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Developing methods to improve the regenerative capacity of somatic stem cells (SSCs) is a major challenge in regenerative
medicine. Here, we propose the forced expression of LIN28A as a method to modulate cellular metabolism, which in turn enhances
self-renewal, differentiation capacities, and engraftment after transplantation of various human SSCs. Mechanistically, in
undifferentiated/proliferating SSCs, LIN28A induced metabolic reprogramming from oxidative phosphorylation (OxPhos) to
glycolysis by activating PDK1-mediated glycolysis-TCA/OxPhos uncoupling. Mitochondria were also reprogrammed into healthy/
fused mitochondria with improved functional capacity. The reprogramming allows SSCs to undergo cell proliferation more
extensively with low levels of oxidative and mitochondrial stress. When the PDK1-mediated uncoupling was untethered upon
differentiation, LIN28A-SSCs differentiated more efficiently with an increase of OxPhos by utilizing the reprogrammed
mitochondria. This study provides mechanistic and practical approaches of utilizing LIN28A and metabolic reprogramming in order
to improve SSCs utility in regenerative medicine.
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INTRODUCTION
Undifferentiated stem/precursor cells found in adult somatic
tissues, also called somatic stem cells (SSCs), are responsible for
regenerating damaged tissues [1]. However, the intrinsic regen-
erative capacity of SSCs declines during culturing; thus, the tissue
regeneration attained by transplanting cultured SSCs is not
satisfactory in most cases. In vitro expansion of SSCs is a critical
step to establish scalable SSCs cultures for therapeutic purposes.
However, akin to biological aging, cellular senescence inevitably
accumulates during cell proliferation, and that is understood to be
the main cause of the observed decline in the intrinsic repair
capacity of SSCs. The leading theory about the mechanism of
cellular aging is called the free radical theory of aging, and it
proposes that cellular activities such as aerobic respiration
inevitably produce reactive oxygen species (ROS) and oxidative
stress that cause mitochondrial dysfunction, DNA damage,
telomere shortening, and protein oxidation [2, 3]. At the same
time, the accumulation of damaged mitochondria causes

increased production of mitochondrial ROS, toxic protein aggre-
gate formation, and inflammation, which further aggravate cell
senescence (reviewed in [4]). In addition, accumulating evidence
has indicated the importance of mitochondrial function in stem
cell activation, fate decisions, and defense against senescence
(reviewed in [5]). Therefore, metabolic and mitochondria repro-
gramming in SSCs to enable efficient bioenergy production with
low ROS and improved mitochondrial function could help to
improve the therapeutic capacity of SSCs.
Lin28a and its paralog Lin28b are heterochronic RNA-binding

proteins that inhibit the processing of let7 miRNA [6] and regulate
mRNA translation [7]. Lin28 expression is mostly detected during
embryonic development to regulate embryogenesis, develop-
mental timing, as well as organogenesis and its expression rapidly
diminishes after birth [8–10]. Surprisingly, forced expression of
Lin28a in postnatal tissues promotes tissue repair in mice,
including from ear and digit injuries [11]. These findings suggest
that LIN28A has a great potential to be utilized in regenerative
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medicine. Although, directly inducing the expression of LIN28 in
damaged tissues is not practically applicable in clinics due to the
oncogenic property of LIN28 (reviewed in [12]). Instead, mechan-
istic insight of LIN28A-mediated repair in SSCs will help to develop
effective regenerative strategies that circumvent LIN28A onco-
genic potential.

Despite being extensively studied, the mechanism for LIN28A-
mediated tissue repair is still ambiguous. Regulation of glucose
metabolism and increased ATP production has been suggested as
the main mode of action of LIN28A [11]. However, the existing
studies reported conflicting results, some studies claimed that
LIN28A increased glycolysis and oxidative phosphorylation
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(OxPhos) [11, 13], enhanced glycolysis at the expense of OxPhos
[14], no effect [15], and even decreased glucose metabolism [16].
Furthermore, how LIN28A-mediated metabolic regulation is linked
to tissue regeneration remains to be unraveled. We have
previously shown LIN28A prevented culture-dependent loss of
stem cell capacity in the embryonic rat neural stem cells through
regulation of developmental timing genes [8, 15, 17]. Moreover,
significant part of LIN28A studies were done on iPSC, cancer cell
line, or primary cancer tissue which are metabolically different
from SSCs. Therefore, the biological context of LIN28A in the
clinically relevant cells such as SSCs needs to be explored further.
In this study, we showed that LIN28A expression in cultured

