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Abstract

Mesenchymal stromal cells (MSCs) possess therapeutic properties, which can be blunted by obesity. Autophagy, a cellular
recycling process, is essential for MSC function. We investigated the mechanisms by which obesity affects the properties
of MSCs, with a focus on autophagy. Adipose tissue was obtained from kidney donors [body mass index (BMI) <30 kg/
m?, non-obese] or individuals undergoing weight loss surgery (BMI =30 kg/m?, obese) for MSC harvesting (n = || each);
samples were randomized to sequencing (seq; n = 5 each) or functional studies (n = 6 each). MSCs were sequenced
to determine their epigenetic (5-hydroxymethylcytosine) and transcriptomic profiles across autophagy-related genes using
hydroxymethylated DNA immunoprecipitation sequencing and mRNA-seq, respectively. Genes with shared trends in both
datasets underwent Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR) validation. During functional
studies, 2-h starvation was used to induce autophagy in vitro, enabling detection of changes in the protein expression of
microtubule-associated protein | A/1B-light chain-3 and in autophagic flux. Obesity amplified a starvation-induced reduction
in autophagic flux in MSCs while promoting earlier generation of new autophagosomes during autophagy initiation. Integrated
analysis of the two sequencing datasets revealed 124 differentially hydroxymethylated genes and 30 differentially expressed
mRNAs. Among six overlapping autophagy-related genes, three exhibited same-direction trends. Of these, STXI2 and
SLC25A4 may be implicated in the impact of obesity on autophagic changes in MSCs. Therefore, human obesity may alter
autophagy in adipose tissue—derived MSC, and thereby their metabolism and function.
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Mesenchymal stromal cell (MSC) transplantation confers
therapeutic benefits across a spectrum of maladies, ameliorat-
ing tissue damage and facilitating functional convalescence®*.
With the advent of minimally invasive methodologies, adi-
pose tissue has emerged as a preferential source for MSC

Introduction

Autophagy constitutes the principal cellular mechanism for
the degradation and retrieval of intracellular proteins and
organelles across diverse physiological and pathological
contexts', with macroautophagy being the most commonly
studied form. In the classical manifestation of macroautoph-
agy, cytoplasmic constituents are encased within bi-layered 'Division of Nephrology and Hypertension, Mayo Clinic, Rochester, MN,
vesicles denominated as autophagosomes. Autophagosomes USA
emanate from the membranes of the endoplasmic reticulum, ~  Department of Urology, Zhongda Hospital, Southeast University,
Golgi apparatus, or mitochondria in an intricate, multi-phase 2\' anjing, China . . o

! > . . . Department of Cardiology, Yueyang Hospital of Integrated Traditional
progression encompassing the nucleation of vesicles or Chinese and Western Medicine, Shanghai University of Traditional
phagophores followed by their extension and ultimate enclo- Chinese Medicine, Shanghai, China
sure. After autophagosome formation, their outer membrane
undergoes fusion with the lysosomal membrane, culminating
in the generation of autolysosomes wherein the cargo under-
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goes digestion and repurposing®. This cellular response to
stresses, including ischemia and nutrient abundance, results
in elimination of redundant elements.
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therapy. Nonetheless, the variation in functionality of MSCs
sourced from adipose tissue (AT-MSCs) among disparate
donors poses a formidable impediment to clinical translation.
Previous research has posited that obesity precipitates a
decline in the functional attributes of AT-MSCs, epitomized
by perturbed differentiation proclivities, mitochondrial dys-
function, compromised immunomodulatory capacity, attenu-
ated angiogenesis, and augmented predisposition toward
senescence, among other manifestations>®.

A mounting body of empirical evidence intimates a conceiv-
able nexus between autophagy and the comportment of MSCs,
exerting a dualistic influence. The modulation of autophagy
within MSCs may impact their operative capacity®!!, while
MSCs may, in turn, orchestrate autophagic processes within
immune cells and other cellular constituents instrumental to
pathogenic etiologies'>'*. Each of these mechanisms exerts a
cumulative sway upon the therapeutic attributes of MSCs.
Autophagy prominently regulates MSC metabolism, espe-
cially the early responses of undifferentiated MSCs to altered
metabolic demands'>'7. Unlike other cells, MSCs are in a
state of autophagic stagnation, with a high accumulation of
autophagosomes and readiness for rapid autophagic degra-
dation'8, making the initiation of autophagy unique in these
cells. We have previously found a lower rate of early autoph-
agy in kidney cells obtained from obese pigs'®. However, the
impact of donor obesity on the potency of autophagy in human
AT-MSCs remains unclear.

Our study is underpinned by the hypothesis that dispari-
ties subsist in the realm of autophagy between “obese” and
“lean” MSCs. We explored the differences between MSCs
derived from obese and lean patients in terms of autophagy-
related gene activation and expression and autophagic behav-
ior at the beginning of autophagy. Comparing epigenetic
markers, such as 5-hydroxymethylcytosine (ShmC), and
mRNA-sequencing (mRNA-seq) in these cell populations
has highlighted a constellation of differentially expressed
genes (DEGs) associated with autophagy, heralding subse-
quent in-depth mechanistic studies.

Materials and Methods

The human study received approval from the Mayo Clinic
Institutional Review Board.

