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Mesenchymal stem and stromal cells (MSCs) show therapeutic potential by facilitating tissue repair. Here, we
describe the isolation and initial characterization of MSCs from the longest-lived rodent, the naked mole rat
(NMR). NMR MSCs display the CD90/THY1 surface marker characteristic of human and mouse MSCs. The tri-
lineage differentiation capacity of NMR MSCs revealed a bias toward osteogenic differentiation and limited
adipogenic potential. Upon passaging in culture, NMR MSCs enter a senescence-like state characterized by
growth arrest, senescent morphology, diminished CD90/THY1, and activated tumor suppressive signaling.
The presence of a senescence-like state makes NMR MSCs more similar to human MSCs than to mouse MSCs.
However, unlike human MSCs that do not spontaneously immortalize, NMR MSCs eventually give rise to
immortalized, rapidly proliferating clones. Unique gene expression profiles of NMR MSCs compared to
human and mouse counterparts showed the absence of CXCL12 production, low levels of DNA methylases,
and high levels of Sirtuins 1/2/3/6, raising intriguing questions about their contributions to the NMR’s
remarkable longevity. In summary, our study identified unique features of NMR MSCs, offering insights into
a potentially therapeutically relevant stem cell population in a long-lived species. Further studies are crucial

to uncover the underlying molecular mechanisms and their implications for human health and aging.

Introduction

The naked mole rat (NMR), Heterocephalus glaber, a mouse-
sized rodent, is a unique model for aging research due to its excep-
tional longevity and resistance to age-related diseases'. The maxi-
mum lifespan of NMRs exceeds 40 y in captivity, which,
combined with a minimal age-related decline in physiological
functions, makes this animal a treasure trove for the discovery
of natural anti-aging mechanisms®>. Various factors converge
in shaping the NMR’s extraordinary health and longevity; these
include enhanced proteostasis, robust antioxidant defenses, trans-
lational fidelity, and potent tumor suppressor pathways, includ-
ing high molecular weight hyaluronan (HMW-HA) secretion
and a unique INK4/ARF locus splicing product*®,

Mesenchymal stem cells (MSCs) represent a subset of adult stem
cells residing in various niches, including bone marrow (BM), adi-
pose tissue, and umbilical cord tissue. They are characterized by
their remarkable capacity for self-renewal and differentiation into
multiple cell lineages, including osteoblasts, chondrocytes, adipo-
cytes, and even non-mesodermal cell types, such as neurons®. This
pluripotent nature endows MSCs with the ability to contribute to
tissue regeneration and repair processes, making them pivotal play-
ers in maintaining tissue homeostasis and integrity. While the terms

“mesenchymal stem cells” and “mesenchymal stromal cells” have
historically been used interchangeably, a growing consensus recog-
nizes their distinct properties. Both cell types share common surface
markers and characteristics, such as fibroblast-like morphology and
immunomodulatory potential. However, the differentiation poten-
tial sets them apart'®. MSCs demonstrate robust multipotency and
can give rise to mature cell lineages, whereas MSCs are believed to
possess a broader immunomodulatory role, influencing immune
responses through paracrine signaling''. MSC-derived soluble fac-
tors were shown to suppress immune cell activation and promote
immune tolerance'2. This immunomodulatory ability has been har-
nessed in transplantation medicine to mitigate graft-versus-host dis-
ease and improve graft acceptance’®.

As aging progresses, the regenerative potential of MSCs dimin-
ishes, attributed in part to epigenetic changes and senescence-
associated alterations'*. These age-related shifts impact the
regenerative capacity of tissues, contributing to the increased sus-
ceptibility to age-related diseases. Beyond their diminished
regenerative capabilities, MSCs participate in the intricate inter-
play between stem cell niche dysfunction and aging-related path-
ologies. Secreted factors from senescent MSCs, termed the
senescence-associated secretory phenotype (SASP), have been
implicated in promoting inflammation and tissue damage, a
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phenomenon linked to age-related disorders'®. Addressing the
age-related alterations in MSC function holds potential for miti-
gating the effects of aging on tissue integrity and systemic health.

Here, we isolated and characterized primary MSCs from NMRs
by in vitro cultivation, differentiation, and bulk RNA sequencing
(RNA-Seq). We found distinct gene expression in NMR MSCs com-
pared to human and mouse counterparts, marked by high levels of
Sirtuins expression and low levels of expression of the DNA
methylation machinery. NMR MSCs were CD90/THY1 positive,
differentiated in vitro toward the osteogenic lineage, and, upon
prolonged cultivation, underwent premature senescence and lost
differentiation potential.

Methods

Animal and human samples

Il animal experiments were approved and performed in
accordance with guidelines instructed by the University of
Rochester Committee on Animal Resources. NMRs were from
the University of Rochester colonies, with housing conditions
as described'®. Wild-type C57BL/6 mice were obtained from
JAX. Human bone spicules were obtained from amputated bone
at University of Rochester Medical Center (URMC), courtesy of
Dr. Michael Drage.

Cell isolation and culture

MSCs were obtained by isolating bones from animals and plac-
ing them in o-MEM (Minimum Essential Medium Eagle Alpha
Modification, with ribonucleosides, deoxyribonucleosides and
sodium bicarbonate, without L-glutamine) on ice until they could
be processed in a sterile hood. Hematopoietic cells were removed
by flushing the marrow in the bone cavity with a 0.45-mm syringe
needle. Bones were crushed and digested with collagenase as
described'”. Digested bones were plated in MSC expansion
medium: a-MEM (Sigma), 10% MSC-qualified FBS (Gibco), 1%
GlutaMax (Gibco), and 1% Pen-Strep (Gibco). 1x Antibiotic/
Antimycotic (Gibco) was added to bone cultures for up to one
week to prevent contamination. Adherent cells were dissociated
with warm 0.25% Trypsin/EDTA for the minimum amount of
time required in order to preserve cell viability and surface
marker expression. Bone fragments were reseeded on new plates
to enable more cells to sprout from the bones and were eventually
discarded. Adherent cells were cultured separately and passaged
when reaching 70%-80% confluence. Media changes were con-
ducted every three days. Skin fibroblast (SF) cells were isolated
from mouse and NMR as described'®. SFs were grown in E-MEM
with L-glutamine (ATCC), 15% FBS (Gibco), and 1% Pen-Strep.
NMR cells were grown at 32°C at 5% CO, and 3% O,, while mouse
and human cells were grown at 37°C at 5% CO, and 3% O,. Upon
trypsinization, cells were centrifuged at 400g for 5 min and resus-
pended in MSC expansion medium. Cells were then counted man-
ually using a hemocytometer. Cells were cryopreserved in FBS
(Gibco) + 10% DMSO (Fisher) at —80°C, followed by transfer to
liquid nitrogen storage. Images of cells were captured at 40x mag-
nification on a Nikon TS100 inverted phase contrast microscope.

Population doubling (PD) analysis

Using the number of cells seeded on a plate (S) and the number
of cells harvested at the end of a given culture period (H), it was
possible to calculate PD levels (PDLs) and cumulative PD (CPD)
with the following formulas'®:
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PDL = (log1oH — log1S) )
10g102

CPD, =CPD,_; + PDL ®)

Since hematopoietic contamination can misrepresent adherent
cell count when cells are dissociated from bone plates, PDL, CPD,
and “days in culture” calculations were started at P1.

