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Impact statement Abstract

How to maintain the stemness of bone
marrow mesenchymal stem cells (BMSCs)
in cultures is a long-standing question. The
present study found that mitochondrial
dynamics affects the stemness of BMSCs
in cultures and the retaining of mitochon-
drial fission enhances the stemness of
BMSCs. This work thus provides a novel
insight into strategic approaches to main-
tain the stemness of BMSCs in cultures in
relation to the clinical application of bone-
marrow stem cells.

Mitochondrial dynamics, a complicated cellular process consisting of mitochondrial fusion
and fission, has been suggested to be involved in regulating the stemness of bone marrow
mesenchymal stem cells (BMSCs). This study was undertaken to explore the relationship
between mitochondrial dynamics and the maintenance of BMSCs’ stemness. Rat BMSCs
were treated with fibroblast growth factor 2 (FGF2) and epithelial growth factor (EGF) to
induce differentiation. Mitochondrial dynamics was determined by mitochondrial length
observed by confocal microscope and DLP1 (a protein promoting mitochondrial fission),
OPA1 (a protein promoting mitochondrial fusion) expression revealed by Western blotting
analysis. BMSCs’ stemness was determined by flow cytometry and osteogenic/adipogenic

differentiation ability. We found that in the process of BMSCs differentiation, mitochondrial length was increased, along with a
decreased protein level of DLP1 and an increased protein level of OPA1 in the mitochondria, indicating a shift toward mitochon-
drial fusion in BMSCs during differentiation. Notably, when the mitochondrial fission was inhibited by Mdivi-1, the stemness
marker, CD90, was deceased along with the reduction of DLP1 expression. Under the same condition, the potential of BMSCs to
be induced into adipocytes or osteocytes was decreased. Correspondingly, when BMSCs were treated with tyrphostin A9,
a reagent promoting mitochondrial fission by increasing DLP1, the stemness marker, CD54, was increased with an increased
potential of BMSCs to be induced into adipocytes or osteocytes. Hence, our results demonstrated that mitochondrial fission

contributed to the maintenance of BMSCs’ stemness.
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Introduction

Bone marrow mesenchymal stem cells (BMSCs) are adult
stem cells, possessing self-renewal capability and multiple
differentiation poten’cial.1 Therefore, BMSCs have been
extensively studied in relation to regenerative medicine.?
In general, BMSCs are quiescent cells due to their low pro-
liferative activity. Under pathological conditions, BMSCs
proliferate rapidly and differentiate to functional cells to
repair the injured tissues.>* BMSCs are widely used in
tissue engineering because of their lower immunogenicity
and tumorigenicity in comparison with other stem cells.”
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However, BMSCs cultured in vitro have the tendency to
differentiate spontaneously,”® jeopardizing their clinical
application. Hence, it is necessary to gain a practical under-
standing of how to maintain the stemness of BMSCs
in cultures.

A number of factors regulate the self-renewal and
differentiation of stem cells, including nuclear
transcription factors,’ cell cycle proteins,' metal ions, and
growth factors.""'? Mitochondrial dynamics (fusion and
fission) are also indicated as being involved in the regula-
tion of the stemness of stem cells.">'* For instance,
the asymmetrical segregation of mitochondria controls
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the mammosphere-forming capacity of human mammary
stem-like cells during their division. Specifically, daughter
cells with a greater proportion of young mitochondria grow
into a larger population of mammospheres, and those with
lesser young segregation arrive at a decreased number of
mammospheres. Furthermore, the ability of the mammary
stem-like cells to form mammospheres is decreased after
treatment with Mdivi-1, a small molecule inhibitor of DLP1
used for selectively and reversibly inhibiting mitochondrial
fission,'* indicating a possible involvement of mitochondri-
al fission in the maintenance of stemness.

The present study was undertaken to specifically
address the relationship between mitochondrial fission
and the maintenance of BMSCs’ stemness. With the
approach of either promoting or inhibiting mitochondrial
fission, we found that mitochondrial fission contributed to
the maintenance of BMSCs” stemness.