Participant Recruitment

We obtained informed consent and recruited 22 obese and
non-obese (lean) patients aged 18-80 years as MSC donors.
Obesity was defined as a body mass index (BMI) =30 kg/m?
and non-obesity (“lean”) as BMI <30 kg/m?. We harvested
primary AT-MSCs from 22 patients (11 obese individuals
undergoing weight-loss surgery and 11 non-obese kidney
donors) for autophagy assessment (Table 1). Due to the lim-
ited tissue availability, samples were randomized to sequenc-
ing (n = 5 each) or functional studies (n = 6 each). All

patients were seen at the Mayo Clinic (Rochester, MN, USA)
between February 2018 and January 2023. Exclusion criteria
included pregnancy, chronic inflammatory diseases (eg, rheu-
matoid arthritis), active malignancies, recent stroke or myo-
cardial infarction, solid organ transplant recipients, and
immunosuppressive or anticoagulation therapy. Patient
demographics were collected from medical records. The esti-
mated glomerular filtration rate was calculated by the Chronic
Kidney Disease Epidemiology Collaboration(CKD-EPI)
equation. To assess insulin resistance, the triglyceride-glu-
cose (TyG) index was calculated as Ln[triglycerides (mg/dl)
X glucose (mg/dl)/2]%.

MSC Harvesting, Cultivation, and
Characterization

Subcutaneous abdominal adipose tissue samples (0.5-2.0 g)
were collected during gastric bypass surgery (patients with
obesity) or donor kidney removal (non-obese patients) and
prepared according to standard protocols?'. Briefly, tissue was
minced and digested with adipose tissue dissociation enzyme
kit (Cat No130-105-808, Miltenyi Biotec, Bergisch Gladbach,
Germany) on a gentleMACS™ Octo Dissociator (Miltenyi
Biotec, Bergisch Gladbach, Germany). Serum-containing cul-
ture medium was added to the suspension, followed by filtra-
tion through a 100-um cell filter. Cells were centrifuged,
pellets resuspended in advanced Minimum Essential Medium
(MEM) media supplemented with 5% platelet lysate, then
incubated at 37°C. MSCs were expanded and cultured for
three generations for experiments. Our previous studies’?!?2
have demonstrated that our laboratory protocol yields human
AT-MSCs that align with the minimum standards set by the
International Society for Cellular Therapy?®.

Autophagy Detection

Autophagy was induced in MSCs obtained from lean and obese
donors (n = 6 each) by a 2-h starvation using Hank’s balanced
salt solution. Subgroups of autophagy or controls were also
treated with chloroquine, a prototypical lysosome inhibitor
used to test autophagy flux?* (50 uM for 2 h). Subsequently,
cells were collected for Western blotting, and both autophagy
flux and LC3-1I/LC3-I ratio were used to evaluate autophagy.
The autophagic flux was calculated as LC3-II levels (with
inhibitors) minus LC3-II levels (without inhibitors)**2°. In
addition, since LC3-I converts to LC3-II during the formation
of autophagosomes, the ratio of LC3-II/LC3-1 is positively cor-
related with the number of autophagosomes and was, therefore,
also used in this study for this purpose.

Western Blotting

Protein extracts from lean and obese MSCs were used for
standard protein immunoblotting using specific antibodies
that cross-reacted with human cells. Cell lysates were diluted,
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Table I. Patient Demographics [Mean = SD, Median (IQR)].

Characteristics Lean Obese P-value
N I I

BMI, kg/m? 25.99 = 2.00 47.69 = 7.47 <0.001
Weight, kg 78.13 £ 10.57 119.29 = 28.98 0.009
Gender, n (%) 0.20
Female 4 (18.2%) 8 (36.4%)

Male 7 (31.8%) 3 (13.6%)

Age, years 50.82 £ 12.12 51.73 = 10.38 0.85
Systolic BP, mm/Hg 115 + 9.86 130.71 = 8.24 0.004
Diastolic BP, mm/Hg 71.56 = 9.15 77.86 = 12.89 0.27
MAP, mm/Hg 89.28 * 6.86 9792 = 11.43 0.17
Serum creatinine, mg/dl 0.96 = 0.20 0.76 = 0.17 0.07
Estimated GFR (eGFR) 81.78 = 12.99 85 + 5.62 0.52
Serum albumin, g/dI 449 = 0.22 4.18 = 041 0.12
Serum glucose, mg/dl 9391 £ 11.40 110.4 = 10.73 0.003
Serum triglyceride, mg/dI 98 (66.5, 156) 114 (87.5, 138) 0.95
Triglyceride glucose index 8.57 = 0.66 8.70 = 0.38 0.57

BMI: body mass index; BP: blood pressure; MAP: mean arterial pressure; GFR: glomerular filtration rate.

sonicated, heated, and loaded onto gels (4—15% Tris-HCI 1.0
mm) for detection of LC3 (Cell Signaling, Danvers, MA,
USA, Cat No 4108S) and GAPDH (Abcam, Waltham, MA,
USA, Cat No ab8245). Protein concentrations were mea-
sured using a Bicinchoninic Acid (BCA) assay. Lean and
obese MSC samples were run on the same membrane,
exposed together, and band intensities were read using
ImagelJ software (National Institutes of Health).

Quantitative Reverse-Transcription
Polymerase Chain Reaction

Total RNA was isolated from human MSCs (Cat No AM1556,
Life Technologies Carlsbad, CA, USA), and the SuperScript
VILO cDNA synthesis kit (Cat No 11754-050) was applied to
get cDNA. The probes used (all from Thermo Fisher
Scientific, Waltham, MA, USA) were FLCN (Hs00376065),
STX12 (Hs00295291), SLC25A4 (Hs00154037), and
GAPDH (Hs02786624). To assess the effects of autophagy on
MSC integrity and functionality, the expression of the senes-
cence genes pl6 (Hs00923894), p21 (Hs00355782), and p53
(Hs01034249) was measured as well. The relative mRNA
expression levels were calculated using the 2—AACT method
after normalization with GAPDH.