Flow cytometry

Flow cytometry analysis and cell sorting were conducted at the
URMC Flow Core. Cells to be assayed were resuspended in FACS
Buffer, composed of 1x PBS (Gibco), 2% FBS (Gibco), and 2-mM
EDTA (Invitrogen), and kept on ice. Cells were stained with the
following antibodies for 15 min at room temperature in the dark
(to prevent loss of fluorescence activity): CD90.1/Thyl.1_PECy7
(0X-7), CD34_APC (581), CD90.2_PECy7 (53-2.1), Sca-1_APCCy7
(D7), CD146_APC (ME-9F1), mouse lineage cocktail FITC (145-
2C11, RB6-8C5, RA3-6B2, Ter-119, M1/70), all Biolegend;
CD166/ALCAM PE (eBioALC48), Invitrogen. Cells were washed
with FACS Buffer after staining, centrifuged at 400g for 5 min,
and resuspended in FACS Buffer containing 10-nM SYTOXGreen
viability dye (Invitrogen). Stained and unstained samples were
kept on ice until analysis of Flow Cytometers (BD). For C12FDG
staining, we followed the protocol as described®.

Neonate MSC proliferation and marker expression
assays

Neonate MSCs from frozen P2 aliquots were thawed on 15-cm
culture dishes and harvested upon reaching 80%-90% conflu-
ence. Cells were stained with PE-Cy7-conjugated CD90.1/
Thyl.1 antibody and SYTOX Green and sorted based on CD90
expression. A buffer zone was included in the sorting workflow
to only select for highly positive and highly negative cells.
Sorted positive and negative cells were seeded on uncoated
plates. Cells were counted during harvest, and 200,000 cells were
replated. The remaining cell populations were analyzed for
CD90.1 marker expression via flow cytometry.

Osteogenic differentiation assays

To assess the osteogenic differentiation capacity of the MSCs,
cells were seeded at a density of 10,000/well in a six-well plate
format and cultured in osteogenic induction medium (OIM) or
control expansion medium. OIM was composed of expansion
medium supplemented with 0.1-uM Dexamethasone (Sigma),
50-uM L-Ascorbic acid 2-phosphate (Sigma), and 10-mM
B-Glycerol phosphate (Sigma). The media was changed at three-
day intervals. In certain assays, OIM was additionally supple-
mented with 2-pM purmorphamine (PMN), and DMSO was used
to control for the effect of the vehicle in control wells. Alkaline phos-
phatase (AP) staining was conducted after 2 weeks in culture using
the Leukocyte Alkaline Phosphatase Kit (cat no. 86C, Sigma).
Following the manufacturer’s protocol, cells were fixed using
Citrate-Acetone-Formaldehyde Fixative for 30 sec. Cells were
stained with a mixture of FBB-alkaline solution, sodium nitrite,
naphthol AS-BI alkaline solution, and distilled water for 15 min
in the dark. Von Kossa staining was conducted after 4 weeks in
culture, following a modification of the protocol outlined in
(Zhu et al., 2010). Cells were fixed in 10% formalin for 20 min,
washed with distilled water, and then stained with a 5%



(wt/vol) silver nitrate water solution under UV light for 30 min.
Cells were washed three times with distilled water, then immersed
in a 5% (wt/vol) sodium thiosulfate solution of water for 5 min.
Cells from both assays were ultimately washed with distilled water,
and plates were scanned.

Adipogenic differentiation assays

To assess the adipogenic differentiation capacity of the MSCs,
cells were seeded at a density of 10,000/well in a six-well plate for-
mat and cultured in adipogenic induction medium (AIM) or control
expansion medium. AIM was composed of expansion medium sup-
plemented with 1-uM Dexamethasone (Sigma), 500-uM 3-isobutyl-
1-methylxanthine (Sigma), and 10 pg/mL human recombinant
insulin (Sigma). AIM was further supplemented with 1-uM
Rosiglitazone (Cayman Chemical), 40-uM Indomethacin (Sigma),
or a combination of both compounds. DMSO was added to the con-
trol wells to standardize the deleterious effect of the vehicle. The
media was changed at three-day intervals. Adipogenesis was
assayed at 2, 3, and 4 weeks using the Oil Red O stain. Oil Red
O powder (Sigma) was dissolved at a concentration of 0.5%
(wt/vol) in pure isopropanol and allowed to stand for 5 min.
Some of the solution was carefully transferred to a new tube, mak-
ing sure to avoid transferring undissolved Oil Red O powder that
had accumulated at the bottom. The transferred solution was then
diluted to 60% isopropanol with distilled water, properly mixed,
and allowed to stand for 5 min. The solution was then filtered
through a 0.2-uM polyethersulfone syringe filter. Cells were fixed
in 10% formalin for 20 min, rinsed with PBS, and allowed to dry
completely. Cells were then stained for 15 min with the filtered
60% Oil Red O solution. The wells were then washed with distilled
water and scanned. High-resolution images were captured using a
Nikon Eclipse Ti inverted microscope.

Chondrogenic differentiation assays

To assess the chondrogenic differentiation of MSCs, cells were
harvested and transferred to polypropylene tubes to prevent cell
adhesion to the plastic. Cells were centrifuged at 400g for 5 min
and resuspended in chondrogenic induction medium (CIM) or
control medium. CIM was composed of high-glucose D-MEM with
GlutaMax (Gibco), 0.1-uM Dexamethasone (Sigma), 1% (vol/vol)
Insulin-Transferrin-Selenium (Sigma), 1% Pen/Strep (Gibco),
50-uM ascorbate-2-phosphate (Sigma), 1-mM sodium pyruvate
(Gibco), 50-pg/mL L-proline (Sigma), and 20-ng/ml TGF-p3
(R&D Systems). The control medium was composed of D-MEM
with GlutaMax, 1% Pen/Strep, and 10% MSC-qualified FBS
(Gibco). Cells were cultured vertically in polypropylene tubes
for 3 weeks, with media changes every 3 days. Conditioned media
was manually aspirated with a pipettor to prevent inadvertent
loss of the cell pellet. Upon termination of the culture period, pel-
lets were centrifuged at 300g for 5 min, and medium was removed
and replaced with 10% formalin. Pellets were stored at room
temperature until they could be processed. Pellets were sub-
sequently embedded in paraffin, sectioned, stained (either with
Hematoxylin/Eosin or Alcian Blue Hematoxylin/Orange G),
and imaged by Dr. Michael Drage.

