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ARTICLE INFO ABSTRACT

Keywords: Controlling the senescence of mesenchymal stem cells (MSCs) is essential for improving the efficacy of MSC-
Cell surface GRP78+ ) based therapies. Here, a model of MSC senescence was established by replicative subculture in tonsil-derived
Slucose-regulated protein 78 MSCs (TMSCs) using senescence-associated p-galactosidase, telomere-length related genes, stemness, and mito-
enescence

chondrial metabolism. Using transcriptomic and proteomic analyses, we identified glucose-regulated protein 78
(GRP78) as a unique MSC senescence marker. With increasing cell passage number, GRP78 gradually trans-
located from the cell surface and cytosol to the (peri)nuclear region of TMSCs. A gelatin-based hydrogel releasing
a sustained, low level of reactive oxygen species (ROS-hydrogel) was used to improve TMSC quiescence and self-
renewal. TMSCs expressing cell surface-specific GRP78 (csGRP78+), collected by magnetic sorting, showed
better stem cell function and higher mitochondrial metabolism than unsorted cells. Implantation of csGRP78+
cells embedded in ROS-hydrogel in rats with calvarial defects resulted in increased bone regeneration. Thus,
csGRP78 is a promising biomarker of senescent TMSCs, and the combined use of csGRP78+ cells and ROS-
hydrogel improved the regenerative capacity of TMSCs by regulating GRP78 translocation.

ROS releasing hydrogel
Tonsil-derived mesenchymal stem cells
Bone regeneration

1. Introduction regenerative medicine owing to their multi-potency in various tissues.
However, cellular senescence decreases MSC proliferation and differ-
Mesenchymal stem cells (MSCs) are considered an essential tool in entiation potential, creating a bottleneck for clinical applications [1,2].
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Cellular senescence can be induced by two major factors: genetically
programmed aging during developmental processes and endoplasmic
reticulum (ER) stress [3-5]. Recent studies have focused on minimizing
cellular senescence to improve the stemness and quality of MSCs to aid
in their successful application in regenerative medicine [6,7].

TMSCs retain higher proliferation rate compared with BMSCs and
ADMSCs, probably due to the fact that TMSCs are generally obtained
from younger donors, average age of less than 10 years old. Most
importantly, the unique surface markers and soluble mediators makes
TMSCs as an attractive MSC candidate for practical and clinical impli-
cations due to their ease of obtaining, expanding as well as relatively low
immunogenicity compared to MSCs of other sources. TMSCs have been
tested in animal models of osteoporosis [8,9], osteoradionecrosis [10],
or calvarial defect [11] and have demonstrated some promising out-
comes as a feasible therapeutic treatment for bone-related disorders.

The events of cellular senescence associated with aging, such as
telomere shortening, and neuroendocrine and immunological alter-
ations, are spontaneous and inevitable. In contrast, ER stress-induced
senescence can be prevented or reduced by controlling the extracel-
lular environments [12]. ER stress results in the accumulation of somatic
mutations and reactive oxygen species (ROS) production, eventually
leading to cell damage and death. ROS production causes cellular
exhaustion and increases cellular senescence and apoptosis in a
dose-dependant manner [13]. Counterintuitively, ROS are essential for
maintaining normal cellular processes [14,15]. Moreover, Jang and
Sharkis (2007) reported that low ROS levels are crucial for hematopoi-
etic stem cell precursors to maintain a quiescent state and self-renew
[16]. Furthermore, an extremely low intracellular ROS level (below
0.001 pM) negatively impacts proliferation, differentiation, and immu-
nity, suggesting that a low basal ROS level is essential for cellular
physiology [15]. Since high ROS levels are toxic to cells, intracellular
ROS levels are closely regulated to ensure that stem cells maintain tissue
homeostasis and repair damaged tissues throughout the lifespan of an
organism [13,17].

ROS are mainly produced via mitochondrial respiratory chain ac-
tivity by the consumption of intracellular O, [18]; however, the ERs also
play a role in generating ROS by way of Ca2" leakage from the ER and
oxidative stress [19,20]. During ER stress, the Ca?t pool stored in the ER
is released into the cytosol, thereby increasing the mitochondrial Ca%*
levels, altering the mitochondrial metabolism, and promoting ROS
production [18,21,22]. In non-stressed cells, ROS are regulated by three
unfolded protein response (UPR) sensor proteins - protein kinase R
(PKR)-like endoplasmic reticulum kinase, PERK; inositol-requiring
enzyme 1, IREl; and activating transcription factor 6, ATF6 -
embedded in the ER membrane. Glucose-regulated protein 78 (GRP78)
binds to these three UPR sensors but remains inactive until required [17,
23].

GRP78 is an ER chaperone protein, also known as “BiP” or “HSPA5".
It is a member of the heat shock protein 70 superfamily and acts by
regulating ER stress sensors’ activities to sustain ER protein-folding,
thereby maintaining a balance between cell viability and apoptosis
[24]. Although GRP78 is traditionally thought to reside exclusively in
the ER lumen, it can also be secreted and actively translocated to other
cellular locations, including the cell surface, cytosol, nucleus, and
mitochondria, to regulate cell signaling, proliferation, invasion,
apoptosis, inflammation, and immunity [24-26]. Notably, cell
surface-specific GRP78 (csGRP78), localized in the plasma membrane,
exerts a receptor-like function, and increases proliferation, motility, and
survival [22,24,27]. Although no direct evidence has shown that
csGRP78 regulates stem cell function and senescence, the loss of GRP78
is reportedly associated with aging and age-related diseases [28], indi-
cating a potential link with age-related MSC senescence.

To create an optimal microenvironment for MSCs to proliferate and
differentiate effectively while minimizing cellular senescence, we pre-
viously developed gelatin-based (HO)-releasing hydrogels. The
hydrogel provides an artificial cellular microenvironment by releasing
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50-250 pM of ROS to support the 3D cell culture growth of human
dermal fibroblasts without compromising on cytocompatibility [29].
Here, we modified the stiffness and glucose oxidase (GOx) concentration
of the hydrogel to obtain a sustained release of low levels of ROS. We
investigated the potential effects of the ROS-hydrogel in minimizing the
impacts associated with cellular senescence of tonsil-derived MSCs
(TMSCs) and validated its potential application as a novel material for
improving the efficacy of MSC-based regenerative therapies.

2. Materials and methods
2.1. TMSCs

Isolation and experimental groups Isolation of TMSCs was conducted in
accordance with aa previously described protocol, with a slight modi-
fication [30]. For the detailed isolation methods, please refer to the
Supplementary Information. TMSCs were subcultured on individual
100 mm? dishes, and the cells at 80% confluence were detached using
0.25% trypsin-EDTA (Gibco) for 3 min. This step was repeated until 20
to 25 passages were reached, to induce replicative senescence in TMSCs.
The maximum number of passages was set based on the decreased
proliferation capacity. In this study, TMSCs were categorized into two
groups: control TMSCs (Ctrl; passages 5-8) and culture aged TMSCs (CA;
passages 20-25). The doubling time of TMSCs with each passage num-
ber was calculated using the Patterson formula: doubling time, (h) =
[{(T — To)(og2)}/(logN — logNp)] T is time (h), and N is the cell count.