Materials and methods

Animal

Sprague-Dawley (SD) rats, aged five to seven days, were
purchased from a state government-approved animal facil-
ity (DaShuo, Chengdu, China). The rats were kept in cages
under standard laboratory conditions and given rat chow

and allowed free access to water. All experimental proce-
dures were approved by the Sichuan University Animal
Care and Use Committee in accordance with the
Principles of Laboratory Animal Care regulated by the
National Society for Medical Research.

Cell culture and treatment

BMSCs were prepared as described before.' Briefly, after
carefully removing the skin and muscle of the hind limbs,
the complete bone marrow cells were flushed from femur
and tibia using a 1 mL syringe containing Dulbecco’s mod-
ified Eagle’s medium-low glucose (DMEM-L; Gibco, USA)
supplemented with 10% fetal bovine serum (FBS; Natocor,
AR). Then bone marrow cells were divided into two
groups, control and the other group treated with growth
factors, fibroblast growth factor 2 (FGF2; 3339-FB-025,
Abcam, USA) and epithelial growth factor (EGF; 3214-
EG-100, Abcam). Cells were then plated into flasks or
wells and incubated in a cell incubator containing 5%
CO, at 37°C. Media were replaced every 2-3 days. When
cells grew to 70% confluence, they were washed twice with
phosphate-buffered saline (PBS) and treated with 0.25%
trypsin (Gibco) in 1 mmol/L EDTA (Sigma-Aldrich,
USA). After being resuspended in serum-supplemented
media, cells were counted, and plated to 25 cm? flask
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Figure 1. Isolated BMSCs with high purity and inducibility. (a) Determination of the positive (CD54, CD90) and the negative (CD34, CD45) surface markers of BMSCs
by flow cytometry; (b) representative images of fluorescently stained Sox-2; nuclei were stained with DAPI (blue). Scale bars represent 100 um, original magnification
x200. (c) Induction of BMSCs into osteocytes by culturing the cells in the osteogenic induction media for 14 days, visualized by Alizarin red S staining. Scale bar

represents 500 pum, original magnification x40. (d) Induction of BMSCs into adipocytes by culturing the cells in the adipogenic induction media for 21 days, visualized
by Oil Red O staining. Scale bar represents 100 um, original magnification: x200. (€) Chondrogenic induction of BMSCs by culturing the cells in the induction media for
27 days, visualized by Alcian blue staining. Scale bar represents 100 um, original magnification x200. (A color version of this figure is available in the online journal.)
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(5-7 x 10° cells). The third passage was used only for fur-
ther experiments. For determination of the role of mito-
chondrial fission in stemness maintenance, BMSCs were
treated with 50 pmol/L Mdivi-1 for 6 h to inhibit mitochon-
drial fission or 1 pmol/L tyrphostin A9 (TA9) for 24 h to
promote mitochondrial fission before being harvested.

Flow cytometry

Around 2 x 10* cells were harvested and centrifuged for
5min at 4°C. Fluorescein-conjugated antibodies, anti-CD54
(1:100; 554969, BD Biosciences, USA), anti-CD90 (1:100;
561409, BD Biosciences), anti-CD34 (1:20; sc-7324, Santa
Cruz, USA), and anti-CD45 (1:100; 561588, BD Biosciences),
were selected as demonstrated by previous studies and then
coincubated with cells at room temperature for 30 min.'>?
After washing three times and centrifuging for 5 min at 4°C,
cells were resuspended with 300 pL PBS and analyzed using
flow cytometry (Becton, Dickinson and Company, Franklin
Lakes, NJ, USA).

Immunofluorescence staining

BMSCs were seeded at approximately 60% confluence on
coverslips. After being rinsed with PBS and fixed with
freshly prepared 4% paraformaldehyde (PFA; Thermo
Fisher, USA), cells were permeabilized with 0.1% Triton
X-100 (Sigma-Aldrich) and incubated with 3% bovine
serum albumin (Cell Signaling Technology, USA) for 1 h.
Then, cells were incubated overnight at 4°C with Sox-2 anti-
body (1:200; ab75485, Abcam). After rinsing with PBS, cells
were incubated in the dark with an Alexa Fluor 488 conju-
gated secondary antibody (1:1000; A11001, Thermo Fisher)
for 1 h and briefly incubated with DAPI at room tempera-
ture. Finally, a confocal microscope (Nikon Ti Al, Japan)
was used to determine the fluorescence intensity in
BMSCs. Sox-2 and DAPI fluorescent images were captured
at x200 magnification using a microscope (Nikon Ti Al).