Hedgehog cell viability assays

To test the effect of the functionally opposite hedgehog inter-
fering compounds cyclopamine and PMN, cells were seeded at
a density of 5,000/well in a 96-well plate format. Only the inner
32 wells were utilized (8 concentrations, 4 technical replicates
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each), and the remaining wells were filled with PBS to minimize
edge effects. Cells were cultured in their respective expansion
medium (supplemented a-MEM or E-MEM for MSCs and fibro-
blasts, respectively) containing varying concentrations of PMN/
cyclopamine, ranging from 0 to 33.3 pM. The DMSO concentra-
tion was equalized in all wells to compensate for the exclusive
solubility of these compounds in DMSO and its necessary usage
as a vehicle. Cells were cultured for 6 days, with a half-medium
change to prevent disrupting the cell monolayer on day 3. Cell
viability was assayed on day 6 with CellTiter-Glo2.0 (CTG,
Promega). 40 pL of CTG were added directly to the medium,
and plates were placed on an orbital shaker for 5 min to allow
proper mixing and cell lysis. Luminescence was allowed to stabi-
lize for 10 min prior to measurement and was subsequently mea-
sured with no lid using a Tecan plate reader with an integration
time of 1 sec/well. Once the minimal effective concentrations of
both compounds were determined, MSCs were seeded on six-well
plates at a density of 150,000/well. Cells were grown in DMSO-
controlled MSC expansion medium or MSC expansion supple-
mented with either 1-uM PMN or 10-puM cyclopamine. Cells were
harvested at 24-hour intervals beginning on days 2 and 3 for cyclop-
amine and PMN, respectively. Cells were stained with Annexin V
conjugated to APC/Fire 750 (BioLegend) in Annexin binding
buffer, washed, and subsequently stained with 4’,6-diamidino-
2-phenylindole (DAPI) as a viability stain. Proportions of cells in
the three distinct states (viable, apoptotic, and dead) were quanti-
fied using Kaluza software (Beckman Coulter).

Seahorse metabolic function assay

To assess oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR), cells were seeded at a density of
25,000/well in 80 pL on Seahorse XF96 tissue culture microplates
(Agilent). Since so many cell samples needed to be seeded on the
same plate, cells were trypsinized in batches of three and sub-
sequently seeded on the plates, each in three technical replicates.
Following each batch, the XF96 microplate was centrifuged at 300g
for 1 min with the lowest centrifugal deceleration setting to ensure
that all cells were evenly distributed on the flat surface at the bot-
tom of the plate and not on the sides of the well. Cells were incu-
bated in their respective mediums for 24 hours at 32°C. The next
day, cells were washed following the manufacturer’s protocol. A
multichannel pipette was used to remove 55 pL of medium, and
wells were washed twice with 200 pL of RPMI assay medium. A
final assay volume of 180 uL/well was used. Cells were incubated
for 60 min at 37°C in the absence of CO, and measured using the
Seahorse XFe96 Analyzer (Agilent) at the URMC Flow Core.

Quantitative PCR (qPCR)

NMR-sorted MSCs of different passage numbers were used for
RNA extraction by Trizol (Thermo Fisher). RNA was quantified
using a NanoDrop One (Thermo Fisher), and 100 ng was used
as input for the High Capacity cDNA Reverse Transcription Kit
(Thermo Fisher). The RT reaction was performed according to
instructions, and the 20 pl reaction was diluted to 200 pl, of which
5 pl were used per qPCR reaction. We used iTaq Universal SYBR
Green Supermix (Bio-Rad) on a CFX Connect® RealTime System
(Bio-Rad) with a three-step cycling of 10 sec 95°C, 20 sec 60°C,
and 30 sec 72°C for 40 cycles. All primers (IDTDNA) were vali-
dated to amplify a single amplicon at the above PCR conditions
by gel electrophoresis. Gene sequences for primer design by
Primer3Plus were retrieved from ENSEMBL.
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Bulk RNA-Seq

RNA from cultured mouse, human, and NMR MSCs was paired-
end sequenced at ~100 million reads and 150 bp fragment length
on a NovaSeq 6000 (Illumina). We used the TruSeq® Stranded
mRNALibrary Prep (Illumina) for library preparation. RNA-Seq
datasets for mouse and NMR fibroblast populations were taken
from Zhao et al. and processed from raw fastq files*!. Raw
Mlumina paired-end sequencing reads were subjected to base-
quality trimming using Trimmomatic and assessed with
FastQC?2. Salmon v1.10.1 was used to calculate expected counts
and transcripts per million (TPMs)?3, using the NMR transcrip-
tome reference from Lu et al., while mouse and human transcrip-
tome references were obtained from Ensembl 104 assembly>*.

Subsequent analysis was done with >= R 4.2.1 and
Bioconductor. For intra-species NMR MSC comparisons (Fig. 6),
expected counts from different transcript isoforms of the same gene
were added up to one unique identifier (uniquify) using the ddply
and numcolwise functions of the plyr package, while edgeR was
used to calculate size factors with method = “Relative Log
Expression” and to compute counts per million (CPMs). We
applied genefilter to calculate the interquartile range (IQR) of
CPMs with IQR(x) >1 to filter unexpressed and outlier genes;
library-size normalized, IQR-filtered log2-transformed CPMs were
vst-transformed by DESeq2, then a PCA embedding from the stats
package was used as input for Rtsne. We applied limma to perform
voom-transformation and select for differentially expressed genes
(DEGs) with p < 0.05 and log-fold change 1. The fGSEA package
was used to retrieve leading edge genes after performing gene
set enrichment analysis (GSEA) under default conditions®®, with
the required rank metric generated after Plaisier et al.%S.

For the interspecies comparison, human, mouse, and NMR
TPM datasets (Fig. 1) were joined based on HGNC symbols
(a.k.a., gene name), which are shown in Figure S1A as detected
transcripts with ortholog IDs for each species. We uniquified
these transcripts to genes as for intra-species comparisons
above, then used the gene name as a common ortholog identifier
to match and merge TPM datasets between species. The
Euler-Venn diagram in Figure S2A shows 10,430 common gene
names across three species, along with partial and unmatched
gene names. The next genefilter was used to calculate the IQR
of TPMs with IQR (x) > 1 to filter unexpressed and outlier genes.
The TCC package was used to calculate TMM-based size factors.
The function betweenLaneNormalization with median scal-
ing from the EDASeq package was used to normalize for sequenc-
ing batch effects. DGE and GSEA were performed as above, using
the species as a contrast and the MsigDB v6.0 hallmark gene sets.

Quantification and statistical analysis

Data are presented as the mean =+ standard deviation (SD).
Statistical tests performed can be found in the figure legends. P val-
ues of less than 0.05 were considered statistically significant.
Statistical analyses were carried out using Prism 9 software
(GraphPad) unless otherwise stated.

Results

MSC cultures of short- and long-lived mammals

To characterize NMR MSCs and investigate whether they
have any distinguishing features that may contribute to NMR lon-
gevity, we set out to isolate MSCs from NMRs. For comparison, we
isolated MSCs from BM of three other long-lived species: Homo
sapiens (healthy donors), Eptesicus fuscus (big brown bat),
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Spalax galili (blind mole rat [BMR]), and three short-lived rodent
species: Mus musculus (C57BL6 laboratory mouse strain), Rattus
norvegicus (Fisher and Lewis laboratory strains), and Fukomys
damarensis (Damaraland mole rat [DMR]). DMRs are eusocial
African mole rats that are phylogenetically close to NMRs and dis-
play a threefold shorter lifespan.

Mouse, rat, and bat cells showed the fastest outgrowth of
MSCs from bone shards in culture dishes, with initial colony-
forming cell clusters appearing as early as days 3-5 (Fig. 1B).
Interestingly, both DMR and BMR cells formed distinguishable
cell clusters at days 5-7; human MSCs formed clusters at days
7-14, whereas NMR MSCs took longer than 21 days to form
bone shard-derived cell outgrowth. These patterns are largely
correlated with the proliferation rates observed for each species
as discussed below and may reflect both cell-intrinsic growth
suppressive signaling as well as adaptation to -culture
conditions.