SSCs greatly enhanced their self-renewal and proliferative
capacity. In contrast to the common idea that cellular stress
accumulates after cellular activities, the LIN28A-expressing SSCs
maintained low oxidative/mitochondrial stress and cell senes-
cence, even after undergoing extensive cell division. Furthermore,
SSCs expanded with LIN28A expression exhibited improved
differentiation into their tissue-specific lineage and cell engraft-
ment after transplantation. We concluded that metabolic repro-
gramming is the main driver of the effects of LIN28A. The LIN28A-
expressing SSCs predominantly used glycolysis for bioenergy
production instead of mitochondrial OxPhos. Ultimately, LIN28A
reprogrammed mitochondria have greater metabolic plasticity
which can efficiently execute OxPhos which is a metabolic
requirement for stem cell differentiation. These observations
collectively indicate the potential future usefulness of LIN28A-
engineered SSCs and LIN28A-mediated regenerative mechanisms
in regenerative medicine.

RESULTS
LIN28A enhances SSC self-renewal while maintaining a low
level of cell senescence and improving SSC-specific marker
expression
Improving the therapeutic capacity of SSCs is a prime challenge in
regenerative medicine. In this study, we asked whether this issue
could be addressed by engineering human SSCs, particularly SSCs
already being used clinically, to express LIN28A. The SSCs we
tested in this study were mesenchymal stem cells derived from
bone marrow (BM-MSCs), those from umbilical cord (UC-MSCs),
and muscle stem cells from skeletal muscle (SkMuSCs). To assess
the effect of forced LIN28A expression, those human SSC cultures

were transduced with lentiviruses carrying a doxycycline-inducible
LIN28A expression vector (Dox-on-system, Fig. 1A) or an empty (or
GFP) vector as a control. The transduced cultures were expanded
in vitro in the presence of doxycycline (LIN28A expression)
through serial cell passages, and cell proliferation and marker
expression were assessed at each passage (Fig. 1B). Given that the
function of Lin28 is associated with blocking the terminal
differentiation of SSCs [18, 19], the continuation of exogenous
Lin28a expression could interfere with SSC differentiation. There-
fore, to induce SSC differentiation without exogenous LIN28A
expression, doxycycline was removed from the differentiation
media (Fig. 1C and Fig. S1A).
In UC-MSC and SkMuSC cultures, LIN28A overexpression

drastically elevated cell expansion as estimated by total viable
cell counts and the population doubling levels (PDLs, Fig. 1D), and
the onset of replicative senescence was delayed by 1–2 passages.
Consequently, compared with the control cultures, LIN28A-
expressing UC-MSC and SkMuSC cultures yielded 11.7 ± 2.3 and
23.3 ± 1.6 fold more cells, respectively, before reaching replicative
senescence. LIN28A-mediated cell expansion was also
manifested in the cultures of BM-derived MSCs (Fig. S1B). Along
with enhanced expression of the proliferative markers E2F1,
MCM2, and MCM7 in the UC-MSC and SkMuSC cultures (Fig. 1E),
the % Ki67+ proliferating cells was greater in the LIN28A-
expressing cultures than the control cultures (Fig. 1F). There
was no significant difference in apoptotic, necrotic, and viable
cells between LIN28A and control cultures on annexin V/
propidium iodide (PI) flow cytometry assay (Fig. S2), indicating
that LIN28-induced cell expansion was mainly attributed to cell
proliferation.
It has been postulated that a main source of cellular damage

contributing to cellular aging is the ROS generated from the cell
metabolism. As the consequence, the more metabolically active
cells inevitably produce more ROS. Interestingly, despite greater
cell proliferative activity, superoxide levels (estimated by Cell-
ROXTM) were lower in LIN28A-expressing UC-MSC and SkMuSC
cultures than in the control cultures (Fig. 1G). Accordingly, we also
observed that LIN28A group has significantly lower senescence as
demonstrated by several senescence assays, such as %β-
galactosidase staining (Fig. 1H), p16 and p21 immunoblot (Fig. 1I),
and quantification of senescence-associated secretory phenotype
(SASP) molecules (IL1A, IL6, IL8. MMP3) (Fig. S3). These findings
collectively suggest that LIN28A expression in cultured SSCs

