealed decreased levels of the apoptosis-related genes CHOP/DDIT3
and CASP14 in Obese-MSCs compared with Lean-MSCs. The rightmost
lane is excluded from quantification of the Western blot for CASP14,
due to an obstructive artifact. Displayed Western blot images have been
cropped, and group annotations are shown by white or gray horizontal
bars above the images. Full-length blots/gels are presented in Figure S3.
*p-value <0.05 vs. Lean-MSCs.

Additional file 4: Figure S3. Uncropped full-length Western blot images
for swine Lean- and Obese-MSCs. Proteins levels of A CDKN2C and B
CHOP/DDIT3 were normalized to € GAPDH loading control, while proteins
levels of D CASP14, ETERT, and F MAPK10 were normalized to G GAPDH
loading control. Original, unprocessed images of gels/blots are shown. Al
cropping margins for Figure S2 are marked with dashed blue lines, and
group annotations are shown by white or gray horizontal bars above the
images.

Additional file 5: Figure S4. Obesity associates with dysregulated 5hmC
levels in swine MSCs on genes related to cell population prolifera-

tion. A Volcano plot showing differential 5hmC levels in Obese- ver-

sus Lean-MSCs for genes filtered by the Gene Ontology term for cell
population proliferation. For a given gene, differential 5ShmC levels entail
p-value £0.05 and fold change (Obese-MSCs/Lean-MSCs) > 1.4 or <0.7.
Genes with high or low 5hmC levels in Obese-MSCs versus Lean-MSCs are
represented with red or blue markers, respectively. High 5ShmC genes with
undetectable 5ShmC levels in Lean-MSCs are presented as outliers and
labeled as red triangles. B Heat maps of genes filtered by cell population
proliferation showing higher or lower 5hmC levels in Obese-MSCs versus
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MSC apoptosis/cell death tested using Annexin-V and Sytox for swine A
Lean- and B Obese-MSCs. The red panel represents live cells, the orange
panel represents dead cells, and the yellow panel represents apoptotic
cells.

Additional file 8: Figure S7. Lower rates of cell death in swine Obese-
MSCs. A The percentage of apoptotic cells, determined by flow cytometry
gated on Annexin-V* and Sytox~, was not significantly different between
swine Obese- and Lean-MSCs. B The percentage of dead cells, deter-
mined by flow cytometry gated on Annexin-V* and Sytox™, was lower

in Obese-MSCs compared with Lean-MSCs. C The percentage of live

cells, determined by flow cytometry gated on Annexin-V~ and Sytox,
was higher in Obese-MSCs compared with Lean-MSCs. n=6 per group;
*p-value =0.0022 vs. Lean-MSCs.

Additional file 9: Figure S8. Fluorescence microscopy TUNEL images in
swine MSCs treated with a pro-apoptotic agent. Apoptosis was evaluated
by terminal deoxynucleotidyl transferase dUTP nick-end-labeling assay

in swine Lean- and Obese-MSCs treated either with staurosporine in
DMSO at 20 nM for 24 h or with DMSO only. Representative images of
DAPI-stained nuclei, TUNEL-labeled nuclei, and the merged channels are
shown. Obese-MSCs showed attenuated development of apoptosis in
response to staurosporine.

Additional file 10: Figure S9. Pairwise evaluation of TUNEL assay in swine
MSCs treated with an apoptosis-inducing agent. Estimation plots for n =

5 pairwise comparisons of % TUNEL-positive cells in DMSO- versus stauro-
sporine-treated swine A Lean- and B Obese-MSCs. *Paired t-test indicates

a significant increase in TUNEL/DAPI ratio for Lean-MSCs, p-value = 0.0085,
but not for Obese-MSCs, p-value = 0.44, after staurosporine treatment.

Additional file 11: Figure S10. Obesity-driven dysregulation of 5hmC
levels on genes related to apoptotic process and cellular senescence in
human MSCs. Volcano plots showing differential ShmC levels in human
Obese- versus Lean-MSCs for genes filtered by A the GO term for apop-
totic process or B the union of the GO term and REACTOME Superpath
for cellular senescence. For a given gene, differential ShmC levels entail
p<0.05 and fold change > 1.4 or <0.7. Genes with high or low 5hmC
levels in Obese-MSCs versus Lean-MSCs are represented with red or blue
markers, respectively. Genes with very high fold change in 5hmC levels of
Obese- versus Lean-MSCs are presented as outliers with triangle markers.