We measured the PD for at least 30 days in all species, and some
specimens were cultured longer than 180 days (Fig. 1A). Rat and
mouse MSCs displayed rapid logarithmic growth for over 48 days
of culture, with rat cells growing faster. Mouse MSCs were cul-
tured continuously for 155 days and displayed a constant loga-
rithmic growth pattern. Bat MSCs displayed the highest
proliferation rate. Human MSC growth was consistent with pre-
vious reports?’, with initial logarithmic growth followed by
growth arrest. Human MSC proliferation declined steadily up
PD 22 + 1.5, when a plateau was reached at 98 + 2 days of culture.
The difference in PD numbers achieved was likely due to the
differences in media composition. Schellenberg et al. used 10%
human platelet lysate in DMEM with low glucose, effectively sup-
porting human MSC in vitro culture, whereas in our study we used
a single formulation with 10% FBS in «MEM to facilitate crossspe-
cies comparison. In these conditions, DMR and BMR MSCs
showed a higher growth rate than human MSCs until PD 10 + 1
(Fig. 1A). DMR cells reached plateau at 70 + 4 days with a PD
of 25 + 5. BMR MSCs plateaued their proliferation at 101 + 4 days
with PD 24 + 3, and in three of the four tested specimens, the in
vitro growth arrest was maintained up to 280 days in culture
(Fig. 1A). However, the remaining one BMR MSC culture contin-
ued to proliferation as a spontaneously immortalized line. NMR
MSCs entered obligate growth arrest at 30 + 2 days in culture with
PD 8.5 +0.8. Interestingly, all six NMR MSC lines re-emerged
from this temporary cell cycle arrest at 90 + 5 days of culture
and continued in vitro proliferation as spontaneously immortal-
ized cells. Thus, while NMR cells grew slower and exhausted ear-
lier than MSCs of all other long-lived species, they re-entered cell
cycling around the time window of culture when DMR, BMR, and
human MSC proliferation plateaued. This result suggests that
NMR MSCs undergo growth arrest when cultured in vitro, which
may correspond to tumor suppressive senescence. While BMR
cells display a sustained cell cycle arrest, in NMRs, immortalized
clones emerge.

In summary, we established the in vitro PD kinetics of BM-
derived MSCs across seven species. We observed distinct growth
patterns where mouse, rat, and bat MSCs proliferate continu-
ously, while human, BMR, DMR, and NMR cells undergo growth
arrest, with NMR cultures undergoing spontaneous immortaliza-
tion after ~100 days in culture.
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Figure 1. Naked mole-rat (NMR) mesenchymal stem cells (MSCs) show distinct in vitro proliferation and gene expression patterns. (A)
Population doublings (PDs) curve of primary MSC cultures from indicated species; highlighted in purple is the average temporary growth arrest period
of NMR MSCs. (B) Representative micrographs of clonal MSC outgrowth from bone tissue shards for each species; image border colors for species refer-
ence are the same as in panel (A). NMR, 20x objective scale bars 200 um; all other species, 10x objective with scale bars 100 pm. (C) Selected ortholog
expression across species from voom-transformed, z-score-centered transcripts per million. (D) Fast preranked gene set enrichment analysis (GSEA)

across common orthologs between the three species using the MSigDb
and S2.

Comparison of expression patterns between human,
mouse, and NMR MSCs

To perform molecular characterization of NMR MSCs, we com-
pared the transcriptomes of NMR, human, and mouse MSCs. Since
MSC isolates are known to accumulate DNA damage and other
molecular lesions over an extended culture period®®*°, we col-
lected the first cell clusters growing from primary bone shard
material in culture dishes before the first passage as input
material for crossspecies bulk RNA-Seq comparisons. RNAseq
reads obtained from fresh MSC cultures from human, mouse, or

hallmark gene set collection; q < 0.05. See also Figure S1 and Tables S1

NMR BM were each aligned to their respective transcriptome
references. Human samples had the highest, while NMR samples
had the lowest numbers of total detected transcripts and tran-
scripts with gene symbol ortholog IDs (Fig. S1A). When tran-
scripts were subsumed to genes for crossspecies ortholog-based
ID matching, a total of 10,430 genes were conserved between
three references (Fig. S1B). Using this ortholog intersection,
we integrated and normalized six humans and six mice with four
NMR MSC biological replicates (Fig. S1C). Multidimensional
scaling clearly separated the species, with 87% loadings in the
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first two dimensionalities (Fig. S1D). Hierarchical clustering
yielded DEG groups specifically up- and downregulated for each
species relative to the other two species (Fig. S1E,F). We found
1,184 up- and 779 downregulated genes for human MSCs, 780
up- and 1,125 downregulated murine genes, and 1,034 up- and
1,420 downregulated NMR-specific genes.

Remarkably, NMR MSCs upregulated multiple sirtuin family
members SIRT1/2/3 and especially the longevity-associated
SIRT63%>! implicated in cellular stress resistance, genomic sta-
bility, aging, and energy homeostasis. Surprisingly, hyaluronic
acid (HA) receptor CD44, which is associated with longevity>2,
as well as HA synthase genes HAS1, HAS2, and HAS3, which
evolved to produce high molecular mass HA in subterranean spe-
cies®®, were downregulated in NMR MSCs (Fig. 1C). The only
hyaluronidase present in all three references, HYAL3, was upre-
gulated in NMR MSCs. As HMW-HA suppresses malignant trans-
formation in NMR fibroblasts®, reduced expression of hyaluronan
synthases and increased expression of the hyaluronan degrading
gene in NMR MSCs may contribute to the ease of immortalization
displayed by these cells (Fig. 1A).

The expression landscape of tumor-promoting and antagoniz-
ing factors conveyed a mixed impression: ATF1 triggering cell
proliferation and transformation, proto-oncogenic KRAS, and
growth-promoting MKI67 and FGF7, along with crucial players
of the Hippo signaling pathway STK3, YAP1, and YES1, were spe-
cifically downregulated in NMR MSCs (Fig. S1F). However, NMR
MSCs overexpressed VGF and the nutrient-insensitive mTORC2
complex subunit RICTOR, whereas RAD51B and RAD51D medi-
ating the homologous recombination repair pathway of double-
stranded DNA breaks were strongly silenced in NMR MSCs, which
may reflect a slower proliferation rate (Fig. S1E,F). Moreover,
while NMR MSCs expressed RB1 at levels similar to human
MSCs and showed the highest expression of tumor suppressors
PTEN and CD82, they overexpressed the p53 inhibitors
MDM2/4, the proto-oncogene RET, and E2F1, and showed very
low levels of p18-INK4C as well as p19-INK4D, which control
G; cell cycle progression (Fig. 1C). In addition, the central effec-
tors of the DNA methylation machinery involving TET2/3 and
DNMT3A were absent, DNMT3L was underexpressed, and only
DNMT3B was detected in NMR MSCs, potentially pointing
toward global hypomethylation.