Fig. 1 Forced expression of LIN28A improves the therapeutic utility of human somatic stem cell (SSC) cultures. A–C Vector design for
LIN28A expression and experimental scheme. Various SSC cultures were transduced with lentivirus carrying an inducible LIN28A expression
vector (Dox-on system) (A) or mock vector (control). The transduced SSCs were expanded with cell passages in the presence of doxycycline (1
µg/ml, Dox+). Differentiation of the LIN28A-transduced SSCs was induced in the absence of exogenous LIN28A expression by withdrawing
the doxycycline supplementation (Dox−) (B). Exogenous LIN28A induction and disappearance were confirmed in Dox(+) proliferating and
Dox(−) differentiating cultures of LIN28A-transduced UC-MSCs and SkMuSCs (C).a (D–I) Analyses of undifferentiated/proliferating UC-MSC and
SkMuSC cultures. Experiments were performed using SSC cultures at passage 5–6 (P5–6), except that P9 cells were used in (H–I). D–F Cell
proliferation, as estimated by the cell growth curve and population doubling level (PDL, D), marker expressions specific for cell proliferation
(E), and %Ki67+ cells (F) in undifferentiated cultures of UC MSCs and SkMuSCs. The inset in (F) contains DAPI+ cell images from identical
microscopic fields. n= 4 (D) and 3 (E, F) independent cultures.a,c (G) Superoxide anions measured by CellROXTM in undifferentiated UC-MSC
and SkMuSC cultures. n= 15.b,c (H) Cell senescence assayed using the SA-β-galactosidase assay. n= 3.a,c (I) Immunoblotting of p16 and p21
protein expression in UC-MSCs and SkMuSCs. J–N Differentiation of cultured UC-MSCs and SkMuSCs in vitro (J–L) and in vivo after
transplantation (M, N). J Osteogenesis assessed by alizarin red staining in UC MSC cultures (P10) 14 days after the induction of in vitro
osteogenic differentiation. n= 3.a (K) Cartilage-specific gene expression in differentiated LIN28A (mock)-transduced UC-MSC cultures (P11)
after 21 days of chondrogenic differentiation.a (L) Skeletal muscle differentiation of LIN28A- and control-SkMuSC cultures (P6) in vitro. Fusion
index of MF20-stained myotubes was estimated at differentiation day 4. n= 3.a,c (M) In vivo bone formation capacities of transplanted LIN28-
and control-UC-MSCs. Undifferentiated UC-MSCs (P6) were grafted into rats with critical calvarial defects. Newly formed bone (highlighted in
green) was detected 2 months post-transplantation in µCT-scans. n= 4 (sham), 4 (mock-transduced UC-MSC transplant), 9 (LIN28A-UC-MSC
transplant).a (N) In vivo integration and muscle differentiation of LIN28A-SkMuSC grafts. Undifferentiated LIN28A (or control)-SkMuSCs at P6
were transplanted into the tibialis anterior muscles of mice. Five weeks after transplantation, grafted cell survival and muscle differentiation
were assessed using the areas co-stained with Stem121 (human-specific) and Collagen VI (muscle specific). n= 6 for each group.b,c aData
shown are the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 by two-tailed Student’s t testing or one-way ANOVA followed by
Tukey’s post-hoc testing. bData shown are the median. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 by the Mann–Whitney U testing. cScale
bar, 100 µm.
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enhances cell proliferation while maintaining low levels of
oxidative stress and cellular senescence.