2.2. Senescence-associated f-galactosidase assay

As the serial passage progressed, the morphological changes in
TMSCs were observed with an inverted microscope (Olympus) to
observe senescent TMSCs. Senescent TMSCs were identified by staining
the cells with senescence-associated p-galactosidase (SA-p-gal) using an
SA-p-gal staining kit (Cell Signaling Technology), according to the
manufacturer’s instructions. For the detailed procedure, please refer to
Supplementary Information.

2.3. Subcellular fractionation of TMSCs and Western blot analysis

After harvesting the subcultured TMSCs at different passage
numbers, the cells were washed thrice with ice-cold PBS. Subcellular
fractionation was performed using a subcellular protein fractionation
kit, according to the manufacturer’s instructions (Thermo Fisher).
Intracellular fractions were extracted using a suitable buffer and by
centrifugation of each subcellular fraction. The collected subcellular
fractions were then used for Western blot analyses to determine the
protein levels. For detailed description on the Western blot analysis
protocol, please refer the Supporting Information.

2.4. FACS analysis

Control or CA TMSCs (1.0 x 10° cells) were incubated with fluo-
rescein isothiocyanate (FITC)- or phycoerythrin (PE)-conjugated
monoclonal antibodies targeting Isotype-PE, Isotype-FITC, CD14, CD34,
CD45, CD73, CD90, and CD105 (BD Biosciences), for 30 min at 4 °C. The
cell populations were analyzed using a FACScan instrument (FACSCa-
libur-S System; BD Biosciences), and the data obtained were analyzed
using the FlowJo software (BD Biosciences).

2.5. Cell cycle analysis

Cell cycle stage was examined by measuring the DNA content of
nuclei labeled with propidium iodide (PI, Abcam). For the cell cycle
analysis, either the control or the CA TMSCs (1 x 10° cells) were har-
vested by trypsinization and gently pelleted by centrifugation at 300xg
for 5 min. The pellets were washed and resuspended in 200 pl DPBS. The
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resuspended cells were transferred drop-wise into 70% ethanol (800 pl)
and fixed for 1 week. The cells fixed in ethanol were collected, washed,
and resuspended in PI staining solution (50 mg/ml) containing RNase A
(100 mg/ml), and incubated in the dark for 30 min at room temperature.
A FACScan (FACSCalibur-S) was used to analyze the cell cycle, and the
FlowJo software was used for data analysis.

2.6. Measurement of metabolic changes

TMSCs were seeded in a 60 mm? culture dish. When the cells reached
confluence, they were washed thrice with DPBS. To determine the ox-
ygen consumption rate (OCR), 1.2 x 10* cells were resuspended in 1 ml
of fresh warm DMEM supplemented with 10% FBS and 2 mM glutamine.
The cells were left to respire for 10 min to monitor the basal oxygen
consumption. Subsequently, 1.25 pM oligomycin, 1 pM carbonlcyanide
4-(trifluoromethoxy)-phenylhydrazone (FCCP), and 0.5 pM rotenone/
antimycin A (R/A) were added to determine the sources and contribu-
tion of mitochondrial and/or non-mitochondrial oxygen consumption.
Real-time OCR was monitored using a Seahorse analyzer XF96 (Agilent).

2.7. Transcriptomic and proteomic analysis

For detailed information on the transcriptomic and proteomic ana-
lyses performed, please refer the Supporting Information.

2.8. Immunofluorescence staining of cell membranes

To perform the immunofluorescence assay, TMSCs were fixed with
4% PFA and washed thrice with PBS. The cell membranes of the fixed
TMSCs were permeabilized for 10 min at room temperature using 0.5%
Triton X-100 and rinsed with PBS. After permeabilization, the non-
specific binding sites were blocked with blocking buffer, composed of
PBS supplemented with 3% bovine serum albumin, for 1 h. Next, the
cells were incubated overnight with specific primary antibodies against
GRP78 (1: 500 dilution; Abcam) followed by incubation with blocking
buffer. The cells tagged with GRP78 antibodies were washed with PBS
and incubated with goat anti-rabbit secondary antibodies conjugated
with FITC (1: 500 dilution) for 1 h in a humid and dark chamber. The
nuclei were counterstained with DAPI for 3 min. The cells were observed
and imaged under a confocal microscope (LSM-880 with Airyscan,
ZEISS).

2.9. MACS

The magnetic beads for the MACS column were incubated in a
binding buffer containing primary GRP78 and secondary goat anti-
rabbit antibody complexes for 12 h. The magnetic beads were washed
thrice with PBS and loaded onto a MACS separation column fitted with a
magnet (MiniMACs; Miltenyi Biotec). The binding buffer was run
through the column once. Subsequently, the heterogeneous pool of
TMSCs in the binding buffer were loaded to run through the separation
column. The unbound cells were collected through the column and
designated as “csGRP78- cells” The remaining bound TMSCs were
released from the column by running an elution buffer through the
column. The collected cells were designated as “csGRP78+ cells”.

2.10. GRP78 knockdown experiments using siRNA GRP78

Protein expression in csGRP78+ cells was knocked down using
siRNA. Two days prior to the transfection, the MACS sorted csGRP78+
cells were grown in 6-well plates containing DMEM supplemented with
10% FBS. GRP78 siRNA and scrambled siRNA were purchased from
Santa Cruz Biotechnology (Santa Cruz). The scrambled control siRNA or
GRP78 siRNA was transfected into csGRP78+ cells using Lipofect-
amine2000 and LipoPLUS (Thermo Fisher). After the transfection, the
cell lysates were collected and analyzed using Western blot analysis.
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2.11. Synthesis and physicochemical characteristics of the ROS-hydrogel

The ROS-hydrogel was fabricated by mixing two types of solutions
(sol A and sol B). To prepare solution A, HRP (0.025 mg/ml) and GOx (0
— 10 pU/ml) were dissolved in DPBS, followed by mixing with 2.5 wt%
GH solution (volume ratio of GH/HRP/GOx = 8:1:1). To prepare solu-
tion B, 2.5 wt% GH was dissolved in H,O5 (0.035 — 0.13 wt%) and
glucose (500 mM) (volume ratio GH/H30,/glucose = 8:1:1). The solu-
tions A and B were gently mixed in a volume ratio of 1:1 and shaken at
room temperature in a 6-well plate for 2 min with a yellow tip to create
the ROS-hydrogel. The elastic modulus (G) and viscous modulus (G) of
the hydrogels were measured using a rheometer (Advanced Rheometer
GEM-150-050, Bohlin Instruments, USA), in oscillation mode, with a
frequency of 0.1 Hz and a strain of 0.01% using parallel plate geometry
(diameter = 25 mm, gap = 0.5 mm). To explore the effect of crosslinking
density on the elastic modulus, 0.035-0.13 wt% H20, was used to
fabricate the hydrogels.