Additional file 12: Figure S11. Obesity-driven dysregulation of 5hmC lev-
els on genes related to cell population proliferation in human MSCs. A Vol-
cano plot showing differential 5hmC levels in human Obese- versus
Lean-MSCs for genes filtered by the GO term for cell population prolif-
eration. For a given gene, differential ShmC levels entail p-value <0.05

and fold change > 1.4 or<0.7. Genes with high or low 5hmC levels in
Obese-MSCs versus Lean-MSCs are represented with red or blue markers,
respectively. B Heat maps of genes filtered by cell population prolifera-
tion showing lower or higher 5ShmC levels in human Obese-MSCs versus
human Lean-MSCs.

Acknowledgements
Not applicable.

Author contributions
LG and TO contributed to conceptualization, data curation, formal analysis,

investigation, methodology, resources, software, validation, visualization, writ-
ing—original draft, and writing—review and editing; MM, KSR, SB, RT, SS, XYZ,
HT, KJ, IS, and AvW contributed to data curation, formal analysis, investigation,

Lean-MSCs.
Additional file 6: Figure S5. Additional cell proliferation studies on

swine Obese- and Lean-MSCs. Percentage cellular positivity for A PCNA
or BKi67, determined by immunofluorescent staining and fluorescence
microscopy, did not differ in Obese- versus Lean-MSCs. PCNA: p-value =
0.66, Lean-MSCs: n = 6, Obese-MSCs: n = 5; Ki67: p-value = 0.89, n = 6 per
group. € MTS assay showed decreased background-corrected absorb-
ance at 490 nm in Obese-MSCs compared with Lean-MSCs, n = 6 per
group; means of duplicate or triplicate measurements. *p-value =0.0087
vs. Lean-MSCs.

Additional file 7: Figure S6. Apoptosis/cell death assay of swine
Obese- and Lean-MSCs. Representative flow cytometry scatterplots of

methodology, software, validation, visualization, and writing—review and
editing; AE contributed to conceptualization, data curation, formal analysis,
funding acquisition, investigation, methodology, project administration,
resources, software, supervision, and writing—review and editing; LL contrib-
uted to conceptualization, funding acquisition, investigation, methodology,
project administration, resources, supervision, and writing—review and edit-
ing. All authors read and approved the final manuscript.

Funding
This study was partly supported by grants from the National Institute of
Diabetes and Digestive and Kidney Diseases (NIDDK) (DK120292, DK122734,


https://doi.org/10.1186/s13287-023-03372-x
https://doi.org/10.1186/s13287-023-03372-x

Glasstetter et al. Stem Cell Research & Therapy (2023) 14:143

DK129240), the National Heart, Lung, and Blood Institute (NHLBI) (HL158691),
the National Institute on Aging (NIA) (AG062104), and Regenerative Medicine
Minnesota (RMM-091620-DS-004). The funding bodies played no role in the
design of the study and collection, analysis, and interpretation of data and in
writing the manuscript.

Availability of data and materials

The hMeDIP-seq datasets generated and analyzed during this study can be
accessed through the Gene Expression Omnibus (GEO) database with the
following accession numbers: GSE216950 (for swine MSCs) and GSE216948
(for human MSCs), under the SuperSeries record GSE216953. All other data
generated or analyzed during this study are included in this published article
[and its supplementary information files].

Declarations

Ethics approval and consent to participate

The study was approved by the Mayo Clinic Institutional Review Board (IRB)
on August 15,2018 under the title "Mesenchymal Stem Cell Senescence in
Obesity” (Approval Number: 18-005076). This study adheres to the Declara-
tion of Helsinki, and informed written consent was obtained from human
participants. Animal studies were approved by the Institutional Animal Care
and Use Committee (IACUC) of the Mayo Clinic on January 13,2015 under
the title "MSC-derived extracellular microvesicles in metabolic syndrome and
renovascular disease” (Approval Number: A65014-15).