MSCs are an integral part of the hematopoietic niche and are
required for stem cell maintenance and proper blood formation.
While the role as a critical niche factor is likely conserved, with
regard to hematopoietic marker gene expression, species-specific
patterns emerged, such as similar levels of the stem cell polarity
master regulator CDC42 in rodents but very low expression in
human MSCs (Fig. 1C)**. Likewise, CD34 is an exclusion marker
for human MSCs, not expressed in NMR MSCs, and in both species
the prospective marker for isolation of the primitive hematopoi-
etic stem and progenitor cell (HSPC) pool®*>~”. Moreover, NMR
MSCs highly expressed CD164, an adhesion molecule for
HSPCs>®, which has recently been shown to functionally enrich
human CD34+ HSPCs into long-term repopulating stem cells>.
Interestingly, the scavenger receptor CD68, highly expressed
on monocytes, macrophages, and fibroblasts*®, which we con-
firmed to be expressed in human MSCs*!, was absent in NMR
MSCs. By interacting with HSPCs, MSCs have been implicated
in the production and secretion of SDF-1a (CXCL12), the major
hematopoietic stem cell homing cytokine*?. Remarkably, while
CXCL12 is moderately expressed in human MSCs and overex-
pressed in mouse MSC, it is absent in NMR MSCs. Furthermore,
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alternative chemokine receptors ACKR3/4 are expressed at very
low levels in both human and NMR MSCs, of which ACKR3
(CXCR?Y) acts as a receptor of CXCL12, activating the MAPK sig-
naling pathway**~*>. However, NMR MSCs upregulated CX3CR1,
the fractalkine receptor present on many early leukocytes and
involved in inflammation, adhesion and chemotaxis*®. These
transcriptional programs suggest altered dynamics of homeosta-
sis and functional cross talk between cellular components of the
hematopoietic niche in NMRs.

To examine the pathways pertaining to species-specific gene
expression programs, we performed GSEA on MSigDb hallmark
pathways (Fig. 1D). Multiple gene sets related to inflammation
were enriched in mouse cells, as we described earlier in three-
way crossspecies comparisons of hematopoietic systems?°-°,
On the gene level, mouse MSCs overexpressed SLPI, CSF2RA,
CSF1, FAS, TLR2, IL15/IL15RA, and IL1RL2, whereas human
MSCs downregulated APOE, IFNAR2, and IRAK2, and similarly,
NMR MSCs showed very low levels of IL6 and CCL5 (Fig. S1E,F).
Although NMR MSCs overexpressed five collagen variants,
human MSCs strongly enriched for epithelial-to-mesenchymal
transition and apical junction pathways, exemplified by overex-
pression of extracellular matrix (ECM) components elastin, fibro-
nectin 1, several collagen homologs, and others (Fig. S1E,F;
Table S2), whereas mouse MSCs downregulated tubulin and
had consistently higher expression of CDC42 compared to human
MSCs (Fig. 1C). The single positively enriched hallmark pathway
for NMR MSCs was Myc targets V2, scored through leading edge
genes such as RCL1, PRMT3, NPM1, and PLK1.

Taken together, gene expression programs markedly differed
across species, with the predominant distinguishable feature
being upregulation of inflammatory pathways in mouse MSCs
compared to NMR and human.

NMR MSCs and fibroblasts show distinct
proliferation and gene expression patterns

Fibroblasts are stromal cells that share morphological and
molecular markers with MSCs, which in turn have the capacity
to differentiate into fibroblasts*”. Recent evidence suggests that
both cell types are ubiquitous stromal elements in the same tissues
and show immunomodulatory and regenerative properties*®*°,
Here, we compared cultured mouse (MSF) and NMR skin fibro-
blasts (NSF) with BM MSCs and report that all four cell types
can be readily distinguished from each other. Brightfield micros-
copy of cultured cells did not reveal morphological differences
between fibroblasts and MSCs; however, NSFs showed clear early
contact inhibition (ECI; Fig. 2A), a cancer resistance mechanism
mediated by the secretion of HMW-HA and the maintenance of
checkpoint inhibitor activity®>>'. The ECI phenotype has been
observed in fibroblasts from diverse NMR tissues, and its absence
in MSCs is an indicator of a separate cell population from NMR
BM. While the growth kinetics of MSFs and MSCs were essentially
identical, NSFs proliferate slower than NMR MSCs but do not
enter the growth arrest phase (Fig. 2B). Interestingly, an NSF
clone which spontaneously lost ECI upon prolonged culture
showed a marked increase in the rate of proliferation.

Due to the important role of HMW-HA in tumor suppression
in the NMR, we quantified the amount of HA in the supernatants
of cultured mouse and NMR cells using gel electrophoresis
as described previously®®. Confirming earlier reports, NSF
secreted abundant HMW-HA >15 kDa (Fig. S2A). NMR MSCs
of low or high passage secreted abundant HA of lower molecular
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Figure 2. Different in vitro proliferation and metabolic signature between MSCs and skin fibroblasts (SFs). (A) Brightfield microscopy images of
MSCs and SFs, 10x magnification objective. ECI, early contact inhibition; scale bars: 200 pm. (B) PD curve of MSCs and fibroblasts, one curve per animal.
mMSC, mouse MSC; MSF, mouse SF; NSF, NMR SF; NSF oo, spontaneously immortalized NSF subline. (C) Seahorse assay across species and cell types. ECAR,
extracellular acidification rate; hMSC, human MSC; mMSC, mouse MSC; NMR high, NMR MSCc high-passage number; NMR low, NMR MSCs low-passage
number; NSF, NMR SFs; OCR, oxygen consumption rate. Each cell type, n = 3; error bars represent SD. (D) GSEA profiles for cell type-specific signatures from
single-cell RNA sequencing (RNA-Seq) annotation gene sets of mMSC versus MSF and MEF (top row) or NMR MSC versus NSF and NEF (bottom row). NES,
normalized enrichment score; q, adjusted p value (FDR). MEF, mouse embryonic fibroblast; NEF, NMR embryonic fibroblast. See also Figures S2-S3.

weight, while mouse MSCs did not produce detectable HA

in vitro.

Next, we applied Seahorse to compare metabolic hallmarks
across fibroblasts and MSCs (Fig. 2C). NMR MSCs at low passage

before their in vitro growth arrest had very similar OCRs and
ECAR to human MSCs, while both rates strongly increased in
high-passage NMR MSCs which emerged from the temporary cell
cycle arrest. NSFs showed comparable glycolytic activity,
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measured through ECAR, as the high-passage NMR MSCs, while
their respiratory capacity quantified by OCR was slightly lower
than that of human MSCs. Mouse MSCs displayed the highest met-
abolic activity, corresponding to their proliferative pheno-
type (Fig. 2C).