2.12. Measurement of cumulative H2O, release from the ROS-hydrogels

To measure the amount of HyO; released from the ROS-releasing GH
hydrogels, a quantitative peroxide assay kit (Pierce) using the ferrous
ion (Fe?") oxidation xylenol orange assay was used. Briefly, 100 pl of
ROS-releasing GH hydrogels, including GOx 0, 5, and 10 pU/ml (GOxO,
GOx5, and GOx10, respectively) were prepared in a 48-well plate and
incubated with 900 ul DPBS. We collected media at pre-determined time
points, and the same amount of fresh medium was added to maintain a
constant total volume of media throughout the experiment. Ten micro-
liters each, of the collected media, were added to a 96-well plate, to
which 100 pl of the assay kit solution was added using a multichannel
pipette. The reaction was allowed to progress for 20 min at room tem-
perature. Subsequently, the absorbance was measured at 595 nm using a
microplate reader (BioTek).

2.13. Establishment of a critical calvarial defect

All animal experiments and surgical procedures were approved by
the Institutional Animal Care and Use Committee of Chungbuk National
University (IACUC ID: CBNUA-136R-19-01). Male Sprague Dawley rats
(7 weeks old, 350 g) were supplied by Samtako Biokorea Inc. (Osan,
Korea). Before surgery, rats received a subcutaneous injection of zoletil
(20 pg/kg) to produce an anesthetic effect. Under sterile conditions, a
sagittal incision was made from the orbital ridge for a distance of 10 mm.
Skin flaps on either side were retracted to expose the calvaria. A hand-
held drill fitted with a stainless-steel trephine drill bit was used at high
speed to create a full-thickness 8 mm-diameter calvarial defect on the
skull bone of each rat. Sterile PBS was used for irrigation during drilling.
All hydrogel implants with or without GRP78+ TMSCs were placed in
the calvarial defect area. Soft tissue compartments were closed with 4-0
Vicryl fiber, and skin incisions were closed using Prolene 5-0 nylon
interrupted sutures. The animals were monitored every hour after the
surgery. Post-surgery, buprenorphine was used to minimize pain or
discomfort, and all rats were monitored for signs of infection. At the end
of 4 weeks, the rats were euthanized using CO», and the calvarial bone
tissues were collected for further experiments.

2.14. Micro-computed tomography imaging and histological analysis

Micro-CT images were obtained to monitor osteogenesis progression
at the calvarial defect site using Quantum FX micro-CT (PerkinElmer),
with the following parameters: 90 kVand 160 pA, and a field of view of
24 mm. The images were analyzed using the CTAn software (Bruker).
The skull samples containing defective sites were retrieved, fixed in
formalin, decalcified, paraffin-embedded, and subjected to H&E staining
and Masson’s trichrome staining.
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2.15. Statistical analysis using the Student’s t-test or one-way analysis of variance (ANOVA),
followed by the Tukey’s post hoc multiple comparison test. Significant

All values are presented as the mean + standard deviation (S.D.). All differences among experimental groups are indicated using different
graphs in this manuscript were generated using the GraphPad Prism 7 alphabets, and the level of significance is denoted as * p < 0.05, **p <

software (GraphPad Software). Statistical significance was analyzed 0.01, and ***p < 0.001.
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Fig. 1. Characteristics of control (Ctrl) and culture-aged (CA) TMSCs. a) Senescence-associated p-galactosidase (SA-p-gal)-stained TMSCs in the two experimental
groups. Black arrows indicate blue-colored SA-p-gal-stained cells (Magnification: x 200; scale bar = 200 pm). The absorbance of SA-p-gal-stained samples was
measured at 405 nm. b) The TMSCs from each experimental group were stained with PI staining solution, and flow cytometry was used to analyze the stage of cell
cycle. c) Relative changes in the expression of TRF-1, TRF-2, and hTERT in the two experimental groups. d) Relative changes in the protein expression of the em-
bryonic stem cell markers Nanog, Oct4, and Sox2 in the experimental groups, quantified using Western blot analyses. €) Mesodermal differentiation potentials of Ctrl
and CA TMSCs indicated by the optical density of extracts from the cells stained with Oil Red O (adipogenesis), Alizarin Red S (osteogenesis), and Alcian Blue
(chondrogenesis) solutions, determined at their respective characteristic absorbance. f) Mitochondrial activity of Ctrl and CA groups was determined by examining
the cellular oxygen consumption rates (OCRs). g) Maximal respiration rate (pmol/min), ATP production (based on respiration), basal level of respiration (pmol/min),
proton leak, non-mitochondrial oxygen consumption (non-MOC), spare respiratory capacity (SRC), and ATP production during oxidative phosphorylation in
mitochondria were determined in the Ctrl and CA groups. Statistical significance is denoted as p < 0.01 (**), and p < 0.001 (***) (n = 3), and the alphabets in the
figure indicate the significant differences among the experimental groups (p < 0.05). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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3. Results

3.1. Development of culture-aged (CA) senescence model of TMSCs

Senescence-associated p-galactosidase (SA-p-gal) staining revealed
that the CA TMSCs group had a 3.2 + 0.2-fold higher number of X-gal-

Hematopoietic cell markers
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positive cells compared to the control group (Fig. 1a) (p < 0.01).
Morphological changes, including cell length and width, were measured
in the cultured TMSCs (Fig. S1la). Compared to control TMSCs, CA
TMSCs were significantly enlarged (246.2 + 36.5 vs. 182.9 £ 33.3 pm)
and flattened (28.6 & 9.0 vs. 21.3 &+ 6.9 pm). Additionally, we found that

Primitivecell markers

replicative senescence affected the cell cycle, decreasing the S phase
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from 31.1 to 21.9%, while increasing the relative percentages of cells in
the G1 and G2 phases from 42.9 to 52.7% and 12.2 to 17.1%, respec-
tively (Fig. 1b). Furthermore, the doubling time of the TMSCs gradually
increased with increase in the passage number; the average doubling
time below passage 15 (the control TMSCs) was 40.1 + 1.8 h, whereas
the doubling time from passage 20 to 25 exceeded 45 h (Fig. S1b).

RT-PCR analyses showed that compared to the control, the CA
TMSCs had significantly lower expression of senescence-related genes;
for instance, the expression of telomere regulation factor (TRF)-1, TRF-
2, and human telomerase reverse transcriptase (hTERT) in the CA
TMSCs was 0.6 & 0.1-, 0.8 + 0.1-, and 0.7 £ 0.1-fold lower than that in
the control TMSCs (Fig. 1c), respectively. The protein expression of MSC
stemness markers, Nanog, Oct4, and Sox2, began to decline after pas-
sage 10 until passage 20 (Fig. 1d).

Furthermore, we investigated the effects of replicative senescence on
the multi-differentiation potential of TMSCs, such as adipogenesis,
osteogenesis, and chondrogenesis (Fig. 1e). Compared to control TMSCs,
CA TMSCs showed significantly reduced mesodermal differentiation
potentials, which was evident from the significantly decreased lipid
droplet formation (0.4 + 0.1-fold, p < 0.01), mineralization (0.4 + 0.1-
fold, p < 0.01), and proteoglycan aggrecan levels (0.5 £+ 0.1-fold, p <
0.01). To determine the effect of replicative senescence on the migration
of the control and CA TMSCs, these cells were applied to the cell tracking
system and monitored for 24 h in a COy chamber (Supplementary
Fig. 1c), following which the migration speed of CA TMSCs (17.8 + 5.8
pm/h) was reduced by 26.0% compared to control TMSCs (13.2 + 4.9
pm/h).