Consent for publication
Not applicable.

Competing interests

Lilach O. Lerman is an advisor to AstraZeneca, Cure Spec, Beren Therapeutics,
Ribocure Pharmaceuticals, and Butterfly Sciences. The remaining authors
declare no conflicts of interest.

Author details

"Division of Nephrology and Hypertension, Mayo Clinic, 200 First Street SW,
Rochester, MN 55905, USA. “Department of Orthopedic Surgery, Mayo Clinic,
Rochester, MN, USA. 2Department of Biochemistry, University of Vermont,
Burlington, VT, USA.

Received: 16 June 2022 Accepted: 9 May 2023
Published online: 25 May 2023

References

1. Eirin A, Zhu XY, Ferguson CM, Riester SM, van Wijnen AJ, Lerman A, et al.
Intra-renal delivery of mesenchymal stem cells attenuates myocardial
injury after reversal of hypertension in porcine renovascular disease. Stem
Cell Res Ther. 2015;6(1):7.

2. Abumoawad A, Saad A, Ferguson CM, Eirin A, Herrmann SM, Hickson
LJ, etal. Ina Phase 1a escalating clinical trial, autologous mesenchymal
stem cell infusion for renovascular disease increases blood flow and the
glomerular filtration rate while reducing inflammatory biomarkers and
blood pressure. Kidney Int. 2020;97(4):793-804.

3. Levy O, Kuai R, Siren EMJ, Bhere D, Milton Y, Nissar N, et al. Shatter-
ing barriers toward clinically meaningful MSC therapies. Sci Adv.
2020,6(30):eabat884.

4. Afshin A, Forouzanfar MH, Reitsma MB, Sur P, Estep K, Lee A, et al. Health
effects of overweight and obesity in 195 countries over 25 years. New
EnglJ Med. 2017;377(1):13-27.

5. Hotamisligil GS, Shargill NS, Spiegelman BM. Adipose expression of
tumor-necrosis-factor-alpha—direct role in obesity-linked insulin resist-
ance. Science. 1993;259(5091):87-91.

6. Houstis N, Rosen ED, Lander ES. Reactive oxygen species have a causal
role in multiple forms of insulin resistance. Nature. 2006;440(7086):944-8.

7. Kim BS, Pallua N, Bernhagen J, Bucala R. The macrophage migration
inhibitory factor protein superfamily in obesity and wound repair. Exp
Mol Med. 2015;47(5): e161.

20.

21.

22.

23.

24.

25.

26.

Page 17 of 19

Zhu XY, Ma ST, Eirin A, Woollard JR, Hickson LJ, Sun D, et al. Functional
plasticity of adipose-derived stromal cells during development of obesity.
Stem Cell Transl Med. 2016;5(7):893-900.

Meng Y, Eirin A, Zhu XY, Tang H, Chanana P, Lerman A, et al. Obesity-
induced mitochondrial dysfunction in porcine adipose tissue-derived
mesenchymal stem cells. J Cell Physiol. 2018;233(8):5926-36.

Nargesi AA, Zhu XY, Hickson LJ, Conley SM, van Wijnen AJ, Lerman

LO, et al. Metabolic syndrome modulates protein import into the
mitochondria of porcine mesenchymal stem cells. Stem Cell Rev Rep.
2019;15(3):427-38.

. Farahani RA, Farah MC, Zhu XY, Tang H, Saadiq IM, Lerman LO, et al.

Metabolic syndrome impairs 3D mitochondrial structure, dynamics,

and function in swine mesenchymal stem cells. Stem Cell Rev Rep.
2020;16(5):933-45.

Zhu XY, Klomijit N, Conley SM, Ostlie MM, Jordan KL, Lerman A, et al.
Impaired immunomodulatory capacity in adipose tissue-derived mesen-
chymal stem/stromal cells isolated from obese patients. J Cell Mol Med.
2021,25(18):9051-9.