To determine cell type-specific differences at the transcrip-
tional level, we compared the gene expression profiles of NMR
and mouse MSCs with those of SFs from corresponding species
generated in our previous studies®. Both NMR and mouse
MSCs clustered apart from embryonic and SFs within the first
leading dimension (Fig. S2B,C), demonstrating distinct gene
expression profiles between MSCs and fibroblasts. When we
applied a customized gene set collection for GSEA, both mouse
and NMR MSCs strongly enriched for the same gene set of a mes-
enchymal cell fraction from murine fetal lungs (Fig. 2D), while
SFs from either species were negatively associated with this gene
set (Fig. S2D). Interestingly, among 35 leading edge genes of the
mesenchymal cell set common between both species, and pre-
dominantly comprising genes associated with mitosis and prolif-
eration, HAPLN1 had the highest expression in NMR MSCs but
was strongly downregulated in mouse cells (Fig. S2E). HAPLN1
(hyaluronan and proteoglycan link protein 1) is an ECM compo-
nent that cross-linking proteoglycan moieties with HA, thereby
conferring compression resistance to tissues®. This result sug-
gests that HAPLN1 may contribute to ECM formation in NMR
BM through HAPLN1 production. Furthermore, NMR MSCs also
enriched for an interim chondrocyte cell population, which was
not significant in mouse MSCs and points toward a transcriptomic
trend toward chondrocytic differentiation potential, which was
inversely expressed in NSFs (Fig. S2D). By contrast, mouse
MSC gene expression profiles were significantly depleted for a
gene set of adventitial fibroblasts, which was enriched in MSFs
(Fig. 2D; Fig. S2D). Collectively, our results show that NMR
MSCs do not feature contact inhibition in cell culture and have
distinct metabolic and transcriptomic features compared to
fibroblasts.

CD90/THY1 is marker of NMR MSCs

The core characteristics defining MSCs include plastic adher-
ence under standard culture conditions, the capacity to differen-
tiate into osteoblasts, adipocytes, and chondrocytes in vitro, and
the expression of Endoglin (CD105), CD73, and THY1 (CD90),
with a concurrent lack of expression of CD45, CD34, CD14 or
CD11b, CD79a or CD19, and HLA-DR'°. We previously reported
crossspecies reactive antibody staining of CD34 and Thyl.1 pro-
tein as surface markers of HSPCs in NMRs®®. Here, we tested
whether THY1/CD90 is a marker for NMR MSCs. In mice, BM
MSCs are isolated by flow cytometry through successive labeling
of lineage-negative, CD146~/CD166~, CD90.2*/Sca-1* cells in
vivo (Fig. S3A). Mouse MSCs grown from bone shards in culture
(Fig. 1B) are negative for lineages, CD146 and CD166; however,
their immunophenotype for Sca-1/CD90.2 deviates from in vivo,
although roughly half of the cells are double positive for the two
stem cell markers (Fig. 3A). Since most monoclonal antibodies for
the above markers are not available for NMR cells, we used
Thy1.1 as a potential positive MSC marker and CD34 as an exclu-
sion marker. Strikingly, NMR MSCs from neonatal animals
showed up to 70% Thy1.1*/CD34~ low-passage cells, whereas
adult NMR MSCs grown from bone material comprised signifi-
cantly fewer Thyl.1% cells (Fig. 3B,C). This could be explained
by larger stem cell fractions with higher regenerative potential
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during early development. However, using single-cell plating to
determine colony formation frequencies, we did not detect a dif-
ference between neonatal and adult NMR MSC isolates (Fig. 3D).
Although neonatal MSCs initially grew faster and reached higher
PDs than adult MSCs, they also underwent a temporary growth
arrest, from which proliferating cells re-emerged (Fig. 3E).
Using a fluorescent probe to detect senescent cells by flow cytom-
etry (C12FDG)>%, we found that neonatal MSCs had substantially
less galactosidase activity than adult MSCs from NMR BM,
whereas mouse MSCs showed the highest senescence-associated
fluorescence (Fig. S3B). When we separated Thyl.1* from
Thyl.1™ neonatal MSCs through sorting, we saw slightly higher
PDs at the same timepoints for Thyl.1" cells (Fig. S3C). We
observed a drastic decrease in Thyl.1 levels during the initial
growth of Thyl.1%-sorted cells. When Thy1.1+ cells decreased
to 20%, Thyl.1 levels stabilized and cells underwent growth
arrest, indicating that the cell cycle arrest is associated with the
drop in Thy1.1 expression (Fig. S3D). In summary, we showed
that neonatal and adult NMR MSCs express the CD90/THY1 sur-
face marker at frequencies corresponding to their ontogenetic
stages.

Tri-lineage differentiation potential of mouse and
NMR MSCs

The tri-lineage differentiation potential, including osteogenic,
adipogenic, and chondrogenic lineages, is a defining hallmark for
the therapeutical application of MSCs. Here we used standard in
vitro differentiation cocktails derived from multiple reports'”->’
and described in the Methods section to test if NMR MSCs can
be differentiated along these lineages (Fig. 4).

To assess osteogenic potential, we used an OIM and measured
AP activity and mineralization content by Van Kossa staining.
Mouse MSCs at low passage (P4) displayed stronger basal AP
activity than MSFs (Fig. 4A). AP staining markedly increased
in mouse MSCs but not in mouse fibroblasts in OIM media
(Fig. 4A). Conversely, MSFs did not show positive Van Kossa
staining, while MSCs were positive and increased mineralization
upon treatment with PMN, a small-molecule sonic hedgehog
(Shh) pathway activator promoting osteogenic differentiation
in MSCs>®. Similarly, human MSCs at P4 increased AP staining
in OIM and boosted mineralization upon treatment with PMN
(Fig. 4B). NMR MSCs at low passage showed lower basal AP activ-
ity compared to mouse MSCs; however, in OIM media, NMR MSCs
displayed the strongest AP staining among all cells tested
(Fig. 4Q). Strikingly, NSFs were neither positive for AP nor Van
Kossa under any conditions. Moreover, NMR MSCs progressively
lost osteogenic potential upon prolonged culture, while predomi-
nantly growth-arrested and thus <50% confluent P7 cells showed
few AP-positive speckles of low staining intensity from colonies,
which increased in frequency but not in AP staining intensities
from the monolayers of fully confluent cycling P14 cells.
Consistently, only low-passage P4 NMR MSCs gave rise to miner-
alized culture areas under OIM conditions.

To assess chondrogenic potential, we used a CIM to induce the
formation of a chondroid from a cell sediment in round-bottom
tubes®® and visualized chondrification efficiency by Alcian Blue
Hematoxylin Orange G (ABH-OG) staining for bone and cartilage.
Mouse MSCs grown in CIM formed areas of secreted glycosylami-
noglycans and proteoglycans stained by ABH-OG, which
appeared less nucleated in a corresponding Hematoxylin Eosin
(H&E) staining than control sections lacking cartilage secretion
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(Fig. 4D). The H&E sections of NMR MSCs differentiated in CIM
media did show areas with larger nucleated cells surrounded by
an ECM instead of densely packed cells in control media; how-
ever, the ABH-OG staining failed to detect a clear signal of stained
glycan deposits (Fig. 4E). Since the CIM contains recombinant
human TGFB3 as a differentiation promoting cytokine, it is pos-
sible that NMR MSCs require the NMR homolog or additional fac-
tors to complete chondrification in vitro.

To assess adipogenic potential, we cultured MSCs in AIM, fol-
lowed by visualization of adipocytic differentiation products
through Oil Red staining. Mouse MSCs at P4 did not show lipid
formation in control or AIM media; however, the addition of
Rosiglitazone or Indomethacin to boost adipose differentiation
led to the formation of Oil Red positive cells in AIM media
(Fig. 4F). None of these conditions produced a positive signal
from NMR MSCs. The AIM contains insulin as a critical compo-
nent, while an insulin insensitivity in response to glucose feeding
has been reported in NMRs®’, which may in part explain the
inefficient adipogenic in vitro differentiation. In summary,
NMR MSCs showed full capacity for osteogenic differentiation.
However, under differentiation conditions used for mouse and
human MSCs comprising highly similar key reagents'’~>”, NMR
cells did not secrete cartilage glycans upon chondrogenic
differentiation conditions and were refractory to adipogenic
differentiation.