Mitochondria imaging

Cells were adhered to coverslips before coincubation with
MitoTracker Green (Invitrogen, USA) according to the man-
ufacturer’s instructions. In brief, freshly prepared
MitoTracker Green in dimethyl sulfoxide (DMSO) was
added to the culture to give a final concentration of 1
pmol/L and incubated for 30 min before imaging. Cells
were kept in the dark with a constant temperature of
37°C, then washed three times with FBS-free DMEM-L.
Live images of mitochondria were captured by a confocal
microscope equipped with oil immersion objective lens
60% (Lex: 488 NmM; Aem: 515-530 nm). The changes in mito-
chondrial length were assessed according to a procedure
published previously.” In brief, images were taken in a
blinded way and at least 30 cells were counted in three
independent experiments. Mitochondrial length was mea-
sured using Image ] software. To be specific, images were
extracted to grayscale, inverted to show mitochondria-
specific fluorescence as black pixels, then sharpened and
set for threshold to optimally resolve individual cells to
estimate mitochondrial length. As the majority of

mitochondrial mass forms an interconnected “network”
in BMSCs, and that one end of the network is often in the
perinuclear region which makes the image difficult to
resolve, thus, the resolvable length was always reported.

Isolation of mitochondria

Mitochondria were isolated according to a procedure pub-
lished previously.** Cells were washed three times with
PBS and scraped. The harvested cells were resuspended
and centrifuged at 600g for 5 min at 4°C. Then, cells were
resuspended again with 1 mL of ice-cold modified self-
timed execution (MSTE) buffer (10 mmol/L Tris base, 0.07
mol/L sucrose, 0.21 mol/L D, L-mannitol, 0.5 mmol/L
EGTA, 1 mmol/L EDTA, pH 7.4) and homogenized using
a Dounce homogenizer. The homogenate was centrifuged
at 600g for 5 min at 4°C. Supernatant was collected and
centrifuged at 1000g for 5min at 4°C. Then, supernatant
was collected again and centrifuged at 7000g for 10 min
at 4°C. Finally, the mitochondrial fraction was resuspended
in 1 mL of MSTE buffer and washed, followed by centrifug-
ing at 10,000g for 10 min at 4°C, the final deposit being the
mitochondrial pellet.
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Figure 2. FGF2 and EGF induced differentiation of BMSCs. BMSCs were
divided into two groups, control and FGF2 + EGF (treated with 5 ng/mL FGF2
and 10 ng/mL EGF for three passages). (a) Quantification of the fluorescence
intensity of stemness markers (CD54 and CD90) of BMSCs by flow cytometry.
Each dot represents one independent experiment. Bar graph values are mean
+ SEM. *Significantly different from the control group (P < 0.05). (b) Osteogenic
induction of BMSCs detected by Alizarin red S staining. Scale bars represent
500 um, original magnification x40. (c) Adipogenic induction of BMSCs detected
by Oil Red O staining. Scale bars represent 100 pm, original magnification x200.
(A color version of this figure is available in the online journal.)



Western blotting

Equal amounts of mitochondrial fraction (20 pg) from each
group were separated by 10% SDS-PAGE. All proteins were
transferred onto a polyvinylidene difluoride membrane
(Bio-Rad, USA) using an electrophoretic transfer machine.
Primary antibodies were listed as follows: DLP1 (1:1000;
611112, BD Biosciences), OPA1l (1:1000; 612606, BD
Biosciences), and ATPB (1:1000; ab170947, Abcam). After
incubation with primary antibodies overnight at 4°C, cells
were washed three times for 10 min each by TBST. Then,
cells were washed again following incubation with second-
ary antibodies for 1 h at room temperature. Proteins were
visualized by chemiluminescence (Bio-Rad) and analyzed
by IPP 6.0 (Image-Pro Plus 6.0, Media Cybernetics, USA).