The cellular oxygen consumption rate (OCR) in mitochondria was
investigated as an index of oxidative and cellular metabolic changes
caused by replicative senescence. The OCRs from the different compo-
nents were calculated (Fig. 1f). As shown in Fig. 1f, cultured TMSCs
exhibited a lower OCR compared to the control. The CA TMSCs showed
significantly reduced basal respiration, proton leak, non-mitochondrial
respiration, and ATP production compared to the control (p < 0.01).
Sequential injection of the indicated inhibitors (Oligo, FCCP, and R + A)
was used to calculate the spare respiratory capacity (SRC, Fig. 1g) and
ATP production. The cell-specific basal mitochondrial stress levels,
which are often used as indicators of metabolic rate (52.7 4+ 4.7 to 39.2
+ 9.1 pmol/min; p < 0.01), proton leak (20.9 + 3.3 to 13.4 + 3.8 pmol/
min; p < 0.01), non-mitochondrial oxygen consumption (non-MOC,
76.9 + 7.1 to 53.1 &+ 7.3 pmol/min; p < 0.01), SRC (15.1 + 12.2 to 35.0
+ 7.2 pmol/min; p < 0.001), and ATP production (31.2 + 3.4 to 25.8 +
7.5 pmol/min; p < 0.01) were significantly decreased in the control
compared to the CA group.

3.2. Immunophenotypic and quantitative transcriptomic and proteomic
characterization of TMSCs

The immunophenotypic differences between the two groups, the
control and CA TMSCs, were investigated using flow cytometry. Both
TMSC groups exhibited strong expression of the primitive cell markers
CD73, CD90, and CD105, but weak expression of the hematopoietic
lineage markers CD14, CD34, and CD45 (Fig. 2a). There were no sig-
nificant differences in the levels of these markers between the control
and CA groups, indicating that these markers may not be suitable
markers for identifying TMSCs with replicative senescence.

To identify representative senescence markers to selectively isolate
senescent TMSCs from a heterogeneous pool of TMSCs, we conducted
transcriptomic and proteomic studies to analyze the differentially
expressed proteins between the control and CA TMSCs (Fig. 2b-f,
Tables S1 and 2). Transcriptomic data from previous studies were
further reanalyzed, validating GRP78 as a representative marker asso-
ciated with the replicative senescence of TMSCs (Tables S1 and 2) [30].
In the partial heatmap distribution, transcriptomic differences between
control and CA TMSCs were presented as a log,-fold change (Fig. 2b).
Based on multidimensional scaling (MDS) scores, the CA TMSCs were
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distinguished from the control (Fig. 2c). The genes from control and CA
TMSCs were categorized as highly differentially expressed genes ac-
cording to the Gene Ontology (GO) classification of biological processes,
which included the top 20 enriched terms (Fig. 2d). The transcriptomic
GO results are presented in Supplementary Tables 1 and 2 Most tran-
scriptomic data can be found in the GEO accession number, GES149588.

We compared the changes in protein abundance in each group. Heat
map analysis of the correlated proteins obtained by proteomic and
cluster analyses is shown in Fig. 2e. Proteomic analyses showed changes
in the exponentially modified protein abundance index (emPAI) values
between the two groups (Fig. 2f, Table S3). For numerical comparison, a
fold difference higher than 1.5 in protein levels was considered a sig-
nificant change. The expression of 25 proteins in the CA TMSCs
decreased, while that of 7 proteins increased, compared to the control
TMSCs. Most of the identified proteins belonged to the cytoskeletal and
extracellular matrix-related protein families (Fig. 2f). Transcriptomic
analyses showed that HSPA5 expression was significantly decreased in
CA TMSCs, as confirmed by proteomic analyses (Fig. S2a). The GRP78-
centered regulatory networks were significantly associated with
senescence-related proteins, including cytoskeletal proteins (ACTN1,
TUBA1A, and TUBA1B) and proteins related to proliferation regulation
(ENO1, PH4B, and EEF2, Fig. S2b). Therefore, we selected GRP78 as a
representative senescence marker to isolate senescent TMSCs from a
heterogeneous TMSC pool. The proteins identified by proteomic ana-
lyses were classified according to their subcellular location, such as
Golgi, cytoplasm, secreted protein, mitochondria, nucleus, ER mem-
brane, cell membrane, lysosome, and other fractions (Fig. S2¢). Of these,
the protein levels in the mitochondria, nucleus, ER membrane, and cell
membrane fraction of the CA group showed a considerable increase
compared to that in the control group.

3.3. Changes in gene and protein expression patterns of GRP78 with
senescence

As the replicative senescence of TMSCs progressed, the gene (Fig. 3a)
and protein (Fig. 3b) expression of GRP78 significantly decreased,
especially after passage 10 and 20, both of which had 0.3 + 0.1-fold
lower GRP78 protein expression compared to the TMSCs at passage 5 (p
< 0.001). This was further validated with adipose tissue-derived MSCs
(AD-MSCs), and a significant decrease in GRP78 expression was
observed in the AD-MSCs at passages 10 and 20 (CA) compared to that of
AD-MSCs at passage 5 (control) (Figs. S3a and b). We further examined
whether GRP78 levels decreased with increasing passage numbers in
other non-MSC types, such as PANC-1 (pancreatic cancer cells) and
NIH3TS3 fibroblast cell lines. As shown in Figs. S3c¢ and d, there were no
significant changes in GRP78 levels between cells at different passages,
implying that the changes in GRP78 levels are likely to be MSC-specific
phenotypes observed in TMSCs with replicative senescence.

To find a link between GRP78 regulation and ER stress, we examined
the changes in ATF6, phosphorylated ATF6™% IREla, and PERK
levels using Western blot analysis (Fig. 3c). The protein levels of ATF6
and PERK were significantly decreased in TMSCs at passage 20, while p-
ATF6™ 1% Jevel was dramatically decreased after passage 15. In
contrast, the level of IREla was unaffected by the passage number. To
determine the changes in GRP78 localization with senescence, we
analyzed GRP78 expression in different subfractions of the control and
CA TMSCs (Fig. 3d). Compared to the control TMSCs, the CA TMSCs had
a significantly decreased GRP78 expressions in cytosolic (0.4 + 0.1-fold)
and membranous (0.3 + 0.1-fold) fractions compared to that of control
TMSCs. While GRP78 expression in the nuclear fraction showed signif-
icantly increased expression in CA TMSCs (3.4 + 0.1-fold) compared to
the control TMSCs, which is the opposite expression pattern or even
more dramatic difference than other two cellular fractions in cytoplasm
and membrane (Fig. 3d). Based on these results, GRP78 expressed in the
cell membrane was chosen as a reliable selection marker for dis-
tinguishing young and senescent cell populations in a heterogeneous
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Fig. 3. Expression of genes and proteins involved in the GRP78-related signaling pathway in TMSCs at different passages. a, b) Gene and protein expression profile of
GRP78 in TMSCs at passage 5, 10, 15, 20, and 25. ¢) Protein expression profile of representative ER stress markers: ATF6, p-ATF6™ 1% IRE1, and PERK. d) Protein
expression profiles of GRP78 in cell fractions, including cytosol, cell membrane, and nucleus, of control (Ctrl) and culture-aged (CA) TMSC groups were examined and
compared. All bar graphs represent the fold changes normalized with each of the reference proteins. Statistical significance is denoted as p < 0.001 (***) (n = 3), and
the alphabets in the figure indicate the significant differences among the experimental groups (p < 0.05).