Conley SM, Hickson LJ, Kellogg TA, McKenzie T, Heimbach JK, Taner T, et al.
Human obesity induces dysfunction and early senescence in adipose
tissue-derived mesenchymal stromal/stem cells. Front Cell Dev Biol.
2020;8:197.

Eirin A, Ferguson CM, Zhu XY, Saadiq IM, Tang H, Lerman A, et al. Extracel-
lular vesicles released by adipose tissue-derived mesenchymal stromal/
stem cells from obese pigs fail to repair the injured kidney. Stem Cell Res.
2020;47:101877.

Meng Y, Eirin A, Zhu XY, Tang H, Hickson LJ, Lerman A, et al. Micro-RNAS
regulate metabolic syndrome-induced senescence in porcine adipose
tissue-derived mesenchymal stem cells through the P16/MAPK path-
way. Cell Transplant. 2018;27(10):1495-503.

Conley SM, Zhu XY, Eirin A, Tang H, Lerman A, van Wijnen AJ, et al.
Metabolic syndrome alters expression of insulin signaling-related
genes in swine mesenchymal stem cells. Gene. 2018;644:101-6.

Pawar AS, Eirin A, Tang H, Zhu XY, Lerman A, Lerman LO. Upregulated
tumor necrosis factor-alpha transcriptome and proteome in adipose
tissue-derived mesenchymal stem cells from pigs with metabolic
syndrome. Cytokine. 2020;130: 155080.

Pawar AS, Erin A, Krier JD, Woollard JR, Zhu XY, Lerman A, et al. Altera-
tions in genetic and protein content of swine adipose tissue-derived
mesenchymal stem cells in the metabolic syndrome. Stem Cell Res.
2019;37:101423.

Eirin A, Zhu XY, Woollard JR, Tang H, Dasari S, Lerman A, et al. Metabolic
syndrome interferes with packaging of proteins within porcine mesen-
chymal stem cell-derived extracellular vesicles. Stem Cell Transl Med.
2019;8(5):430-40.

Eirin A, Meng Y, Zhu XY, Li YX, Saadiq IM, Jordan KL, et al. The micro-
RNA cargo of extracellular vesicles released by human adipose tissue-
derived mesenchymal stem cells is modified by obesity. Front Cell Dev
Biol. 2021;9: 660851.

LiYX, Meng Y, Zhu XY, Saadiq IM, Jordan KL, Eirin A, et al. Metabolic
syndrome increases senescence-associated micro-RNAs in extracellular
vesicles derived from swine and human mesenchymal stem/stromal
cells. Cell Commun Signal. 2020;18(1):124.

Conley SM, Shook JE, Zhu XY, Eirin A, Jordan KL, Woollard JR,

et al. Metabolic syndrome induces release of smaller extracellular
vesicles from porcine mesenchymal stem cells. Cell Transplant.
2019;28(9-10):1271-8.

Klomjit N, Conley SM, Zhu XY, Sadiq IM, Libai Y, Krier JD, et al. Effects

of obesity on reparative function of human adipose tissue-derived
mesenchymal stem cells on ischemic murine kidneys. Int J Obes
(Lond);2022.

Kornicka K, Houston J, Marycz K. Dysfunction of mesenchymal stem cells
isolated from metabolic syndrome and type 2 diabetic patients as result
of oxidative stress and autophagy may limit their potential therapeutic
use. Stem Cell Rev Rep. 2018;14(3):337-45.

Yu S, Klomijit N, Jiang K, Zhu XY, Ferguson CM, Conley SM, et al. Human
obesity attenuates cardioprotection conferred by adipose tissue-derived
mesenchymal stem/stromal cells. J Cardiovasc Trans| Res. 2022.

Sui BD, Zheng CX, Li M, Jin Y, Hu CH. Epigenetic regulation of mesenchy-
mal stem cell homeostasis. Trends Cell Biol. 2020;30(2):97-116.



Glasstetter et al. Stem Cell Research & Therapy

27.

28.

29.

30.

31.

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

(2023) 14:143

Afarideh M, Thaler R, Khani F, Tang H, Jordan KL, Conley SM, et al. Global
epigenetic alterations of mesenchymal stem cells in obesity: the role of
vitamin C reprogramming. Epigenetics-Us. 2021;16(7):705-17.