Alizarin Red S and Oil Red O staining

BMSCs were seeded in six-well plates at a density of
3 x 10° cells/well. Cells were induced toward osteogenic
differentiation or adipogenic differentiation for 21 days.
After being washed with PBS and fixed with 10% formal-
dehyde at room temperature for 10 min, the cells were
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incubated with 0.1% Alizarin Red S or 0.5% Oil Red O solu-
tion (Cyagen, USA) at room temperature for 20 min. After
being washed with PBS three times, images were taken
using an inverted phase-contrast microscope (Nikon,
Tokyo, Japan).

Alcian blue staining

The 2.5 x 10 cells were cultured in a 15-mL centrifuge tube
and induced to chondrogenic differentiation for 27 days.
Then, cells were fixed in 4% PFA for 30 min at room tem-
perature and rinsed three times with PBS. They were then
progressively dehydrated at 4°C in sucrose (10%, 20% and
30% in PBS). Tissues were snap-frozen in OCT compound
(Sakura Tissue-Tek). Tissue sections of 10 pm thickness
were cut and stained with 1% Alcian blue (Cyagen) for
30min at room temperature. After washing three times,
photomicrographs (Nikon 80i, Japan) were taken.

Statistical analysis

Data were obtained from at least three separate experi-
ments and analyzed by GraphPad prism 7.0 (GraphPad
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Figure 3. Reduced mitochondrial fission in differentiation state of BMSCs. (a) Mitochondrial length in differentiation state of BMSCs; mitochondria in control group or
FGF2 + EGF group were stained with MitoTracker Green for 30 min and observed by confocal microscopy. Scale bars represent 10 um (left) and 5 um (right), original
magnification x2000 (left), x4000 (right). Morphometric analysis of mitochondrial length was obtained from three independent experiments and at least 10 cells were
observed in each experiment. Mitochondrial length was analyzed by Image J Software. Data were compared using unpaired Student’s t-test. Bar graph values are
mean £ SEM. *Significantly different from control (P < 0.05). (b) Western blotting analysis of DLP1 and OPA1 protein contents. The Western blotting procedure was
repeated four times with new set of samples obtained from separate experiments. Protein contents were analyzed by Image-Pro Plus software. Data were compared
using unpaired Student’s t-test. Bar graph values are mean + SEM. *Significantly different from control (P < 0.05). (A color version of this figure is available in the
online journal.)
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Software, USA). All data were presented as mean 4+ SEM.
The differences were determined using unpaired Student’s
t-test and P < 0.05 was considered statistically significant.

Results

Characterization of the isolated BMSCs

As shown in Figure 1(a), flow cytometry analysis
defined a high level of expression of surface antigen
CD54 or CD90, and an insignificant expression of hema-
topoietic antigen CD34, also a low level of leukocyte
common antigen CD45, indicating the high purity
of the isolated BMSCs. The purity of the BMSCs was
further confirmed by the detection of the nuclear tran-
scription factor Sox-2, which was expressed widely in

Inset

these cells (Figure 1(b)). Moreover, these cells exhibited
great potential to be induced into osteocytes, adipocytes,
or chondrocytes under respective culture conditions
(Figure 1(c), (d), and (e)).

Reduced mitochondrial fission in differentiation
state of BMSCs

FGF2 and EGF are growth factors that are known to stim-
ulate differentiation of stem cells.”>?® After treatment
with FGF2 and EGEF, cells with high levels of CD90 and
CD54 (stemness markers) were decreased (Figure 2(a)).
Correspondingly, the potency of BMSCs to be induced
into osteocytes or adipocytes was also decreased signifi-
cantly (Figure 2(b) and (c)), indicating a successful induc-
tion of differentiation state of BMSCs by FGF2 and EGF
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Figure 4. Reduced stemness of BMSCs by suppression of mitochondrial fission. BMSCs were treated with DMSO or 50 pmol/L Mdivi-1 for 6 h before harvested;
(a) Mitochondria in DMSO group or Mdivi-1 group were stained with MitoTracker Green for 30 min and observed by confocal microscopy. Scale bars represent 10 pm
(left) and 5 uM (right), original magnification x2000 (left), x4000 (right). Morphometric analysis of mitochondrial length was obtained from four independent experi-
ments and at least 10 cells were observed in each experiment. Mitochondrial length was analyzed by Image J Software. Data were compared using unpaired Student’s
t-test. Bar graph values are mean + SEM. *Significantly different from control (P < 0.05). (b) Western blotting analysis of DLP1 protein content. The western blotting
procedure was repeated seven times with a new set of samples obtained from separate experiments. Protein contents were analyzed by Image-Pro Plus software.
Data were compared using unpaired Student’s t-test. Bar graph values are mean + SEM. *Significantly different from control (P < 0.05). (c) Quantification of the
fluorescence intensity of stemness markers (CD54, CD90) of BMSCs. All data were obtained from five independent experiments. Bar graph values are mean + SEM.
*Significantly different from the control group (P < 0.05). (d) Osteogenic induction of BMSCs detected by Alizarin red S staining. Scale bars represent 500 um, original
magnification x40. (e) Adipogenic induction of BMSCs detected by Oil Red O staining. Scale bars represent 100 um, original magnification x200. (A color version of