pool of TMSCs.
3.4. Translocation of GRP78 with senescence in TMSCs

We labeled GRP78 with GFP to investigate the effect of replicative
senescence on the intracellular localization of GRP78 in the control and
CA TMSCs. In control TMSCs, GRP78 was evenly distributed in the
cytoplasm and cell membrane until passage 10, but in the CA TMSCs,
GRP78 was mainly localized around the perinuclear region at passage 15
and predominantly accumulated in the nucleus by passage 20 (Fig. 4a
and b). These findings indicate that, with the induction of replicative
senescence in TMSCs, GRP78 gradually translocates from the cytoplasm
to the nucleus. Thus, changes in the expression and distribution of
intracellular GRP78 is a hallmark of replicative senescence in MSCs.

3.5. Efficacy of sorted csGRP78+ TMSCs

TMSCs at low passage numbers retain GRP78 in the cytosol and cell
membrane, and replicative senescence induces the localization of
GRP78 to the nucleus, suggesting that GRP78 expressed on the cell
membrane of TMSCs can be a marker for sorting cells with greater stem
cell potential. Therefore, we used magnetic-activated cell sorting
(MACS), as illustrated in Fig. 5a, to isolate GRP78-positive (csGRP78+)
cells. We confirmed the efficacy of MACS for sorting GRP78+ cells using
fluorescence-activated cell sorting (FACS) analysis and compared the
number of csGRP78+ cells in the control and CA TMSC pools (Fig. S4a).
We also examined the difference in the intracellular distribution of
GRP78 between csGRP78+ and c¢sGRP78- cells using an immunofluo-
rescence assay (Fig. S4b). In csGRP78+ cells, GRP78 was expressed in
the cell membrane and cytoplasmic regions, while in csGRP78- cells,
GRP78 was primarily expressed in the (peri)nuclear region. Addition-
ally, comparison of GRP78 expression in csGRP78+ and csGRP78-

Fig. 4. Intracellular distribution of GRP78. Intracellular distribution of GRP78 in a) control (Ctrl) and b) culture-aged (CA) TMSCs at passage 5, 10, 15, and 20 (scale

bar = 20 pm, n = 3).



D.H. Choi et al.

Biomaterials 278 (2021) 121156

a b Oil-Red O Alizarin Red Alcian Blue
Mix cell cSGRP78+ ]
{heterogeneous cells) /__,_-’-_..__\ %
i
—_— N
~
‘Magnetic =
Field 2
csGRP78-
25 1.5
u_ 20 o 5w O
O — 2 —_
z
a g 1.5 5 g [ E 1.0
2o = =
o= 1.0 oM gg 0.5
a3 o 2E 0.
En 2= =
00 ol EH 0.0
(=3 [=3 cs 5 s (=3
GRP78- GRP78+ GRP78- GRP78+ GRPYE- GRAVE:
£ d 300
Oligo FCCP  R+A
300 v ¥ v R cGRP7E+
: ; - CSGRP78+ T B csGRP7E-
. e~ CSGRP78- E 200-
5
E 200 s
=] =
E o
= H o ]
= 100 i 3 100
o f
[s] i
0 3% x n_
o 20 a0 60 80 100 Basal Proton Non- SRC ATP
Time {min) Leak MOoC Production
5 bqg‘“ S 15 2 _1s
€ f & S w5 s = 57
5(}‘ & Qg'\“’ E i a £ 7 - a
o
7 1004 L &5 10 I = g10 =
E” Dl = EGRP?S g 2 95 b s 205
S 801 - csGRP7S- g v §° )
= —+ (sGRP78+ = 2 =}
T 60 p-ATFETMMEET & g9 % 200 P e
8 h €S Scrambled s I ram iRNA
-2 GRP7EE mge = SIRNA GRP7BE RuA
5 ATF6 - -
g 40 * IEl 51° g ns
&5
ﬁ hdd & | [ 3}
2 Sos E Sos
s EGAPDH 2T =z
0 8 16 24 32 40 48 56 64 (h) = s @ o
i 5 €5 Scrambled siRNA B Scrambled i
Time GRP7E* ana GRP78E g o0 SIRNA
h S
g ,\$’ \le F
& & &
o & s 15 —15
[t & v c
100 ) y S a i D a
—_ — v n a a
g g3seris 3 o x E 210 b
3 —a— csGRP78+ P-p: o :C!‘ g %
S 809 _o Scrambled RNA 2t : :?O.S £ cos
= —— GRP78SiRNA p53 2 g 5
S 60+ ®E b =%
8 serarz 2 DO 00 e ambiad
Su AKTEE cs Scrambled 5 rami iRNA
2 a0 P-AKT GRP7EE s o SIRNA GRP75% mnA . o
= = £
S 201 ey a5 ne
& R a a 2@ _—
£ o S S T
T T T T T T T T T T = 5 L=
0 6 12 18 24 30 36 42 48 54 60 66 (h) 3505 ‘3205
Time m GAPDH E E l 2 E .
) b = 2
= 390 = S0
= cs Scrambled siRNA - O cs Scrambled siRNA
GRF78+ RNA GRP78+ RNA
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TMSCs at each passage (Fig. S4c) revealed that unsorted control TMSCs
mainly comprise csGRP78+ cells, while csGRP78- cells form the major
cell population in a heterogeneous pool of CA TMSCs. Furthermore,
assessment of the migration capacity of csGRP78+ TMSCs revealed that
the csGRP78+ cells possess a higher migration speed than the unsorted
and csGRP78- cells (19.63 £+ 6.52 vs. 14.11 £+ 2.29 pm/h; p < 0.01)

(Fig. S4d).