Hydroxymethylated DNA
Immunoprecipitation Sequencing

Analysis

For hydroxymethylated DNA immunoprecipitation sequenc-
ing (hMeDIP-seq), DNA was extracted from additional sam-

ples of lean and obese human MSCs (n = 5/group) using the
DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany, Cat

No 69504) with RNase treatment, as previously described?’2%.
The genomic DNA (100 uL) was subjected to sonication, and
the size distribution of the fragmented DNA was determined
using the Fragment Analyzer (Advanced Analytical
Technologies, Ankeny, 1A, USA) and the High-Sensitivity
NGS Fragment Analysis Kit (Cat No DNF-486). Denaturation
of DNA fragments with an average size of 200 bp was fol-
lowed by immunoprecipitation with 1 pug of ShmC antibody
(equivalent to Millipore-Sigma, Burlington, MA, USA, Cat
No MABE1093) from hybridoma clone EDL HMC 1A in 1X
DNA immunoprecipitation buffer. Dynabeads Protein-G
(Thermo Fisher, Waltham, MA, USA, Cat No 10003D) were
added to the DNA/antibody mixture, which was incubated
overnight. The captured bead-antibody-DNA complexes
were thoroughly washed, enriched DNA fragments were
eluted, purified, and quantified using the Qubit ssDNA High-
Sensitivity Assay Kit (Thermo Fisher, Waltham, MA, USA,
Cat No Q10212). DNA libraries were prepared from both
input and enriched DNA using the Accel-NGS® 1S Plus
DNA Library Prep Kit (Swift Biosciences, Ann Arbor, MI,
USA, Cat No 10024), and subjected to paired-end sequencing
of 51 bp on the Illumina HiSeq 4000 instrument.

Bioinformatic analysis of hMeDIP-seq data from human
MSC samples was performed as described?®. Briefly, paired-
end sequencing FASTQ files were aligned to the reference
genome (hg38) using Bowtie-2 (v2.3.3.1). Duplicate reads
were removed using MarkDuplicates (PICARD v1.67), and
hMeDIP-seq peaks were called using MACS2. Differential
binding analysis of the hMeDIP-seq peaks was conducted
using the DiffBind package (v2.14.0). The Homer peak
annotation tool (v4.10) and the BioMart database were
employed in a consensus approach to assign differential
peaks to genomic regions.
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mRNA-seq Analysis

mRNA-seq analysis was conducted on samples of obese and
lean MSCs (n = 5/group) at the Mayo Clinic Genomic
Analysis Core Facility and Bioinformatics Core Facility, as
described?®. Libraries were prepared using the TruSeq RNA
Sample Preparation Kit v2 (Illumina, San Diego, CA, USA).
mRNA-seq data were analyzed using the MAPRSeq work-
flow and standard tools from the Bioinformatics Core
Facility. Differential expression analysis was performed
(edgeR v3.20.1), with expression values normalized as
counts per million mapped reads.

Integrated Analysis of MSC Gene
Expression and 5hmC Profiles

To investigate the impact of DNA hydroxymethylation on
the biological and cellular processes occurring in obese and
lean MSCs, we analyzed mRNA-seq and ShmC profiles
using R-language (R v4.2.2). First, we compiled a reference
list of autophagy-related genes (Supplemental Table 1) by
integrating information from the AmiGO2 and MGI data-
bases. For the ShmC profiles, we applied a filtering criterion
of fold-change (FC) >1.4 or FC <0.7 and P < 0.05 to iden-
tify autophagy-related differentially activated or deactivated
genes, respectively. We visualized these genes using volcano
plots and heatmaps and generated a pie chart of peak annota-
tions. For mRNA-seq, we used similar methods to identify
autophagy-related DEGs and then created volcano plots
based on these criteria, as well as heatmaps. Finally, we used
Venn diagram analysis to identify overlapping dysregulated
genes between the ShmC and mRNA-seq datasets.

Statistical Analysis

Statistical analysis was conducted using R-language and sta-
tistical packages. Levene’s test was used to assess variance
homogeneity, the Shapiro—Wilk normality test for normality,
and Kruskal-Wallis Test and One-way analysis of variance
(ANOVA) or Welch one-way ANOVA for group differences.
We considered P = 0.05 as statistically significant.

Results

Patients in the obese group had higher BMI, systolic blood
pressure, and serum glucose versus patients in the non-obese
group (Table 1), although their TyG index was not different,
arguing against development of insulin resistance.

Obese MSCs Show a Greater
Starvation-Induced Decrease in
Autophagic Flux

At baseline, LC3-1 and LC3-II expression was similar
between obese and lean MSCs (Fig. 1A, E). Treatment with

the autophagy inhibitor chloroquine increased the expres-
sion of LC3-II similarly in both groups (Fig. 1A,
Supplemental Fig. 1A). Two hours of starvation induced a
decrease in LC3-II autophagic flux (Fig. 1B), which was
significantly greater in obese compared to lean MSCs (Fig.
1C). Under the premise of autophagic stagnation, as LC3-11
is only present on the autophagosome membrane?, we
used the expression level of LC3-II normalized to GAPDH
to represent the accumulation of autophagosomes. In the
context of this autophagic stalling and the same initial
accumulation of autophagosomes (Fig. 1E), the greater
starvation-induced reduction in autophagic flux suggests
that obesity prompts MSCs to degrade a larger pool of
accumulated autophagosomes. Interestingly, during starva-
tion, obese but not lean MSCs manifested a significant
increase in the LC3-II/LC3-I ratio (Fig. 1D). Since the for-
mation of autophagosomes involves a fall in LC3-I due to
its conversion to LC3-1II (ie, increased LC3-II/LC3-I), this
may imply that obesity induces the generation of new
autophagic vesicles in MSCs.