Improved differentiation and repair capacity of SSCs cultured
with LIN28A expression
The differentiation potential of SSCs declines with age [20].
Consistently, bone and cartilage differentiation were poorly
induced in BM-MSC cultures derived from old donors [21]. The
forced expression of LIN28A in MSCs derived from the BM of old
donors greatly enhanced the differentiation toward bone and
chondrocytes (Fig. S1D–H). Similar to the age-dependent changes
in SSC properties, SSC differentiation capacity is also lost during
in vitro cell expansion [2, 22, 23]. Differentiation potential
gradually declined during cell expansion and was substantially
lost in the late passages of UC-MSC cultures (P10) (Fig. 1J), but
bone and cartilage differentiation were much more efficient in the
late passages UC-MSC cultures expanded with LIN28A expression
(Fig. 1J, K), collectively indicating that the age- and culture-
dependent losses of MSC differentiation potential are rescued by
LIN28A expression. We also used the myoblast fusion index to
assess in vitro muscle differentiation in long-term passaged
SkMuSCs (P6). Cells were induced to differentiate and stained
with MF20, which reacts with the sarcomeric myosin heavy chain.
The forced expression of LIN28A promoted muscle cell fusion and
generated larger myotubes with more nuclei than the control cells
(% of MF20+myotube containing >4 nuclei: 58.7% ± 6.3%
(LIN28A) vs 28.0% ± 3.8% (control)) (Fig. 1L).
Tissue regeneration in cell replacement therapy largely depends

on the capacity of the donor SSC to efficiently differentiate and
survive long-term in the host tissues. The effects of LIN28A on cell
senescence and differentiation in vitro indicate that donor SSCs
cultured with LIN28A could show improved tissue regeneration
upon transplantation. To test that possibility, we transplanted
cultured UC-MSCs into rats with critical calvarial defects. Eight
weeks post-transplantation, bone regeneration, estimated using
micro-CT to examine the density of newly generated bone, was
dramatically greater in the rats grafted with LIN28A-expressing
UC-MSCs than in those in the control conditions (p < 00001, n= 9
(LIN28A), 4 (control), 4 (sham-operated)) (Fig. 1M). Similarly, upon
transplantation into mouse tibialis anterior (TA) muscles, SkMuSCs
expanded with LIN28A (P6) were efficiently integrated and
survived for at least for five weeks after grafting, and myocyte-
specific collagen VI immunoreactivity was co-localized in portions
of the human-specific STEM121+ cells grafted (Fig. 1N). By
contrast, hardly any viable STEM121+ cells were detected in any
of the 6 mice grafted with the control SkMuSCs. These findings
together indicate that LIN28A expression could be used to
increase the therapeutic utility of SSC cultures.

RNA replicon-mediated gene delivery as a clinical system for
LIN28A expression
The clinical application of LIN28A expression will require safe gene
delivery methods with an equivalent efficacy. RNA-based gene
delivery, which is virus- and integration-free, appears to be an
inherently safe method for future clinical applications. Due to
rapid degradation, RNA delivery methods are inefficient and
require repetitive daily transfection, but this problem has recently
been solved by the development of a synthetic, self-replicative
RNA system called the RNA replicon [24]. Therefore, with clinical
application in mind, we tested RNA replicon-mediated gene
delivery for LIN28A expression (Fig. S4A–C). Transfection is
inevitably toxic to cells, and thus it is frequently a critical reason
for reductions in the naïve repair capacity of SSCs. After testing
various transfection methods, RNA replicon-mediated gene
delivery with the RiboJuiceTM transfection reagent turned out to
be efficient and caused no cell toxicity in UC-MSC cultures (data
not shown). The RNA replicon-mediated transgene expression was
maintained for at least 14 days and completely subsided during

the next several days. During the days (with 3 passages) of LIN28A
expression induced by the RNA replicon system, 1.4 ± 0.04 and 1.9
± 0.1 fold more cells were yielded compared with the mock-
transfected and untransfected control cultures, respectively
(Fig. S4D). In addition, the effects of LIN28A on the cell senescence
and bone differentiation of the UC-MSCs were replicated with RNA
replicon-mediated LIN28A expression (Fig. S4E, F).