The differentiation efficiency of csGRP78+ cells was assessed by
comparing the adipogenic, osteogenic, and chondrogenic differentiation
potentials of csGRP78+ and csGRP78- cells. We found that csGRP78+
cells had higher adipogenic (2.1 + 0.1-fold), osteogenic (6.7 + 0.4-fold),
and chondrogenic (1.2 + 0.1-fold) differentiation potentials compared
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to csGRP78- cells (Fig. 5b). The mitochondrial metabolism-related OCR
values, including basal OCR (127.1 + 31.2 to 71.5 + 35.8 pmol/min; p
< 0.05), proton leak (56.1 + 16.9 to 27.9 + 7.8 pmol/min; p < 0.01),
non-mitochondrial oxygen consumption (94.1 + 18.6 to 59.4 £+ 11.0
pmol/min; p < 0.01), ATP production (71.0 + 14.4 to 43.5 & 12.0 pmol/
min; p < 0.01), and SRC (886.7 + 72.3 to 180.4 &+ 37.5 pmol/min; p <
0.01), were significantly higher in c¢sGRP78+ cells compared to
csGRP78- cells (Fig. 5¢ and d). To investigate the correlation between
c¢sGRP78 and cell proliferation, the real-time proliferation rates of the
control and CA TMSCs were calculated (p < 0.001). As shown in Fig. 5e
and f, the presence of GRP78 in csGRP78+ cells significantly influenced
cell proliferation compared to GRP78 knockdown cells (p < 0.001). The
GRP78 knockdown using GRP78 siRNA (siGRP78) (Fig. 5g and h) led to
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the suppression of the expression of the ER stress markers, p-ATF6Thr166
and ATF6. The p53 signaling pathway, a cellular proliferation signaling
pathway, was also significantly inhibited, as indicated by the decreased
levels of p-p535°. In the AKT signaling pathway, only p-AKTS™*73
levels were significantly decreased following siGRP78 transfection.

3.6. Embedding the TMSCs in the ROS-hydrogel

We synthesized gelatin-based in situ cross-linkable hydrogels
(gelatin-hydroxyphenyl propionic acid, GHPA) using an HRP/H30»-
mediated crosslinking reaction. The incorporation of GOx into the HRP/
H50; crosslinking system allowed the creation of stiff hydrogels without
compromising on cytocompatibility, as GOx gradually generated HO»
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Fig. 6. Application and effects of ROS-hydrogel on the intracellular translocation of GRP78. a) Schematic illustration of the ROS-hydrogel synthetic process. The
elastic modulus (G") and viscous modulus (G") of gelatin-based in situ cross-linkable hydrogels with different H,O, concentrations: b) 0.035 wt% and 0.3 kPa, c)
0.062 wt% and 2 kPa, and d) 0.13 wt% and 4 kPa, respectively. e) Cumulative concentration of ROS released from ROS-hydrogel formulated with GOx0, GOx5, and
GOx10. f) Western blot analyses of TMSCs cultured without the hydrogel (2D) and with ROS-hydrogels (3D) releasing ROS at three different levels. g) Intracellular
distribution of GRP78 in TMSCs embedded in the control hydrogel and ROS-hydrogel, respectively. h) Intracellular distribution of GRP78- cells embedded in the ROS-
hydrogel at GOx0 and GOx5 conditions (scale bar = 20 pm, n = 3).
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during hydrogel formation.

We fabricated ROS-hydrogels through enzymatic crosslinking in the
presence of HRP and Hy0,, yielding either C-C bonds between ortho-
carbons of the aromatic ring or through C-O bonds between the ortho
carbon and the phenoxy oxygen (Fig. 6a) [31]. To determine the optimal
stiffness of hydrogels required to provide the 3D artificial cellular
microenvironment, the elastic (G’) and viscous (G") moduli of the con-
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(0.035-0.13 wt%), were investigated. The G' and G" values of the control
hydrogels were measured for 10 min, when the values reached a plateau
without further change. The maximum G' values, depending on the HyO,
concentrations, were approximately 0.3 kPa (0.035 wt%), 2 kPa (0.062
wt%), and 4 kPa (0.13 wt%) (Fig. 6b-d). As previously described, the
increase in HyO4 concentration with fixed HRP concentration could lead
to higher crosslinking density and produce hydrogels with higher stift-
ness because HyO5 acts as a cross-linker in this system [32]. The
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Fig. 7. Implantation efficacy of csGRP78+ cells embedded in ROS-hydrogel in a calvarial defect rat model. a) Bone regeneration was evaluated 4 weeks after
implantation. Images of new bone formation in the defective area obtained using pCT. The yellow color corresponds to newly generated bone tissue, and the blue-
marked area represents the fibrous connective tissue. b) Histologic sections were stained using H&E and Masson’s trichrome staining methods. The yellow arrow
head indicates the original defective edge; OB, NB, and RM indicate the old bone, newly formed bone, and hydrogel remnants, respectively. ¢, d) Morphometric
analyses of the regenerated bone area are presented as bone volume (BV, mm?) and bone mineral density (BMD, g/cm?). The alphabets in the figure indicate the
significant differences among the experimental groups (p < 0.05) (n = 10 rats/group). (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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cumulative HyO5 concentrations released from GOx0, GOx5, and GOx10
were monitored for 28 days (Fig. 6e). The cumulative maximum Hy04
concentrations from GOx0, GOx5, and GOx10 were 3.5 & 0.1, 15.6 &+
0.1, and 33.3 + 0.2 pM, respectively, with the exception of GOx10,
which are considered low physiological ROS concentrations [33].

We examined the degradation and stiffness profiles of the ROS-
hydrogel (GOx0, GOx5, and GOx10) at two different stiffnesses (2 and
4 kPa), with or without TMSCs, for 50 days (Figs. S5a—d). In GOx5 and
GOx10 hydrogels, the mass of ROS-hydrogels embedded with TMSCs
rapidly decreased at 22 and 25 days (49.5% decrease from the initial gel
weight), respectively. The ROS-hydrogels without cells had a lower mass
loss than those with cells throughout the experimental period. Based on
these results, the optimal stiffness of the ROS-hydrogel for cell loading
was achieved using GOx5 and GOx10.

To test the effect of ROS-hydrogel on GRP78 expression, control and
CA TMSCs were embedded in the ROS-hydrogel (3D culture condition)
with three different GOx conditions (Fig. 6f). Compared to non-
embedded TMSCs (indicated as 2D), embedded 3D-cultured TMSCs
presented 1.7 + 0.1- and 1.6 + 0.1-fold higher GRP78 expression under
GOx5 and GOx10 conditions, respectively. To further optimize the
biocompatibility of the ROS-hydrogel, we conducted the LIVE/DEAD
assay (Figs. S5e and f), and found no significant cell death in TMSCs
embedded in the GOx5 hydrogel. However, the Gox10 hydrogel
exhibited a significantly higher number of dead cells compared to Gox5
hydrogel (1.7 + 0.1-fold relative fluorescence unit (RFU); p < 0.001).
Therefore, we selected the Gox5 and 2 kPa stiffness as optimal condi-
tions for formulating the ROS-releasing hydrogel, denoted as “ROS-
hydrogel”, for further experiments with TMSCs, while the vehicle
hydrogel GOx0-hydrogel is denoted as “control hydrogel”. Additionally,
we examined the effect of sustained ROS release on the changes in the
intracellular distribution of GRP78 by loading TMSCs in either the
control or ROS-hydrogel (Fig. 6g). In the case of the CA TMSCs in GOx5
ROS-hydrogel, GRP78 was mainly expressed in the plasma membrane
region and cytosol, similar to the control cells. In the csGRP78- cells with
GOx0 hydrogel, GRP78 was mostly distributed in the perinuclear region
(left panel of Fig. 6h) of the cultured cells. Notably, GRP78- cells loaded
in the GOx5 hydrogel recovered the protein expression of GRP78 evenly
distributed in the cytosol (right panel of Fig. 6h). Thus, a mild ROS
concentration (below the level of 4.5 pM ROS) can help the senescent
cells recover GRP78 expression and enable the redistribution of intra-
cellular GRP78 to the cell membrane and cytosol.