this figure is available in the online journal.)
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treatment. Under this condition, mitochondrial length was
increased, indicating a decrease in mitochondrial
fission during differentiation (Figure 3(a)).

To further confirm the changes in mitochondrial dynam-
ics in the differentiation state of BMSCs, the protein content
of mitochondrial fission protein DLP1 and mitochondrial
fusion protein OPA1 were detected by Western blotting. As
shown in Figure 3(b), DLP1 expression in the isolated mito-
chondria was significantly decreased after FGF2 and EGF
treatment. In contrast, mitochondprial fusion protein, OPA1,
was significantly increased.

Mitochondrial fission and maintenance of the stemness
of BMSCs

To investigate the relationship between mitochondrial fis-
sion and the stemness of BMSCs, Mdivi-1 was used to spe-
cifically inhibit mitochondrial fission. As shown in Figure 4

(a) and (b), after the Mdivi-1 treatment, mitochondrial
length was increased, along with a reduction of DLP1, indi-
cating the effectiveness of Mdivi-1 to inhibit mitochondrial
fission. Flow cytometry analysis showed that Mdivi-1
decreased stemness marker CD90 (Figure 4(c)), although
no significant difference in stemness marker CD54
expression was detected in our experiments (Figure 4(c)).
In addition, the potency of the osteogenic/adipogenic
induction of BMSCs was also decreased significantly
(Figure 4(d) and (e)).

To confirm the contribution of mitochondrial fission
to the maintenance of BMSCs’ stemness, mitochondrial
fission accelerant TA9 was used to induce mitochondrial
fission in the BMSCs. As shown in Figure 5(a) and (b),
mitochondrial length was decreased along with an
increased level of DLP1 content after the TA9 treatment,
confirming that TA9 promoted mitochondrial fission.
Flow cytometry analysis showed stronger expression of
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Figure 5. The association of mitochondrial fission with the maintenance of the stemness of BMSCs. BMSCs were treated with DMSO or 1 umol/L tyrphostin A9 (TA9)
for 24 h before harvested; (a) mitochondria in DMSO group or TA9 group were stained with MitoTracker Green for 30 min and observed by confocal microscopy. Scale
bars represent 10 um (left) and 5 um (right), original magnification x2000 (left), x4000 (right). Morphometric analysis of mitochondrial length was obtained from four
independent experiments and at least 10 cells were observed in each experiment. Mitochondrial length was analyzed by Image J Software. Data were compared using
unpaired Student’s t-test. Bar graph values are mean + SEM. *Significantly different from control (P < 0.05). (b) Western blotting analysis of DLP1 protein content. The
Western blotting procedure was repeated four times with new set of samples obtained from separate experiments. Protein contents were analyzed by Image-Pro Plus
software. Data were compared using unpaired Student’s t-test to analyze the difference from the control group. Bar graph values are mean + SEM. *Significantly
different from control (P < 0.05). (c) Quantification of the fluorescence intensity of stemness markers (CD54, CD90) of BMSCs. All data were obtained from five
independent experiments. Bar graph values are mean + SEM. *Significantly different from the control group (P < 0.05). (d) Osteogenic induction of BMSCs detected by
Alizarin red S staining. Scale bars represent 500 um, original magnification x40. (e) Adipogenic induction of BMSCs detected by Oil Red O staining scale bars
represents 100 um, original magnification x200. (A color version of this figure is available in the online journal.)
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stemness marker CD54 after TA9 treatment (Figure 5(c)),
while the expression of stemness marker CD90 was
not changed (Figure 5(c)). The potency of BMSCs to be
induced into adipocytes or osteocytes was also increased,
as shown in Figure 5(d) and (e).