LIN28A induces reprogramming of glucose metabolism in
SSCs
An understanding of the mechanisms underlying the effects of
LIN28A could also be useful in regenerative medicine. Therefore,
we conducted experiments to uncover how LIN28A enhances the
regenerative capacity of SSCs. Due to a limited supply of BM tissues
the following mechanism studies were carried out using only UC-
MSC and/or SkMuSC cultures. It has been shown that tissue repair
is attained with metabolic reprogramming [11, 25–28]. Glucose
metabolism is a key player to control the fates and behaviors of
stem cells [29]. Lin28a, Lin28b, and let7 miRNA have been reported
to regulate glucose metabolism, and transcripts encoding mito-
chondrial OxPhos and glycolysis enzymes are among the top
mRNAs bound by Lin28a [30, 31]. These findings together suggest
that metabolic reprogramming could underlie the LIN28A effects
we observed.
Because the cell proliferation promoted by LIN28A is a biological

process that demands a large amount of energy, we expected the
bioenergy production in the LIN28A-expressing SSC cultures to be
greater than in the controls. As expected, intracellular ATP levels
during cell proliferation were much greater in the LIN28A-transduced
UC-MSCs and SkMuSCs than in their respective controls (Fig. 2A).
Surprisingly, LIN28A expression in the proliferating SSCs dramatically
lowered oxygen consumption (Fig. 2B). Specifically, decreased basal
OxPhos and oxygen-linked ATP production indicated that the LIN28A-
expressing SSCs depended less than the controls on OxPhos to fulfill
their energy demand. By contrast, glycolysis was enhanced by LIN28A
expression, with the maximum glycolytic capacity being significantly
greater in the LIN28A-SSCs than in the controls (Fig. 2C). To confirm
that finding, we performed a metabolomics study using LC/MS-MS.
The metabolomics data show that LIN28A increased the relative
abundance of glycolysis intermediates such as fructose bi-phosphate,
3-phosphoglyceric acid, and lactate (Fig. 2D–F). Combined, those
findings indicate that LIN28A causes a metabolic switch from OxPhos
to glycolysis in proliferating SSCs, which is the characteristic metabolic
feature of highly proliferating cancer/stem cells [32], known as
Warburg’s effect. Considering that mitochondrial OxPhos produces a
lot of ROS, the switch in the bioenergy production pathway from
OxPhos to glycolysis enables the LIN28A-SSCs to undergo cell
proliferation with low ROS production and cell senescence. The
enhanced glycolytic capacity probably also contributes to the
observed efficiency in the engraftment of LIN28A-UC-MSCs and
LIN28A-SkMuSCs after transplantation (Fig. 1M, N) because it has been
reported that grafted cell survival and engraftment are positively
associated with the glycolytic capacity of donor cells [33].
It has also been reported that OxPhos increases during SSC

differentiation and that OxPhos is therefore a metabolic signature of
cell differentiation (reviewed in [29, 32]). Consistently, when
differentiation of UC-MSCs and SkMuSCs was induced by the
withdrawal of mitogens and doxycycline (no LIN28A expression,
Fig. 1B, C), an increase of OxPhos occurred and the glycolytic capacity
in the differentiating SSC cultures decreased (Fig. S5). Of note, OxPhos
increases in the cultures differentiated from LIN28A-SSCs were much
greater than those in the control cultures (Fig. 2G). In addition,
although basal respiration did not differ significantly between the
LIN28A and control cultures, spare respiratory capacity was much
greater in the differentiated LIN28A cultures (Fig. 2G). Spare
respiratory capacity is a reserve capacity that allows mitochondria
to respond to sudden energy demands and has been shown to be
positively linked with enhanced cell survival [34, 35] and inversely
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related to cellular aging [36]. The glycolytic capacities of the
differentiating cultures for the control and LIN28A-SSCs were
indistinguishable (Fig. 2H). These findings together suggest that the
greater increase in OxPhos during the differentiation of LIN28A-SSCs
was associated with their differentiation capacity, which was greater
than that of the control SSCs (Fig. 1J–N).