NMR MSCs are hypersensitive to Hedgehog signaling
The application of PMN, an agonist of the hedgehog signaling
pathway, to increase calcification of osteogenic differentiation

cultures was successful for mouse and human MSCs (Fig. 4A,B).
However, when we used this compound at the same concentration
to boost osteogenic differentiation in NMR MSCs, we repeatedly
obtained no signal in either AP or van Kossa stainings (data not
shown). We then checked the cultures using regular brightfield
microscopy and observed a complete growth arrest as early as
day 5 of treatment (Fig. 5A). NMR MSCs showed a sharp decline
in cell viability at 1-uM PMN (Fig. 5B). Notably, the luminescent
cell viability assay measures substrate conversion through cellular
ATP, which is reduced in dead or apoptotic cells; however, non-
cycling but otherwise live cells will collectively convert less sub-
strate per well as compared to dividing cells. Indeed, quantification
of apoptosis through Annexin V staining did not show marked cell
death in NMR MSCs treated with 1-uM PMN (Fig. 5C). Importantly,
mouse MSCs showed higher tolerance to PMN, and cycle exit
occurred at 10 pM. Fibroblasts of both species tolerated higher
doses of PMN (Fig. 5B).

Considering these results, we asked whether hedgehog (Shh)
pathway inhibition could potentially increase proliferation. For
this, we used cyclopamine, a natural steroidal alkaloid binding
to and inhibiting the Shh pathway receptor SMO, thereby inhib-
iting its downstream cascade. Cyclopamine pharmacokinetics in
MSFs and NSFs were almost identical, displaying overt toxicity at
33 puM (Fig. 5D). Annexin V staining confirmed that this effect
resulted from apoptosis and cell death in both NMR MSCs and
NSFs (Fig. 5E; Fig. S3E). In summary, we found a hypersensitivity
for both activation and inhibition of the Shh pathway in NMR
MSCs, responding to 3-10-fold lower concentrations of the corre-
sponding drugs.
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Figure 4. Tri-lineage differentiation capacity of mouse and NMR MSCs. (A) Micrographs of mouse osteogenic differentiation cultures at passage 4.
AP, alkaline phosphatase staining measured 2 weeks post-induction; control, basal MSC growth medium; OIM, osteogenic induction cocktail; PMN,
purmorphamine; Van Kossa, Van Kossa mineralization staining measured 4 weeks post-induction. Each image is a whole-well scan of stained six-well
plates. (B) Micrographs of human osteogenic differentiation cultures at passage 4. (C) Micrographs of NMR osteogenic differentiation cultures at the
indicated passage numbers. (D) Microsections of mouse chondroid cultures. ABH-OG, Alcian Blue Hematoxylin/Orange G staining; CIM, chondrogenic
induction cocktail; H&E, Hematoxylin Eosin staining. 100x magnification objective; scale bar: 20 pm; arrows indicate extracellular glycan deposits. (E)
Microsections of NMR chondroid cultures, same magnification as mouse. (F) Micrographs of Oil Red O stained mouse (top) and NMR (bottom) adipo-
genic differentiation cultures. AIM, adipogenic induction cocktail; Indo, Indomethacin; Rosi, Rosiglitazone.

Prolonged cell culture leads to premature senescent
phenotypes in NMR MSCs

To characterize the cell cycle arrest displayed by NMR MSCs,
we examined MSCs at different stages of proliferation: fresh
MSCs that just emerged from bone tissue and formed clusters
of proliferating cells; low-passage MSCs (passage 1-5); medium-
passage cells (passage 6-8); and high-passage cells (passage
8-10). NMR MSC proliferation rate steadily decreased until pas-
sage 4-5, during which few cells stained positive for the senes-
cence marker p-Galactosidase (Fig. S4A,B). Medium-passage
cells appeared enlarged and stopped dividing, with a higher pro-
portion of B-Galactosidase positive cells (Fig. S4C). High-passage
cells displayed clonal outgrowth of pleomorphic cells throughout
passages 10-20 (Fig. S4A,D).
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Next, we compared the bulk transcriptomes of the various pas-
sage stages described above. The supervised passage group clusters
distinctly mapped to nonoverlapping areas in a t-distributed
Stochastic Neighbor Embedding (t-SNE) projection (Fig. 6A) and
consequently featured overexpressed gene sets specific for each
proliferation stage (Fig. S5A). Functional annotation using GSEA
for fresh MSCs yielded strong enrichment of proliferation-associ-
ated pathways such as G2M checkpoint and E2F/MYC targets
(Fig. 6B), exemplified through specific overexpression of mitotic
effectors and regulator genes such as lambda DNA polymerase
(POLL), PIMREG, PCLAF, and RBP1 (Fig. S5A). Moreover, posi-
tive enrichment scores for glycolysis and MTORC1 signaling, as
well as cytoprotective pathways for DNA repair and unfolded pro-
tein response (UPR), were obtained for fresh NMR MSCs (Fig. 6B).
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We validated the functional annotation using the gene ontology
(GO) biological process gene set collection, which enriched for
multiple biosynthetic processes along with further DNA repair-
associated terms (Fig. S5B), supporting the notion that fresh
MSC isolates represent intact regenerative and metabolic molecu-
lar processes and showed a transcriptional response to serum
stimulation in vitro. Low-passage cell transcriptomes displayed
downregulated energy-related pathways (Fig. 6B), namely
OXPHOS and membrane lipid metabolic_process, along with
enrichment for myogenic differentiation signatures through over-
expression of MYOG, MYOD1, and PAX7 (Figs. S5A and S6A).
Strikingly, growth arrested intermediate passage cells scored high
for multiple high-level inflammatory pathways, including STAT
and TNFa signaling, interferon response, and complement cascade
(Fig. 6B). Consistently, we found enriched GO categories for Toll
receptor signaling, innate immune response, and interleukin pro-
duction pathways, together with p53 signaling and oxidative stress
response signatures (Fig. S6B), highlighted through overexpres-
sion of IL6, CSF2, NOS2, and NLRP3 in intermediate passage cells.
Moreover, by feature extraction from the SenMayo gene set

predicting senescence-associated patterns and senescent cells®’,
we found a global trend of increasing expression in most signature
genes with increasing time under culture (Fig. 6C; Fig. S7). By con-
trast, high-passage cells displayed exclusively negative associations
with mitotic pathways and MTOR signaling despite overriding
temporary cell cycle arrest (Fig. 6B). Indeed, cellular biosynthesis
processes, DNA damage response, and UPR terms were downregu-
lated in high-passage cells (Fig. S6C). Consistently, subsetting the
cell cycle gene collection from the murine cyclone classifier list into
common and stage-specific gene blocks yielded a clear overexpres-
sion of the majority of genes from any block in fresh MSCs (Fig.
S8A)°2. Since high-passage cells continuously proliferated in vitro,
albeit with a lower PD rate than fresh cells (Fig. 3E), we checked
the expression of selected cyclins and checkpoint kinases across
passaging stages. Cyclin A1 (CCNA1) and E2F1 expression sharply
declined during the transition from fresh to low-passage cells
before rising again through intermediate passage to high-passage
cells (Fig. 6D). Similar trends were obtained for CDK2 and
CDC25B (Fig. S8B). However, CDK1 mRNA constantly decreased,
whereas cyclin D1 (CCND1) expression steadily increased, and
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Figure 6. Premature senescence in cultured NMR MSCs. (A) t-SNE mapping of NMR MSC bulk transcriptomes clustered according to time in culture.
Fresh NMR MSCs, no passage; low-passage MSCs, low passage; middle/medium-passage MSCs, intermdiate passage; high-passage MSCs, high passage.
(B) GSEA between four clusters of passage time using the MSigDb hallmark gene set collection. NES, normalized enrichment core; q value, adjusted
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tumor suppressor RB1 levels were largely maintained over time in ~ growth arrest, while tumor suppressor genes p53 and Rb were
culture. Subsequent qPCR validation fortified only CCND1 expres-  slightly elevated toward high-passage numbers (Fig. 6E,F).