Obesity Alters Peaks of
Hydroxymethylation on Autophagy-
Related Genes

We identified 124 differentially hydroxymethylated, autoph-
agy-related genes in obese versus lean MSCs, which are pre-
sented in a volcano plot (Fig. 2A) and heatmap (Fig. 2B).
Analysis of the peak locations indicated a concentration in
exonic and intronic regions (Fig. 2C). Given the role of
S5hmC in gene regulation, the impact of obesity on ShmC
within these regions suggests a potential mechanism for
altering the expression of functional genes.

Epigenetic Changes Partially Overlap
With Differential mRNA Expression

Volcano plots (Fig. 3A) and heatmaps (Fig. 3B) represent 30
autophagy-related DEGs in obese versus lean MSCs.
Comparison of the mRNA and ShmC differential gene pro-
files revealed six overlapping genes (Fig. 3C). Of these, two
genes—Syntaxin-12 (STX12) and Solute Carrier Family-25
Member-4 (SLC25A4)—were both upregulated and acti-
vated, whereas Folliculin (FLCN) was both downregulated
and deactivated. Notably, as ShmC facilitates active gene
expression®®, the expression patterns of these three DEGs
were highly likely influenced by their directionally consis-
tent ShmC modifications.

Confirmation of Differential mMRNA
Expression in Obese MSCs

qPCR analysis of mRNA expression levels of STX12,
SLC25A4, and FLCN in obese versus lean MSCs showed a
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Figure I. Autophagic flux in human AT-MSCs. (A) Expression levels of LC3-I and LC3-Il in lean and obese MSCs (n = 6 each) with

or without chloroquine and starvation. MSCs cultured in MSC media were starved using Hanks’ balanced salt solution for 2 h with or
without the degradation inhibitor chloroquine (50 uM). (B) Autophagic flux (the difference between LC3-Il expression measured with

and without chloroquine) decreased in both lean- and obese-starved MSCs. (C) However, the degree of change in autophagic flux was
significantly greater in obese compared to lean MSCs. (D) Based on the LC3-II/LC3-I ratio, autophagosomes increased only in obese MSCs.
Taken together, compared to lean MSCs, obese MSCs show greater lysosomal autophagosome degradation. (E) Basal LC3-Il expression
normalized to GAPDH indicated no significant differences in the cumulative autophagic vesicle quantity between lean and obese MSCs.
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Figure 2. Epigenetic sequencing analysis of lean and obese human MSCs. A volcano plot (A) and a heatmap (B) of hMeDIP-seq results
identified 124 differential peaks of 5hmC (74 hypo-hydroxymethylated and 50 hyper-hydroxymethylated) in autophagy-related genes
between obese versus lean MSCs. A peak annotations chart (C) showed them to be primarily assigned to introns and exons.

significant increase in the expression of STX12 (Fig. 4B)
and SLC25A4 (Fig. 4C), consistent with the sequencing
data. However, in contrast to the sequencing results, PCR
detected no change in FLCN expression (Fig. 4A).

In addition, PCR showed that obesity upregulated the
expression of senescence-associated genes p21, p16, and p53
in MSCs (Supplemental Fig. 2).

Discussion

This study shows that adipose tissue—derived human MSCs
exposed to obesity show a greater starvation-induced
decrease in autophagic flux, in association with generation of
new autophagic vesicles. The change in autophagic flux was
accompanied by dysregulation of autophagy-related genes,
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Figure 3. mRNA-sequencing analysis of lean and obese human MSCs. A volcano plot (A) and a heatmap (B) of mRNA-seq results
identified 30 significantly different autophagy-related genes (I | downregulated and 19 upregulated) between obese versus lean MSCs.
(C) A Venn diagram revealed six overlapping genes with simultaneous differences at the level of 5hmC and mRNA, of which two are
both activated and upregulated (STX12 and SLC25A4, red) and one both deactivated and downregulated (FLCN, blue).

particularly activation and upregulation of STX12 and serve as a potential therapeutic strategy to restore MSC func-
SLC25A4, along with deactivation of FLCN. These altera-  tion under obese conditions.

tions contribute to impaired autophagy, which was associ- Autophagy is a cellular recycling mechanism that helps
ated with increased MSC senescence and might disrupt MSC  cells adapt to various stress conditions. However, its precise
function in obesity. Therefore, targeting autophagy could  role in stem cell biology, particularly in MSCs, remains
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poorly understood. Evidence suggests that autophagy sup- The unique characteristics of autophagy in undifferentiated
ports stem cells by providing energy and essential precursors, MSCs include a considerable accumulation of autophago-
especially under conditions of increased metabolic demand, somes, required for cell survival and differentiation, with lit-

15-17

such as differentiation, reprogramming, or starvation tle autophagic turnover, remaining in a blocked state'®. In the
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early stages of differentiation, these cells avoid immediate
autophagic vesicle cycling, potentially enhancing the effi-
ciency of ultimate autophagic vesicle utilization.