Mechanism underlying LIN28A-induced metabolic
reprogramming of undifferentiated SSCs
Insulin is the major extracellular molecule that activates glycolysis.
Levels of activated (phosphorylated) AKT (p-AKT), the signal
transducer downstream of insulin/insulin receptor binding, were
significantly greater in LIN28A-UC-MSC and SkMuSC cultures than
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in their respective controls (Fig. 3A). Across the insulin concentra-
tions tested, the levels of Akt activation were greater in LIN28A-
SSCs (Fig. 3B), suggesting a LIN28A-mediated increase in insulin
sensitivity [31, 37]. It is well acknowledged that AKT signal
activation promotes glucose transport by causing trans-
localization of glucose transporters to the plasma membrane
[38, 39]. Consistently, glucose uptake in LIN28A-expressing UC-
MSC cultures was greater than in the control cultures (Fig. 3C), and
it was followed by an increase in the intracellular glucose levels in
LIN28A-expressing cultures (Fig. 2D). Given that glucose is an
allosteric activator of glucokinase/hexokinase, the key enzyme of
the glycolytic pathway, we suggest that the increase in
intracellular glucose is a major mechanism underlying LIN28A-
induced glycolysis in undifferentiated SSC cultures. In addition,
transcripts of several glycolytic enzymes were significantly
upregulated by LIN28A (Fig. 3D), which is consistent with the
observed increase in glycolysis (Fig. 2C). The upregulated
glycolytic enzyme expression was likely mediated by the Lin28/
Let7 axis [11, 31] and/or activated AKT signaling [40, 41].
Next, to gain a mechanistic understanding of the LIN28A-

mediated decrease of OxPhos, we analyzed transcriptome data
obtained from Lin28aKO and Lin28a,bDKO mouse induced plur-
ipotent stem cells (miPSCs) (GSE67568) and polysome profiles
from Lin28a,bDKO mouse neural precursor cells (mNPCs)
(GSE131536). Notably, one of ten genes commonly and signifi-
cantly upregulated in all the datasets was pyruvate dehydrogen-
ase kinase 1 (PDK1) (Fig. 3E). Consistently, we found that the
protein and mRNA levels of PDK1 were upregulated in LIN28A-
transduced UC-MSC and SkMuSC cultures (Fig. 3F, G). PDK1 is the
enzyme catalyzing the uncoupling of glycolysis and the tricar-
boxylic acid (TCA) cycle by inhibiting the activity of the pyruvate
dehydrogenase (PDH), thereby shutting down pyruvate entry into
the TCA-OxPhos pathway. Thus, we strongly suggest that the
upregulated PDK1 expression is responsible for the observed
LIN28A activity to inhibit OxPhos. When the PDK1 inhibitor
dichloroacetic acid (DCA) was administered to LIN28A-transduced
UC-MSC cultures, the level of lactate, an indicator of cellular
glycolytic activity, was decreased significantly (Fig. 3H). Along with
the decreased lactate level, the LIN28A-induced UC-MSC pro-
liferation was abolished in the assays we used to determine PDLs
and cell-cycle gene expression (Fig. 3I, J). Furthermore, the
LIN28A-mediated anti-senescence effect was almost completely
removed by PDK1 inhibitor treatment (Fig. 3K). Together, these
findings strongly suggest that LIN28A-mediated upregulation of
PDK1 is the critical mediator in the OxPhos-to-glycolysis metabolic
switch and that PDK1-mediated metabolic reprogramming is
responsible for enhanced SSC self-renewal with low levels of
oxidative stress, which is directly associated with the therapeutic
utility of LIN28A-SSC cultures.