sion as constantly increasing with time, while all other cell cycle Conclusively, we showed that NMR MSCs underwent prema-
regulators would dip expression levels around the temporary ture senescence at PD 6-8. The growth arrested cells had many

12 AgingBio, 2, 20240029, June 28, 2024



features of senescence. However, the arrest was temporary, and
“immortalized” clones emerged, showing elevated oxidative
stress, replicative stress, and tumor suppressive signaling.

Discussion

We performed the first isolation and characterization of bone-
marrow-derived MSCs from the long-lived NMR. NMR MSCs dis-
played the CD90/THY1 surface marker, which is a consensus
marker for the MSC state'®, with higher expression in neonatal
MSCs. Thy1.1 expression progressively diminished with time in
culture, in line with the premature senescence phenotype
acquired with prolonged in vitro cultivation. We further showed
the myeloid and fibroblastic marker CD68 was specifically down-
regulated in NMR MSCs, while CD34 was negative on both NMR
and human MSCs, supporting the identity of NMR BM-derived
stromal cells as MSCs.

Tri-lineage differentiation capacity is a major hallmark of the
MSC cell state and a consensus criterion for therapeutic MSC
applications*®. Our results suggest that NMR MSCs have a bias
toward osteogenic cell fate and limited differentiation potential
for adipogenic fate. Notably, we found the leptin receptor
(LEPR) to be overexpressed in human MSCs, which we collected
from adult donors, and not expressed in NMR MSCs (Fig. S1F).
Leptin is produced by adipocytes, whereas LEPR has been shown
to identify BM-MSCs in mice®®, is responsible for fate decision
between adipogenic and osteogenic lineages, and promotes BM
innervation through NGF secretion®*>, In human cells, leptin
treatment increased the survival of transplanted MSCs into myo-
cardial infarction sites®®; however, primary LEPR™ human MSCs
show a decreased number of generations in culture and advanced
biological age®”. The lack of defined conditions to induce adipo-
genic differentiation in NMR cells warrants caution in drawing
conclusions regarding fate decision biases.

Interestingly, in vitro MSCs from NMR and two other mole-rat
species (BMR and DMR) entered a stage of prolonged growth
arrest similar to human MSCs and sharply distinct from the rapid
proliferation displayed by MSCs from mouse, rat, and bat. This
growth arrest may indicate hypersensitivity to culture conditions
and overstimulation by fetal calf serum, leading to activation of
tumor-suppressor signaling. Consistently, all three mole-rat spe-
cies are characterized by very low cancer incidence compared
to mouse and rat®®*~’3, Human MSC cultures eventually become
senescent with time, whereas mouse MSCs display accelerated
proliferation. The cell growth phenotype of cultured NMR
MSCs appears to incorporate both phenotypes of human and
mouse MSCs in a staged fashion, such as an initial growth period
followed by a temporary growth arrest resembling features of sen-
escence, followed by clonal re-entering of the cell cycle. Human
cells have evolved several checkpoint mechanisms, which are
lacking in murine cells”*. For example, human terminally differ-
entiated cells do not express telomerase; instead, they evolved
replicative senescence as a tumor suppressor mechanism to com-
pensate for higher cancer incidence in large-bodied animals”®.
The human MSC in vitro growth phenotype is likely a combina-
tion of the induction of replicative senescence and premature sen-
escence due to cell culture stress. While long-lived small-bodied
animals like NMRs do not repress telomerase or undergo replica-
tive senescence, they evolved an array of alternative tumor sup-
pressor mechanisms manifesting in slow cell growth in vitro®’.
NMR MSCs enter a senescence-like state due to the stress of cell
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culture but not telomere shortening. We hypothesize that after a
while, these non-telomeric mechanisms are overridden due to
constant growth factor signaling from serum in the culture media
which may be associated with genetic or epigenetic changes at the
single-cell level.

Unexpectedly, NMR MSCs did not display the ECI characteristic
of NMR fibroblasts and expressed HA of lower molecular weight.
This is consistent with the faster proliferation of the NMR MSCs
and their propensity to give rise to immortalized clones after a
period of stasis. While these features may lead to a higher chance
of malignant transformation, they may at the same time enhance
the regenerative properties of the NMR MSCs.

The hypersensitivity of NMR MSCs to Shh pathway modulation
suggests an intricate balance essential to maintain MSC identity.
Indeed, it has been shown that PMN-induced expression of
pro-angiogenic factors such as activin A, angiogenin, and angio-
poietin 1 in Wharton’s jelly-derived MSCs”®, whereas SHH over-
expression in osteoarthritic MSCs led to SASP and chondrocyte
apoptosis’”.

The distinct gene expression profiles of NMR MSCs suggest a
unique regulatory landscape. No CXCL12 production by NMR
MSCs points toward one or multiple separate cell types in the mar-
row to support HSPC homing, which is conserved in NMRs>"-",
The diminished levels of DNA methylases may be relevant for the
cancer resistance of these species. We recently showed that in the
distantly related BMR (Spalax spp), DNMT1 levels are very low,
and the resulting loss of retrotransposon silencing during hyper-
plasia with subsequent cGAS-STING pathway induction is co-
opted as a tumor suppressor mechanism>®. The elevated expres-
sion of SIRT1/2/3/6 in NMR MSCs raises intriguing questions
about the role of these genes in conferring NMR’s exceptional lon-
gevity. In mice, SIRTI-defective MSCs have lower osteogenic
capacity, which could be rescued by mutating known acetylation
sites in ﬁ-catenin79. Moreover, in humans and rats, SIRT1 activity
ameliorated MSC senescence upon prolonged culture in vitro®%¢?,
SIRT2 is the most abundant sirtuin in adipocytes, and its overex-
pression prohibits adipogenesis®?, which is in line with the lack of
in vitro adipogenic differentiation in SIRT2 overexpressing NMR
MSCs. SIRT6 has been shown to co-activate NRF2, conferring
resistance to oxidative stress in human MSCs®3. These findings
prompt further exploration of the interconnected roles of
Sirtuins in MSC maintenance and longevity.

In conclusion, our characterization of NMR MSCs contributes
essential insights into the isolation and propagation of a therapeu-
tically relevant stem cell population in this long-lived rodent. The
unique attributes of NMR MSCs, including growth arrest, lineage
fate biases, and responses to culture conditions, hold potential
implications for understanding longevity and cancer resistance.
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