Bachman M, Uribe-Lewis S, Yang XP, Williams M, Murrell A, Balasubra-
manian S. 5-Hydroxymethylcytosine is a predominantly stable DNA
modification. Nat Chem. 2014;6(12):1049-55.

Tahiliani M, Koh KP, Shen YH, Pastor WA, Bandukwala H, Brudno Y, et al.
Conversion of 5-methylcytosine to 5-hydroxymethylcytosine in mam-
malian DNA by MLL partner TET1. Science. 2009;324(5929):930-5.

Ito S, D'Alessio AC, Taranova OV, Hong K, Sowers LC, Zhang Y. Role of tet
proteins in 5mC to 5hmC conversion, ES-cell self-renewal and inner cell
mass specification. Nature. 2010;466(7310):1129-33.

Mitsuya K, Parker AN, Liu L, Ruan JH, Vissers MCM, Myatt L. Alterations in
the placental methylome with maternal obesity and evidence for meta-
bolic regulation. PLoS ONE. 2017;12(10): e0186115.

Lyall MJ, Thomson JP, Cartier J, Ottaviano R, Kendall TJ, Meehan RR,

et al. Non-alcoholic fatty liver disease (NAFLD) is associated with
dynamic changes in DNA hydroxymethylation. Epigenetics-Us.
2020;15(1-2):61-71.

Spallotta F, Cencioni C, Atlante S, Garella D, Cocco M, Mori M, et al. Stable
oxidative cytosine modifications accumulate in cardiac mesenchymal
cells from Type2 diabetes patients: rescue by alpha-Ketoglutarate and
TET-TDG functional reactivation. Circ Res. 2018;122(1):31-46.

Wu H, D'Alessio AC, Ito S, Wang ZB, Cui KR, Zhao KJ, et al. Genome-wide
analysis of 5-hydroxymethylcytosine distribution reveals its dual function
in transcriptional regulation in mouse embryonic stem cells. Gene Dev.
2011;25(7):679-84.

Cui XL, Nie J, Ku J, Dougherty U, West-Szymanski DC, Collin F, et al. A
human tissue map of 5-hydroxymethylcytosines exhibits tissue specificity
through gene and enhancer modulation. Nat Commun. 2020;11(1):6161.
Ficz G, Branco MR, Seisenberger S, Santos F, Krueger F, Hore TA, et al.
Dynamic regulation of 5-hydroxymethylcytosine in mouse ES cells and
during differentiation. Nature. 2011,473(7347):398-402.

Meehan RR, Thomson JP, Lentini A, Nestor CE, Pennings S. DNA methyla-
tion as a genomic marker of exposure to chemical and environmental
agents. Curr Opin Chem Biol. 2018;45:48-56.

Dong CR, Chen JM, Zheng JL, Liang YM, YuT, Liu YP, et al. 5-Hydroxy-
methylcytosine signatures in circulating cell-free DNA as diagnostic

and predictive biomarkers for coronary artery disease. Clin Epigenet.
2020;12(1):17.

Yang Y, Zeng C, Lu XY, Song YQ, Nie J, Ran RX, et al. 5-Hydroxymethylcy-
tosines in circulating cell-free DNA reveal vascular complications of type
2 diabetes. Clin Chem. 2019;65(11):1414-25.

Blaschke K, Ebata KT, Karimi MM, Zepeda-Martinez JA, Goyal P, Mahapatra
S, et al.Vitamin C induces Tet-dependent DNA demethylation and a
blastocyst-like state in ES cells. Nature. 2013;500(7461):222-6.

Pawar AS, Zhu XY, Eirin A, Tang H, Jordan KL, Woollard JR, et al. Adipose
tissue remodeling in a novel domestic porcine model of diet-induced
obesity. Obesity. 2015;23(2):399-407.