3.7. ¢sGRP78+ cell-embedded ROS-hydrogel accelerates bone
regeneration

To examine the tissue regeneration efficacy of csGRP78+ cells, we
implanted csGRP78+ cells fabricated with the ROS-hydrogel into the
calvarial defect areas of rats (Fig. 7a). Four weeks after the implanta-
tions, the morphology of the newly formed bone in the calvarial defect
site was reconstructed using micro-CT (pCT), gross observation, and
histological evaluation. The implantation of the control hydrogel
(vehicle) without cells induced some trabecular bone formation
compared to the sham group. Implantation of the control hydrogel
incorporated with unsorted mixed TMSCs (Mix) did not dramatically
induce bone formation compared to the hydrogel vehicle. Additionally,
csGRP78- cell-loaded hydrogel implantation did not induce any new
bone formation. However, compared to the other hydrogel-implanted
groups, csGRP78+ cell-loaded hydrogel implantation dramatically
induced the formation of new bone at the implanted defective site. ROS-
hydrogel implantation resulted in more bone formation compared tothe
control hydrogel. As expected, csGRP78+ cell-loaded ROS-hydrogel
implantation significantly improved new bone formation compared to
the control hydrogel embedded with csGRP78+ cells. Unlike the control
hydrogel, the ROS-hydrogel incorporated with either the Mix or
csGRP78- cells induced bone formation at the implanted defect site.

Furthermore, we conducted hematoxylin and eosin (H&E) and
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Masson’s trichrome staining to evaluate the histology of the newly
generated bone tissue (Fig. 7b, Figs. S6 and S7). Except for the sham
group and the groups that were implanted with the Mix, there was
showed connective tissue between the bone tissues in all groups. A thin
connective tissue consisting of fibroblast-like cells was observed in the
sham group and the groups implanted with the Mix without hydrogel.
Histological analyses revealed that BMP2 completely recovered the
defective bone region and collagenous tissue. Compared to BMP2, both
hydrogels combined with csGRP78+ cells remarkably improved the
generation of new bone and collagen fiber tissues. However, the im-
plantation of csGRP78- cells using either the control hydrogel or ROS-
hydrogel resulted in scaffold remnants and the formation of immature
woven bone at the defective sites. Tissue staining and immunofluores-
cence of the retrieved samples confirmed incomplete healing in
csGRP78- implanted group as the defects were primarily bridged with
fibrous tissue, cartilage, and remnant. Conversely, robust bone forma-
tion was seen in the csGRP78+ implanted area, with some defects filled
in completely with new bone as indicated with high cell population of
CD31" cells. Trichrome staining of calvarial defect microsections har-
vested at 4 weeks post-treatment corroborated these findings by
showing a higher proportion of mature bone and red blood cells in the
csGRP78+ implanted sites than those implanted with csGRP78-. At
csGRP78+ sites, no trace of ROS hydrogel was observed, suggesting
complete degradation of the implanted scaffold.

Newly induced bone formation was quantified in terms of bone
volume (BV, mm3) (Fig. 7c) and bone mineral density (BMD, g/cms)
(Fig. 7d). Both BV and BMD showed the same differences among the
experimental groups. Compared to the bone morphogenetic protein 2
(BMP2) group (7.3 £1.1 mm?’), no significant differences were observed
in the BV among the groups incorporated with the control hydrogel,
even though some bone formation was present in the csGRP78+ cell-
embedded group (4.3 + 2.3 mm®, p > 0.05). Hence, the incorporation
of csGRP78+ cells in the ROS-hydrogel significantly improved bone
formation (11.1 4+ 1.3 mm?>). The csGRP78+ cell-loaded ROS-hydrogel
significantly improved the BMD (37.6 + 1.6 g/cm®) compared to the
csGRP78+ cell-loaded control hydrogel, which showed a significant
recovery value (12.7 + 1.9 g/cm®) compared to that of the BMP2 group.

4. Discussion

The present study sought to identify a novel biomarker for isolating
senescent MSCs from heterogeneous cell populations to improve stem
cell therapeutic efficacy. Mounting evidence has shown the significant
negative impact of replicative senescence (i.e., in vitro aging, also known
as the Hayflick limit) on stem cell therapy [6,34,35]. In this study, we
have developed a senescent TMSC model and validated its senescence
characteristics by examining the changes in cell proliferation, cell cycle,
metabolic rate, and differentiation efficacy.

Both transcriptomic and proteomic analyses revealed different gene
expression patterns in the control and CA TMSCs (Fig. 2, Tables S1-3).
Of these, we screened for molecules involved in ER stress and UPR
signaling, which are essential for maintaining low levels of ROS for cell
survival and differentiation. We identified GRP78 as a potential marker
associated with the replicative senescence of TMSCs (Fig. 3). UPR
signaling is vital for maintaining low levels of ROS and transcriptionally
regulating detoxifying enzymes [36,37]. Under these conditions, cell
differentiation is affected by various factors, including the duration and
patterns of exposure, cellular antioxidant content, and simultaneous
co-exposure to other factors [1].

GRP78 is an ER chaperone protein and gatekeeper of the mammalian
UPR, which balances cell life and death by regulating the activities of ER
stress sensors to sustain ER protein-folding capacity [24]. In particular,
the protein level and activity of several ER chaperones including GRP78
decrease during physiological aging [28]. Under an ER stress, GRP78
dissociates from all three UPR transducers (ATF6, IRE1, and PERK), and
permits stress sensors to activate downstream JNK signaling and the
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elF2a-ATF4-CHOP pathways, which trigger apoptotic cell death. ATF6
also functions as a transcription factor that induces the expression of
GRP78. As replicative senescence progresses, the protein level and ac-
tivity of ATF6 (as indicated by the phosphorylation of ATF6) signifi-
cantly decreases (Fig. 3), consequently suppressing JNK signaling,
which is vital for maintaining self-renewal and differentiation of stem
cells in the CA TMSCs [38,39].

Knockdown of GRP78 using siRNA in csGRP78+ cells significantly
decreased ATF6 expression and phosphorylation, indicating a direct
association between GRP78 and ATF6. ATF6 regulates the transcription
of pro-survival genes such as GRP78 [40], GRP94, and protein disulfide
isomerases [27]. Unlike ATF6, PERK expression was not altered by
siGRP78 treatment (Fig. 5). Upon siGRP78-mediated downregulation of
GRP78, PERK forms a homodimer and phosphorylates elF2a, thereby
inhibiting transcription and inducing cell apoptosis [41-43]. Since we
did not observe a decrease in PERK level following siGRP78 transfection,
we cannot comment on the interaction between the two proteins.
Collectively, we propose that GRP78 plays an important role in cell
proliferation and is intricately linked to ATF6 expression and activation,
among other UPR sensor proteins, under the current experimental
conditions.