Discussion

The features of multilineage potential and reproducibility
make BMSCs excellent candidates for cell-based therapy.
Since BMSCs cultured in vitro have the tendency to differ-
entiate spontaneously, it is necessary to attempt to maintain
the stemness of BMSCs in cultures. Among the factors stud-
ied, mitochondrial dynamics was reported to play a funda-
mental role in self-renewal and differentiation of stem cells
both in vive and in vitro.'**”?® However, the relationship
between mitochondrial dynamics and the maintenance of
stemness was unknown. Here, we demonstrated that mito-
chondrial fission is likely involved in the maintenance of
BMSCs’ stemness.

FGF2 and EGF are growth factors that are known to
stimulate differentiation of neural stem/progenitor cells
(NSPCs).?? Consistent with the reported effects, FGF2
and EGF treatment decreased the stemness of BMSCs as
evidenced by the reduction of the percentages of CD54/
CD90 positive cells and the reduced potential of BMSCs
to be induced into adipocytes or osteocytes. In association
with the differentiation, the elongated and interconnected
mitochondria became dominant, as had been previously
reported in P19 cells, embryonic stem cells, and hematopoi-
etic stem cells.?’"** Moreover, the mitochondrial fission pro-
tein, DLP1, was significantly decreased, whereas the fusion
protein, OPA1, was remarkably increased, demonstrating
the suppression of mitochondrial fission during stem cell
differentiation.

Mitochondrial fission inhibited by Mdivi-1 decreased the
expression of stemness marker CD90, indicating that the
stemness of BMSCs was reduced. On the other hand, mito-
chondrial fission promoted by TA9 enhanced the expression
of stemness marker CD54, indicating that the stemness of
BMSCs was increased. The changes of BMSCs’ stemness
was further verified by osteogenic/adipogenic induction
approaches. The different changes in expression of CD54
and CD90 might lie in the different mechanisms of Mdivi-
1 and TA9 in regulation of mitochondrial fission.

By inhibiting or promoting mitochondrial fission, we
demonstrated that mitochondrial fission played a critical
role in maintaining the stemness of BMSCs, agreeing
with previous studies that showed that prevention of mito-
chondrial fission imposed by Mdivi-1 decreased the
mammosphere-forming capacity of stem-like cells and dis-
rupted the self-renewal of iPSCs.'** The present study also
agrees with a previous study that the phospho-mimetic
mutant DLP1 (pDLP1%°°), an active form of DLP1, res-
cued the stemness of NSPC after their differentiation had
been induced by Nestin knockdown.*

However, controversial results regarding the effects of
mitochondrial fission on cell differentiation have been pub-
lished. A study using cultured neural stem cells showed
that mitochonderial fission achieved by conditional genetic

deletion of MFN1/2 resulted in a lack of neurosphere for-
mation in the cells. Furthermore, the MFN1/2 DKO mice
exhibited a significant reduction of uncommitted neural
stem cells and an enhancement in the percentage of com-
mitted neural progenitors.”” It is possible that other mech-
anisms caused by MFN1/2 deletion may have
compensated for the stemness maintenance effects of mito-
chondrial fission. Also, the reason for these contrasting
findings might lie in the differing experimental systems
used in these studies or the severity of stimuli.

It has been reported that the transformation of mito-
chondrial oxidative phosphorylation (OXPHOS) to glycol-
ysis is critical in the maintenance of stemness;>*2%-38 it is
possible that the maintenance of the stemness of BMSCs by
mitochondrial fission is achieved by enhancing glycolysis
due to mitochondrial fission. This was demonstrated to
promote glycolysis in previous studies.***! However, the
underlying mechanisms remain to be identified.

Our results demonstrated that mitochondrial fission was
involved in the maintenance of BMSCs’ stemness, provid-
ing an insight into the fundamental mechanism of stem cell
self-renewal and differentiation. Promoting mitochondrial
fission thus may offer an alternative approach to maintain-
ing the stemness of cells in stem cell-based therapies.
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