Isik B, Thaler R, Goksu BB, Conley SM, Al-Khafaji H, Mohan A, et al. Hypoxic
preconditioning induces epigenetic changes and modifies swine
mesenchymal stem cell angiogenesis and senescence in experimental
atherosclerotic renal artery stenosis. Stem Cell Res Ther. 2021;12(1):240.
Dominici M, Le Blanc K, Mueller |, Slaper-Cortenbach |, Marini FC, Krause
DS, et al. Minimal criteria for defining multipotent mesenchymal stromal
cells. The International Society for Cellular Therapy position statement.
Cytotherapy;2006;8(4):315-7.

Rajagopalan KS, Glasstetter LM, Zhu XY, Thaler R, Tang H, Jordan KL, et al.
Renal ischemia induces epigenetic changes in apoptotic, proteolytic,
and mitochondrial genes in swine scattered tubular-like cells. Cells.
2022;11(11).

Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat
Methods. 2012;9(4):357-9.

Feng JX, LiuT, Qin B, Zhang Y, Liu XS. Identifying ChIP-seq enrichment
using MACS. Nat Protoc. 2012;7(9):1728-40.

Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, et al. Simple
combinations of lineage-determining transcription factors prime cis-
regulatory elements required for macrophage and B cell identities. Mol
Cell. 2010;38(4):576-89.

Anders S, Pyl PT, Huber W. HTSeg-a Python framework to work with high-
throughput sequencing data. Bioinformatics. 2015;31(2):166-9.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Page 18 of 19

Thorvaldsdottir H, Robinson JT, Mesirov JP. Integrative genomics viewer
(IGV): high-performance genomics data visualization and exploration.
Brief Bioinform. 2013;14(2):178-92.

Eirin A, Riester SM, Zhu XY, Tang H, Evans JM, O'Brien D, et al. MicroRNA
and mRNA cargo of extracellular vesicles from porcine adipose tissue-
derived mesenchymal stem cells. Gene. 2014;551(1):55-64.

Kalari KR, Nair AA, Bhavsar JD, O'Brien DR, Davila JI, Bockol MA, et al.
MAP-RSeq: mayo analysis pipeline for RNA sequencing. BMC Bioinf.
2014;15:224.

Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package
for differential expression analysis of digital gene expression data. Bioin-
formatics. 2010;26(1):139-40.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,
et al. Gene set enrichment analysis: a knowledge-based approach for
interpreting genome-wide expression profiles. Proc Natl Acad Sci USA.
2005;102(43):15545-50.

Huang DW, Sherman BT, Lempicki RA. Systematic and integrative analysis
of large gene lists using DAVID bioinformatics resources. Nat Protoc.
2009;4(1):44-57.

Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, et al.
STRING v11: protein-protein association networks with increased cover-
age, supporting functional discovery in genome-wide experimental
datasets. Nucleic Acids Res. 2019;47(D1):D607-13.

Kucic T, Copland IB, Cuerquis J, Coutu DL, Chalifour LE, Gagnon RF, et al.
Mesenchymal stromal cells genetically engineered to overexpress IGF-|
enhance cell-based gene therapy of renal failure-induced anemia. Am J
Physiol Renal Physiol. 2008;295(2):F488-96.

Ecsedi S, Rodriguez-Aguilera JR, Hernandez-Vargas H. 5-Hydroxym-
ethylcytosine (5ShmC), or how to identify your favorite cell. Epigenomes.
2018;2(1):3.

Alicka M, Major P, Wysocki M, Marycz K. Adipose-derived mesenchymal
stem cells isolated from patients with type 2 diabetes show reduced
“stemness”through an altered secretome profile, impaired anti-oxidative
protection, and mitochondrial dynamics deterioration. J Clin Med.
2019;8(6):765.

Kornicka K, Szlapka-Kosarzewska J, Smieszek A, Marycz K. 5-Azacytydine
and resveratrol reverse senescence and ageing of adipose stem cells via
modulation of mitochondrial dynamics and autophagy. J Cell Mol Med.
2019;23(1):237-59.

Pang SHM, D'Rozario J, Mendonca S, Bhuvan T, Payne NL, Zheng D, et al.
Mesenchymal stromal cell apoptosis is required for their therapeutic
function. Nat Commun. 2021;12(1):6495.