LC3 is a soluble protein prevalent in mammalian cells.
During autophagy, autophagosomes engulf cellular compo-
nents, including cytoplasmic proteins and organelles.
Cytoplasmic LC3 (LC3-I) then forms an LC3-
phosphatidylethanolamine conjugate (LC3-II), which is
recruited to the autophagosomal membrane. Autophagosomes
fuse with lysosomes to generate autolysosomes, where the
contents are degraded by lysosomal hydrolases. LC3-1II deg-
radation within the autolysosome reflects autophagic activ-
ity, such as that induced by starvation. Given its pivotal role,
LC3 is often monitored as a readout of autophagy and related
processes®. In this study, we assessed changes in autophagy
before and after starvation using autophagic flux, and evalu-
ated changes in autophagosomes under these conditions
through the ratio of LC3-II/LC3-1.

We observed that starvation induced autophagy in undif-
ferentiated MSCs, resulting in decreased autophagic flux, and
that obesity magnified the extent of this autophagy flux
reduction. Considering the autophagic arrest that character-
izes undifferentiated MSCs, it is conceivable that during the
initiation phase of autophagy, only accumulated autophago-
somes are degraded, while new autophagosomes have not yet
been generated. After a 2-h starvation, obesity augmented the
fall in autophagic flux, without affecting the initial accumula-
tion of autophagosomes (Fig. 1E). Thus, obesity causes MSCs
to degrade more accumulated autophagosomes in the begin-
ning of autophagy. Furthermore, the LC3-II/LC3-I ratio
revealed that obesity induces MSCs to generate new autopha-
gosomes earlier, supporting the notion that obesity increases
autophagosome consumption during MSC autophagy.

Autophagy plays a critical role in MSC differentiation, with
accelerated autophagosome depletion inhibiting osteogenic dif-
ferentiation during its early stages'®. Similarly, obesity-induced
rapid autophagosome consumption may impair the differentia-
tion capacity of MSCs. Previous studies demonstrated that obe-
sity induces mitochondrial dysfunction and increases oxidative
stress in AT-MSCs?, which, in turn, enhances autophagy to hin-
der MSC vitality®!. This not only explains the increased con-
sumption of autophagic vesicles in the beginning of autophagy
in obesity but also provides a novel perspective on the func-
tional decline of MSCs induced by obesity. For example, accel-
erated autophagy can both induce and maintain MSC
senescence™?, which is associated with premature autophago-
some depletion and functional aging. Therefore, the accelerated
consumption of autophagosomes caused by obesity may repre-
sent both a driver and a manifestation of MSC senescence.
Congruently, we observed that obesity upregulated the expres-
sion of senescence-associated genes in MSCs (Supplemental
Fig. 2), consistent with MSC dysfunction.

Nevertheless, autophagy acts as a double-edged sword,
with its effects depending on the nature, severity, and
duration of the given stress*. Under some circumstances

activating autophagy can alleviate MSC aging>*3. Caloric
restriction reduces aging in AT-MSCs?*®, and can extend the
lifespan and enhance the vitality of obese MSCs*’. Possibly,
enhanced starvation-induced autophagy in obese cells may
also attenuate MSC senescence. The beneficial effects of
caloric restriction are not necessarily limited to obese indi-
viduals®, although autophagic activation was not observed
in non-obese MSCs in our experiments. Therefore, further
research is needed to determine the impact of starvation-
induced autophagy on obese MSC function.

5hmC is a robust epigenetic driver which is sensitive to
metabolic disturbances and capable of regulating chromatin
structural remodeling to facilitate active gene expression
while potentially altering cellular functions®°. Evaluating the
effects of obesity on ShmC in autophagy-related genes of
MSCs, we identified a total of 124 differential peaks, mainly
distributed in gene introns and exons. Exons encode mRNA
sequences, but introns also influence gene expression and in
eukaryotic cells can increase transcription levels by affecting
transcription rate, nuclear export, transcript stability, and
mRNA translation efficiency®. This distribution within
genes thus makes it highly likely for these differential ShmC
modifications to influence gene expression. In our previous
studies, treatment of porcine obese MSCs with the epigenetic
modulator vitamin-C partially reversed obesity-induced
5hmC marks on senescence-associated genes?’. Possibly, a
similar approach may also modulate activation of autoph-
agy-related genes, and in turn MSC function. Because the
senescent state of MSCs partly relies on autophagy*?, regu-
lating autophagy in obese MSCs may alleviate their senes-
cence, thereby improving their functionality.

Comparison of the mRNA expression of autophagy-
related genes in obese versus non-obese MSCs revealed 30
DEGs. Cross-referencing these DEGs with the ShmC dataset
revealed six overlapping genes. Among these, three exhib-
ited same-direction changes: STX12 and SLC25A4 were
activated whereas FLCN was suppressed. This dual expres-
sion and activation regulation ascribes a prominent role for
these genes in the effect of obesity on MSCs.

STX12 is a member of the SNARE family located in
endosomes or autophagosomes. SNARE proteins are essen-
tial for membrane fusion events in the autophagy pathway,
and STX12 has been identified to be closely associated with
vesicle fusion at endosomes*’ and involved in autophago-
some assembly*!. Inhibition of STX12 promotes LC3-II
accumulation, thereby suppressing autophagic flux*?
whereas activating autophagy upregulates STX12 expres-
sion®. In this study, obesity upregulated mRNA expression
and associated ShmC levels of STX12 in MSCs, potentially
increasing or safeguarding the rate of autophagic vesicle
degradation and autophagosome formation*’. This may sug-
gest that obesity prompts MSCs to degrade more autophagic
vesicles through enhanced autophagy.