To further confirm the effects of csGRP78 on cell survival and pro-
liferation, we examined the AKT and p53 signaling pathways, which
play a significant role in determining cell death/survival and p53-
dependent senescence [44]. As shown in Fig. 5g and h, p-p535™> and
p-AKTSe™73 were affected by siGRP78 transfection. p53 plays a key role
in determining cell fate, and its activation takes place in a DNA damage
response (DDR)-dependent or -independent manner [35,45]. p53 acti-
vation regulates metabolism, autophagy, DNA damage repair, cell cycle
arrest, quiescence, senescence, and apoptosis in cancer stem cells [44].
Given the decreased TRF-1/2 expression in senescent TMSCs and
decreased p53 and AKT levels in GRP78-silenced csGRP78+ cells, we
propose that the inhibition of GRP78 expression can affect p53 and AKT
activation, thereby inducing cellular senescence and decreasing cell
survival and proliferation [46].

Additionally, we found that replicative senescence dramatically
altered the intracellular location of GRP78. GRP78 exclusively resides in
the lumen and ER membrane [25], but it can also be secreted and
actively translocated to other cellular locations, such as the cell surface,
cytosol, nucleus, and mitochondria, to regulate cell signaling, prolifer-
ation, invasion, apoptosis, inflammation, and immunity [24]. Here, we
observed the translocation of GRP78 from the cytoplasm and cell
membrane to the (peri)nucleus in senescent TMSCs. Thus far, no direct
evidence and mechanisms have explained the role of csGRP78 trans-
location in stem cell function and senescence. Some studies have re-
ported the potential role of GRP78 during ER stress in human AD-MSCs
and mouse neural stem cells [47,48]. Here, for the first time, we have
shown the recovery of GRP78 in TMSCs exposed to ROS.

To elucidate the effect of csGRP78 on replicative senescence, we
isolated csGRP78+ cells from a heterogeneous pool of TMSCs and
compared their stemness with that of csGRP78- cells. The csGRP78+
cells showed significantly higher proliferation, mitochondrial meta-
bolism, and multi-differentiation capacity than csGRP78- cells, without
affecting the inherent ability of MSCs [49]. It is known that the inter-
action between ER and mitochondria during senescence is important.
Dorian et al. (2021) reported that cellular senescence increases the
mitochondria-ER contacts (MERC), brings the mitochondria and ER
membranes closer, and increases ROS concentration, including ca®t
ions, leading to apoptosis [50]. The efficiency of mitochondrial energy
metabolism was investigated to distinguish the intracellular metabolic
rate of csGRP78+ cells from mixed cells or csGRP78- cells. In this study,
csGRP78+ cells had comparatively higher metabolic rates, including
SRC and ATP production, which can be attributed to their relatively
increased cell proliferation compared to csGRP78- cells. csGRP78+ cells
also retained higher basal OCR, proton leak, non-MOC, SRC, and ATP
production, indicating a potential association between the cytosolic and
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membrane expression of GRP78, mitochondrial function, and stemness
of TMSCs.

Mitochondria and ER are the major organelles for ROS production.
An appropriate level of ROS is required for cells to maintain normal
physiological functions and activities [51-53]. However, ROS act as a
double-edged sword in many pathophysiological conditions [54]. ROS
promote growth and survival at low physiological intracellular levels
(0.001-0.7 pM). However, at levels higher than 20 pM, they halt cell
growth, eventually leading to cell death [14]. Here, we hypothesized
that a hydrogel system that persistently releases low levels of ROS could
enhance GRP78 expression in TMSCs, thereby improving their stemness
and differentiation potential. Therefore, we developed a gelatin-based
3D hydrogel culture system that released a mild concentration of ROS
to promote intracellular translocation and expression of GRP78. This
ROS-hydrogel consistently released an appropriate concentration of
H203 (5 pM) through a GOx reaction within the hydrogel.

Among the hydrogel degradation profiles obtained by using three
levels of hydrogel stiffness (0.3, 2, and 4 kPa), the 0.3 kPa stiffness
hydrogel was excluded due to its lack of embedded cell-holding capac-
ity, and the 4 kPa hydrogel was excluded because it altered the original
cell morphology and had an inappropriate degradation rate, resulting in
hydrogel remnants at the implanted area, thereby hindering the regen-
eration efficacy of new tissue. We also tested various GOx conditions and
found that GOx10 resulted in significant cell death (Fig. S5f). Therefore,
we selected GOx5 as the optimal effective concentration of GOx for the
hydrogel to restore the stemness of TMSCs (Fig. 6). When the senescent
TMSCs and GRP78- cells were exposed to a mild level ROS-releasing
environment (approximately 5 pM), both GRP78 expression and intra-
cellular location were almost recovered to that in young and healthy
TMSCs (Fig. 6g and h).

Finally, we evaluated the bone regeneration efficacy of the ROS-
hydrogel using a calvarial defect model. We found that the ROS-
hydrogel combined with csGRP78+ cells resulted in the highest bone
regeneration potential compared to the other conditions tested in this
study, including the Mix and csGRP78- groups (Fig. 7). Compared to the
control hydrogel, without ROS release, the ROS-hydrogel presented
remarkably improved new bone formation at the bone defect site. Both
hydrogels resulted in significant bone regeneration capacity when
implanted with csGRP78+ cells, but the csGRP78+ embedded the ROS-
hydrogel showed higher bone regeneration efficacy, CD31" cell popu-
lation, and collagenous tissue formation with red blood cells indicating
formation of new blood vessels [55]. In contrast, the implantation of
either vehicle or csGRP78- cells resulted in an apparent accumulation of
hydrogel remnants at the defective site, regardless of the hydrogel type,
owing to the lack of stem cell function (stemness and
multi-differentiation potential) and weak proliferation capacity of
csGRP78- cells, which caused the incomplete degradation of hydrogels,
thereby hindering new bone formation in the defective area. Never-
theless, it remains unclear how low levels of ROS induce the stemness
and regenerative capacity of TMSCs. Therefore, further studies are
warranted to establish the mechanisms by which mild levels of ROS from
the hydrogel induce GRP78 translocation from the nucleus to the cyto-
plasm and cell membrane of TMSCs.

We have demonstrated that csGRP78+ cells strongly exhibit stem-
ness characteristics in MSCs, retaining higher proliferation and differ-
entiation capacities compared to csGRP78- cells. Persistent exposure to
mild levels of ROS through the ROS-hydrogel system further improved
the regeneration capacity of csGRP78+ cells (Fig. 8). The present results
indicate that csGRP78-+ can be used as a potential biomarker for dis-
tinguishing senescent MSCs. Moreover, the combined use of csGRP78+
and the ROS-hydrogel system can further improve and recover the
stemness of MSCs, producing high yield and high quality MSC-based
therapeutic products.
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Fig. 8. An overview of the overall experimental process performed in the current study. Probe for the differentially expressed of genes and proteins among the early
and late passage TMSC groups using transcriptomic and proteomic analyses revealed senescence markers, among which GRP78 was selected for use in the study.
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