Ji CC, Nagaoka K, Zou J, Casulli S, Lu SL, Cao KY, et al. Chronic ethanol-
mediated hepatocyte apoptosis links to decreased TETT and 5-hydroxy-
methylcytosine formation. Faseb J. 2019;33(2):1824-35.

Liu XX, Wang X, Liu N, Zhu K, Zhang S, Duan XR, et al. TET2 is involved in
DNA hydroxymethylation, cell proliferation and inflammatory response in
keratinocytes. Mol Med Rep. 2020;21(4):1941-9.

Tahish AM, Arif M, Song T, Elbeck Z, Becker RC, Knoll R, et al. Association
of intronic DNA methylation and hydroxymethylation alterations in the
epigenetic etiology of dilated cardiomyopathy. Am J Physiol-Heart C.
2019;317(1):H168-80.

Iwasawa R, Mahul-Mellier AL, Datler C, Pazarentzos E, Grimm S. Fis1 and
Bap31 bridge the mitochondria-ER interface to establish a platform for
apoptosis induction. Embo J. 2011;30(3):556-68.

Lee SH, Lee JH, Han YS, Ryu JM, Yoon YM, Han HJ. Hypoxia accelerates
vascular repair of endothelial colony-forming cells on ischemic injury via
STAT3-BCL3 axis. Stem Cell Res Ther. 2015;6(1):139.

Yamaguchi H, Wang HG. CHOP is involved in endoplasmic reticulum
stress-induced apoptosis by enhancing DR5 expression in human carci-
noma cells. J Biol Chem. 2004;279(44):45495-502.

Schneeberger PE, Kortum F, Korenke GC, Alawi M, Santer R, Woidy M,

et al. Biallelic MADD variants cause a phenotypic spectrum ranging from
developmental delay to a multisystem disorder. Brain. 2020;143:2437-53.
Acar MB, Ayaz-Guner S, Di Bernardo G, Guner H, Murat A, Peluso G, et al.
Obesity induced by high-fat diet is associated with critical changes in
biological and molecular functions of mesenchymal stromal cells present
in visceral adipose tissue. Aging-Us. 2020;12(24):24894-913.

Alessio N, Acar MB, Demirsoy IH, Squillaro T, Siniscalco D, Di Bernardo G,
et al. Obesity is associated with senescence of mesenchymal stromal cells



Glasstetter et al. Stem Cell Research & Therapy ~ (2023) 14:143 Page 19 of 19

derived from bone marrow, subcutaneous and visceral fat of young mice.
Aging-Us. 2020;12(13):12609-21.

70. Marycz K, Kornicka K, Basinska K, Czyrek A. Equine metabolic syndrome
affects viability, senescence, and stress factors of equine adipose-derived
mesenchymal stromal stem cells: new insight into EGASCs Isolated
from EMS horses in the context of their aging. Oxid Med Cell Longev.
2016;2016:4710326.

71. Zhu XD, Chen ZY, Shen WY, Huang G, Sedivy JM, Wang H, et al. Inflamma-
tion, epigenetics, and metabolism converge to cell senescence and age-
ing: the regulation and intervention. Signal Transduct Tar. 2021;6(1):245.

72. Cakouros D, Gronthos S. The changing epigenetic landscape of mesen-
chymal stem/stromal cells during aging. Bone. 2020;137: 115440.

73. Gorgoulis V, Adams PD, Alimonti A, Bennett DC, Bischof O, Bishop C, et al.
Cellular senescence: defining a path forward. Cell. 2019;179(4):813-27.

74. Palmer AK, Xu M, Zhu'Y, Pirtskhalava T, Weivoda MM, Hachfeld CM, et al.
Targeting senescent cells alleviates obesity-induced metabolic dysfunc-
tion. Aging Cell. 2019;18(3): €12950.

75. Torano EG, Bayon GF, del Real A, Sierra MI, Garcia MG, Carella A, et al. Age-
associated hydroxymethylation in human bone-marrow mesenchymal
stem cells. J Trans| Med. 2016;14(1):207.