SLC25A4, amember of the solute carrier protein gene mito-
chondrial carrier subfamily, encodes ANT-1, a mitochondrial
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inner membrane protein that transports adenosine diphosphate
(ADP) from the cytoplasm to the mitochondrial matrix, and
adenosine triphosphate (ATP) in the opposite direction. We
previously reported this finding, and the activation and upregu-
lation of this gene induced by obesity may alter ATP/ADP
exchange across the mitochondrial inner membrane, thereby
affecting autophagy in MSCs?,

FLCN is a poorly characterized tumor suppressor protein
that interacts with GABA(A) receptor-associated protein,
regulated by the autophagy kinase ULK1. FLCN deficiency
may reduce autophagic flux*. However, in this study,
sequencing indicated a reduction in FLCN mRNA and ShmC
levels in obese MSCs, but a change in its expression was not
confirmed by PCR analysis, possibly due to limited sample
size. Evidently, changes in FLCN expression are less consis-
tent or central to the impact of obesity on autophagy in
AT-MSCs than changes in STX12 and SLC25A4. Thus, fur-
ther research is needed to clarify the impact of FLCN on
autophagy in the context of obesity.

This study has limitations, including a limited sample size
of primary human samples and potential influences of patient
demographics. The use of third-passage MSCs avoids cell
aging but risks losing some characteristics during cultiva-
tion*. Furthermore, due to the limited availability of primary
cells, different samples were used for the analysis of func-
tional autophagy and gene sequencing. This may have led to
some inconsistent results but could also have avoided some
inter-individual variability. Finally, because insulin levels
were unavailable, we indirectly assessed donor insulin resis-
tance using the TyG index?°, which was not significantly dif-
ferent between the obese and non-obese donor groups.

In conclusion, this study reveals that obesity dysregulates
the initial stage of autophagy in MSCs, characterized by ear-
lier generation of new autophagic vesicles, greater reduction
in autophagic flux, and increased degradation of accumu-
lated autophagic vesicles. Conceivably, a decreased utiliza-
tion efficiency of autophagosomes may be related to the
impaired function of MSCs. Our sequencing analysis identi-
fied ShmC sites in STX12 and SLC25A4 as potential regula-
tors of autophagic behavior in MSCs. Based on the current
understanding of gene function, STX12 and SLC25A4 might
constitute potential targets to normalize the autophagic pro-
cess affected by obesity, warranting additional research.
Future studies are needed to determine the feasibility of
modulating autophagy to improve additional aspects of MSC
function in obesity besides cellular senescence.

Author Contributions

Li Xing: Conception, Data curation, Formal analysis, Investigation,
Methodology, Resources, Software, Validation, Visualization,
Writing—original draft, Writing—review & editing.

Ronscardy Mondesir: Data curation, Formal analysis, Investigation,
Methodology, Software, Validation, Visualization.

Logan M. Glasstetter: Data curation, Formal analysis, Investigation,
Methodology, Software, Validation, Visualization.

Xiang-Yang Zhu: Data curation, Investigation, Methodology,
Software, Validation, Visualization, Writing—review & editing.
Bo Lu: Data curation, Formal analysis, Investigation, Methodology,
Writing—review & editing.

Mina Al Sacedi: Data curation, Resources, Investigation,
Methodology, Software, Visualization, Writing—review & editing.
Gurparneet Kaur Sohi: Data curation, Formal analysis, Investigation.
Alfonso Eirin: Conception, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Software, Supervision, Writing—review & editing.
Lilach O. Lerman: Conception, Funding acquisition, Investigation,
Methodology, Project administration, Resources, Supervision,
Writing—review & editing. All authors read and approved the final
manuscript.

Ethics Approval

Title of the approved study: “Mesenchymal Stem Cell Senescence
in Obesity.”

Name of the approving ethics committee: Mayo Clinic Institutional
Review Board.

Ethics approval reference number: 18-005076. Date approved:
August 15, 2018.

Statement of Human and Animal Rights

This article does not contain any studies with human or animal
subjects.

Statement of Informed Consent

There are no human subjects in this article and informed consent is
not applicable.

Data Availability Statement

The data that support the findings of this study are available from
the corresponding author upon reasonable request.

Declaration of Conflicting Interests

The author(s) declared the following potential conflicts of interest
with respect to the research, authorship, and/or publication of this
article: Dr Lerman is an advisor to CureSpec, Cellergy, and Ribocure.
The authors confirm that there are no conflicts of interest.

Funding

The author(s) disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article: This
study was partly supported by NIH grant numbers: DK120292,
DK 122734, HL158691, and AG062104.

ORCID iD

Lilach O. Lerman https://orcid.org/0000-0002-3271-3887

Supplemental Material

Supplemental material for this article is available online.


https://orcid.org/0000-0002-3271-3887

Xing et al

Reference

1.

10.

11.

12.

13.

14.

15.

Wirawan E, Vanden Berghe T, Lippens S, Agostinis P,
Vandenabeele P. Autophagy: for better or for worse. Cell Res.
2012;22(1):43-61.

. Mizushima N, Komatsu M. Autophagy: renovation of cells

and tissues. Cell. 2011;147(4):728-41.

. Packham DK, Fraser IR, Kerr PG, Segal KR. Allogeneic

mesenchymal precursor cells (MPC) in diabetic nephropa-
thy: a randomized, placebo-controlled, dose escalation study.
EBioMedicine. 2016;12:263-69.

. Saad A, Dietz AB, Herrmann SMS, Hickson LJ, Glockner

JF, McKusick MA, Misra S, Bjarnason H, Armstrong AS,
Gastineau DA, Lerman LO, et al. Autologous mesenchymal
stem cells increase cortical perfusion in renovascular disease. J
Am Soc Nephrol. 2017;28(9):2777-85.

. Meng Y, Eirin A, Zhu XY, Tang H, Chanana P, Lerman A, van

Wijnen AJ, Lerman LO. Obesity-induced mitochondrial dys-
function in porcine adipose tissue-derived mesenchymal stem
cells. J Cell Physiol. 2018;233(8):5926-36.

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

LO, Eirin A. 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, Klomjit N, Conley SM, Ostlie MM, Jordan KL,

Lerman A, Lerman LO. Impaired immunomodulatory
capacity in adipose tissue-derived mesenchymal stem/stro-
mal cells isolated from obese patients. J Cell Mol Med.
2021;25(18):9051-59.

. Eirin A, Ferguson CM, Zhu XY, Saadiq IM, Tang H, Lerman A,

Lerman LO. Extracellular 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.

. Li B, Duan P, Li C, Jing Y, Han X, Yan W, Xing Y. Role

of autophagy on bone marrow mesenchymal stem-cell pro-
liferation and differentiation into neurons. Mol Med Rep.
2016;13(2):1413-19.

Park S, Choi Y, Jung N, Kim J, Oh S, Yu 'Y, Ahn JH, Jo I, Choi
BO, Jung SC. Autophagy induction in the skeletal myogenic
differentiation of human tonsil-derived mesenchymal stem
cells. Int J Mol Med. 2017;39(4):831-40.

Forni MF, Peloggia J, Trudeau K, Shirihai O, Kowaltowski
AJ. Murine mesenchymal stem cell commitment to differen-
tiation is regulated by mitochondrial dynamics. Stem Cells.
2016;34(3):743-55.

Dang S, Xu H, Xu C, Cai W, Li Q, Cheng Y, Jin M, Wang RX,
Peng Y, Zhang Y, Wu C, et al. Autophagy regulates the thera-
peutic potential of mesenchymal stem cells in experimental auto-
immune encephalomyelitis. Autophagy. 2014;10(7):1301-15.
An Y, Liu WJ, Xue P, Ma Y, Zhang LQ, Zhu B, Qi M, Li
LY, Zhang YJ, Wang QT, Jin Y. Autophagy promotes MSC-
mediated vascularization in cutaneous wound healing via regu-
lation of VEGF secretion. Cell Death Dis. 2018;9(2):58.
Ahrabi B, Abbaszadeh HA, Piryaei A, Shekari F, Ahmady
Roozbahany N, Rouhollahi M, Azam Sayahpour F, Ahrabi M,
Azimi H, Moghadasali R. Autophagy-induced mesenchymal
stem cell-derived extracellular vesicles ameliorated renal fibro-
sis in an in vitro model. Bioimpacts. 2023;13(5):359-72.
Zhang Q, Yang YJ, Wang H, Dong QT, Wang TJ, Qian HY, Xu
H. Autophagy activation: a novel mechanism of atorvastatin to

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

protect mesenchymal stem cells from hypoxia and serum depri-
vation via AMP-activated protein kinase/mammalian target of
rapamycin pathway. Stem Cells Dev. 2012;21(8):1321-32.
Oliver L, Hue E, Priault M, Vallette FM. Basal autophagy
decreased during the differentiation of human adult mesenchy-
mal stem cells. Stem Cells Dev. 2012;21(15):2779-88.
Pantovic A, Krstic A, Janjetovic K, Kocic J, Harhaji-Trajkovic
L, Bugarski D, Trajkovic V. Coordinated time-dependent
modulation of AMPK/Akt/mTOR signaling and autophagy
controls osteogenic differentiation of human mesenchymal
stem cells. Bone. 2013;52(1):524-31.

Nuschke A, Rodrigues M, Stolz DB, Chu CT, Griffith L, Wells
A. Human mesenchymal stem cells/multipotent stromal cells
consume accumulated autophagosomes early in differentiation.
Stem Cell Res Ther. 2014;5(6):140.

Hong S, Ghandriz R, Siddiqi S, Zhu XY, Saadiq IM, Jordan
KL, Tang H, Ali KA, Lerman A, Eirin A, Lerman LO. Effects
of elamipretide on autophagy in renal cells of pigs with meta-
bolic syndrome. Cells. 2022;11(18):2891.

Simental-Mendia LE, Rodriguez-Moran M, Guerrero-Romero
F. The product of fasting glucose and triglycerides as surrogate
for identifying insulin resistance in apparently healthy subjects.
Metab Syndr Relat Disord. 2008;6(4):299-304.

Conley SM, Hickson LJ, Kellogg TA, McKenzie T, Heimbach
JK, Taner T, Tang H, Jordan KL, Saadiq IM, Woollard JR, Isik
B, et al. Human obesity induces dysfunction and early senes-
cence in adipose tissue-derived mesenchymal stromal/stem
cells. Front Cell Dev Biol. 2020;8:197.

Eirin A, Meng Y, Zhu XY, Li Y, Saadiq IM, Jordan KL, Tang
H, Lerman A, van Wijnen AJ, Lerman LO. The micro-RNA
cargo of extracellular vesicles released by human adipose tis-
sue-derived mesenchymal stem cells is modified by obesity.
Front Cell Dev Biol. 2021;9:660851.

Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I,
Marini F, Krause D, Deans R, Keating A, Prockop DJ, Horwitz
E. Minimal criteria for defining multipotent mesenchymal stro-
mal cells. The International Society for Cellular Therapy posi-
tion statement. Cyfotherapy. 2006;8(4):315-17.