76. Kornicka K, Marycz K, Maredziak M, Tomaszewski KA, Nicpon J. The effects
of the DNA methyltranfserases inhibitor 5-azacitidine on ageing, oxida-
tive stress and DNA methylation of adipose derived stem cells. J Cell Mol
Med. 2017;21(2):387-401.

77. Zhang DY, Chen YF, Xu XB, Xiang HY, Shi YZ, Gao Y, et al. Autophagy inhib-
its the mesenchymal stem cell aging induced by D-galactose through
ROS/INK/p38 signalling. Clin Exp Pharmacol P. 2020;47(3):466-77.

78. Freund A, Patil CK, Campisi J. p38MAPK is a novel DNA damage response-
independent regulator of the senescence-associated secretory pheno-
type. Embo J. 2011;30(8):1536-48.

79. ChengT. Cell cycle inhibitors in normal and tumor stem cells. Oncogene.
2004,23(43):7256-66.

80. Chen JK, Guo L, Zhang L, Wu HY, Yang JQ, Liu H, et al. Vitamin C modu-
lates TET1 function during somatic cell reprogramming. Nat Genet.
2013;45(12):1504-9.

81. Yuan YM, Liu CY, Chen XR, Sun YY, Xiong MR, Fan Y, et al. Vitamin C inhibits
the metabolic changes induced by tet1 insufficiency under high fat diet
stress. Mol Nutr Food Res. 2021;65(16): €2100417.

82. Zheng, Liu H, Kong Y. miR-188 promotes senescence of lineage-
negative bone marrow cells by targeting MAP3K3 expression. FEBS Lett.
2017;591(15):2290-8.

83. Yang Q, Zheng YL, Harris CC. POT1 and TRF2 cooperate to maintain
telomeric integrity. Mol Cell Biol. 2005;25(3):1070-80.

84. LiuR, Chen L, Wang Z, Zheng XW, Wang Y, Li H, et al. Downregulation of
the DNA 5-hydroxymethylcytosine is involved in mitochondrial dysfunc-
tion and neuronal impairment in high fat diet-induced diabetic mice.
Free Radical Bio Med. 2020;148:42-51.

85. Rohde K, Keller M, Stumvoll M, Dietrich A, Bluher M, Bottcher Y. DNA
5-hydroxymethylation in human adipose tissue differs between
subcutaneous and visceral adipose tissue depots. Epigenomics-Uk.
2015;7(6):911-20.

86. Choi MR, In YH, Park J, Park T, Jung KH, Chai JC, et al. Genome-scale DNA
methylation pattern profiling of human bone marrow mesenchymal
stem cells in long-term culture. Exp Mol Med. 2012;44(8):503-12.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub- Ready to submit your research? Choose BMC and benefit from:
lished maps and institutional affiliations.

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Obesity and dyslipidemia are associated with partially reversible modifications to DNA hydroxymethylation of apoptosis- and senescence-related genes in swine adipose-derived mesenchymal stemstromal cells
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Porcine model of experimental obesity
	Swine systemic measurements
	Human MSC studies
	MSC isolation, culture, and characterization
	hMeDIP-seq analysis
	mRNA sequencing (mRNA-seq) analysis
	Gene sets-based integrative analysis of gene expression and 5hmC profiles of swine MSCs
	hMeDIP-seq analysis of apoptosis- and senescence-related genes in swine MSCs
	Protein expression of candidate genes
	Fluorescence microscopy
	Cell proliferation studies
	Apoptosis assays
	Senescence assays
	Epigenetic reprogramming of Obese-MSCs
	Statistical analysis

	Results
	Swine systemic characteristics
	Obesitydyslipidemia alters the 5hmC profile of swine MSCs
	Integrative hMeDIP-mRNA-seq analysis
	Changes in 5hmC levels in apoptosis-, proliferation-, and senescence-related genes
	Obesity increases senescence in swine MSCs
	Epigenetic reprogramming partly reverses obesity-induced 5hmC marks in swine Obese-MSCs
	Obesitydyslipidemia alters 5hmC levels of apoptosis- and senescence-associated genes in human MSCs

	Discussion
	Conclusion
	Anchor 34
	Acknowledgements
	References