Klionsky DJ, Abdel-Aziz AK, Abdelfatah S, Abdellatif M,
Abdoli A, Abel S, Abeliovich H, Abildgaard MH, Abudu YP,
Acevedo-Arozena A, Adamopoulos JE, et al. Guidelines for
the use and interpretation of assays for monitoring autophagy
(4th edition) (1). Autophagy. 2021;17(1):1-382.

Yoshii SR, Mizushima N. Monitoring and measuring autoph-
agy. Int J Mol Sci. 2017;18(9).

Deretic V. Autophagosome and phagosome. Methods Mol
Biol. 2008;445:1-10.

Glasstetter LM, Oderinde TS, Mirchandani M, Rajagopalan
KS, Barsom SH, Thaler R, Siddiqi S, Zhu XY, Tang H, Jordan
KL, Saadiq IM, et al. Obesity and dyslipidemia are associated
with partially reversible modifications to DNA hydroxymeth-
ylation of apoptosis- and senescence-related genes in swine
adipose-derived mesenchymal stem/stromal cells. Stem Cell
Res Ther. 2023;14(1):143.

Eirin A, Thaler R, Glasstetter LM, Xing L, Zhu XY, Osborne
AC, Mondesir R, Bhagwate AV, Lerman A, van Wijnen AJ,
Lerman LO. Obesity-driven mitochondrial dysfunction in
human adipose tissue-derived mesenchymal stem/stromal cells
involves epigenetic changes. Cell Death Dis. 2024;15(6):387.



Cell Transplantation

29.

30.

31.

32.

33.

34.

35.

36.

37.

Tanida I, Ueno T, Kominami E. LC3 and autophagy. In:
Deretic V, editor. Autophagosome and Phagosome. Totowa,
NJ: Humana Press; 2008, p. 77-88.

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

Prakash R, Fauzia E, Siddiqui AJ, Yadav SK, Kumari N, Shams
MT, Naeem A, Praharaj PP, Khan MA, Bhutia SK, Janowski
M, et al. Oxidative stress-induced autophagy compromises
stem cell viability. Stem Cells. 2022;40(5):468-78.

Chang TC, Hsu MF, Wu KK. High glucose induces bone mar-
row-derived mesenchymal stem cell senescence by upregulat-
ing autophagy. Plos One. 2015;10(5):e0126537.

Chen XD, Tan JL, Feng Y, Huang LJ, Zhang M, Cheng
B. Autophagy in fate determination of mesenchymal stem
cells and bone remodeling. World J Stem Cells. 2020;12(8):
776-86.

Deng J, Ouyang P, Li W, Zhong L, Gu C, Shen L, Cao S, Yin
L, Ren Z, Zuo Z, Deng J, et al. Curcumin alleviates the senes-
cence of canine bone marrow mesenchymal stem cells during
in vitro expansion by activating the autophagy pathway. Int J
Mol Sci. 2021;22(21).

MaY, Qi M, An Y, Zhang L, Yang R, Doro DH, Liu W, Jin
Y. Autophagy controls mesenchymal stem cell properties and
senescence during bone aging. Aging Cell. 2018;17(1):e12709.
Schmuck EG, Mulligan JD, Saupe KW. Caloric restriction
attenuates the age-associated increase of adipose-derived
stem cells but further reduces their proliferative capacity. Age
(Dordr). 2011;33(2):107-18.

Mitterberger MC, Mattesich M, Zwerschke W. Bariatric
surgery and diet-induced long-term caloric restriction pro-
tect subcutaneous adipose-derived stromal/progenitor cells

38.

39.

40.

41.

42.

43.

44,

45.

and prolong their life span in formerly obese humans. Exp
Gerontol. 2014;56:106—13.

Magkos F. Is calorie restriction beneficial for normal-weight indi-
viduals? A narrative review of the effects of weight loss in the
presence and absence of obesity. Nutr Rev. 2022;80(7):1811-25.
Shaul O. How introns enhance gene expression. /nt J Biochem
Cell Biol. 2017;91(PtB):145-55.

Ambrosio AL, Febvre HP, Di Pietro SM. Syntaxin 12 and
COMMD3 are new factors that function with VPS33B in the
biogenesis of platelet alpha-granules. Blood. 2022;139(6):
922-35.

Morelli E, Ginefra P, Mastrodonato V, Beznoussenko GV,
Rusten TE, Bilder D, Stenmark H, Mironov AA, Vaccari T.
Multiple functions of the SNARE protein Snap29 in autoph-
agy, endocytic, and exocytic trafficking during epithelial for-
mation in Drosophila. Autophagy. 2014;10(12):2251-68.

Tang B, Lu X, Tong Y, Feng Y, Mao Y, Dun G, Li J, Xu Q,
Tang J, Zhang T, Deng L, et al. MicroRNA-31 induced by
Fusobacterium nucleatum infection promotes colorectal cancer
tumorigenesis. iScience. 2023;26(5):106770.

Zhang P, Catterson JH, Gronke S, Partridge L. Inhibition of
S6K lowers age-related inflammation and immunosenescence
and increases lifespan through the endolysosomal system.
bioRxiv 2022:2022.08.25.505264.

Dunlop EA, Seifan S, Claessens T, Behrends C, Kamps MA,
Rozycka E, Kemp AJ, Nookala RK, Blenis J, Coull BJ, Murray
JT, et al. FLCN, a novel autophagy component, interacts
with GABARAP and is regulated by ULK1 phosphorylation.
Autophagy. 2014;10(10):1749-60.

Bonab MM, Alimoghaddam K, Talebian F, Ghaffari SH,
Ghavamzadeh A, Nikbin B. Aging of mesenchymal stem cell
in vitro. BMC Cell Biol. 2006;7:14.