Mitochondrial reprograming underlies enhanced OxPhos
during differentiation of LIN28A-SSCs
Interestingly, PDK1 signaling, estimated using PDK1 protein levels,
was drastically downregulated upon the induction of differentia-
tion in UC-MSCs (Fig. S6). Given the role of PDK1 in uncoupling

glycolysis from the TCA cycle, the downregulation of this signaling
molecule could contribute to the transition from glycolysis-
dependent bioenergy production in undifferentiated/proliferating
SSCs to OxPhos-dependent production during differentiation
(Fig. S4).
One remaining question is how OxPhos was greatly increased

during the differentiation of LIN28A-transduced SSC cultures
compared with the control SSC differentiation (Fig. 2G). Because
exogenous LIN28A expression was turned off during differentia-
tion by withdrawing doxycycline, the observed increase of OxPhos
in the differentiating LIN28A-SSC cultures is unlikely to be
mediated by a direct action of LIN28A. Because mitochondria
are responsible for the TCA-OxPhos process, we postulated that
LIN28A action on mitochondria during the undifferentiated/
proliferating stage of the SSC cultures could contribute to
increased OxPhos during differentiation.
First, we observed that mitochondrial content, estimated using

the mitochondrial DNA copy number and flow cytometry-based
quantification of MitoTrackerTM-labeled mitochondria (Fig. S7A, B),
was indistinguishable between undifferentiated controls and
LIN28A-UC-MSCs. Interestingly, MitoTrackerTM+mitochondria in
the LIN28A-cells were preferentially localized in the peri-nuclear
area, whereas those in the control cells were distributed
throughout the cell body (Fig. 4A). The pattern of the
mitochondria distribution was further confirmed by a super-
resolution stochastic optical reconstruction microscopy (STORM)-
based image analysis of mitochondria labeled with TOM20, a
mitochondrial outer membrane protein. In addition, TOM20+
mitochondria in LIN28A-expressing cells were highly fused and
interconnected, while those in the control cells were fragmented
with a radiated strand-like arrangement (Fig. 4B, C and S7C, D).
Consistently, the protein levels of Mitofusin-2 (MFN2) and Optic
Atrophy 1 (OPA1), positively associated with mitochondrial fusion,
were greater in the LIN28A-UC-MSCs than the controls, while
decreased level of Dynamin-1-like protein (DRP1), which regulates
mitochondrial fission, was manifested in the LIN28A cells (Fig. 4D).
Further interestingly, we observed that TOM20+ mitochondria in
LIN28A cultures were arranged into multiple “ring”-like structures
that had been previously observed in uncoupled mitochondria
(mitochondria unengaged in mitochondrial ATP generation) [42].
Upon differentiation induction by withdrawal mitogens and
doxycycline (without LIN28A expression), the interconnected
mitochondrial structures were abolished (Fig. S7E, F). This
morphologic characteristic further supports that mitochondria in
undifferentiated LIN28A cultures are not mainly recruited for
OxPhos-ATP generation.
Peri-nuclear localization of mitochondria detected in the

LIN28A-UC-MSCs has been suggested as a characteristic of
mitochondria that are newly synthesized, immature, or mostly
undamaged [43–45]. By contrast, mitochondrial fission and
fragmentation, more prominent in the control cells, was detected
in damaged mitochondria associated with cell apoptosis
(reviewed in [46, 47]). Consistently, cytosolic levels of cytochrome
C, which is released from damaged mitochondria [48], were
significantly lower in undifferentiated LIN28A-UC-MSC cultures
than in the controls (Fig. 4E). In addition, the LIN28A-SSC cultures

Fig. 2 LIN28A reprograms glucose metabolism in SSCs. A Total intracellular ATP levels in proliferating/undifferentiated UC-MSCs and SkMuSCs
transduced with LIN28A (or mock). n= 3 independent cultures. B,C Seahorse analyses to measure OxPhos (oxygen consumption rate, OCR, B)
and glycolytic capacity (extracellular acidification rate, ECAR, C) in undifferentiated UCMSCs and SkMuSCs. n= 6. D Heatmap of metabolic
profiles from LIN28A-overexpressing UC-MSCs and control UCMSCs. n= 4. GLC glucose, FBP fructose bi-phosphate, PGA 3-phosphoglyceric acid,
PYR pyruvate, LAC lactate, CIT citrate, AKG α-ketoglutarate, SUC succinate, FUM fumarate, MAL malate. E Comparison of metabolic profiles
between LIN28A-overexpressed UC-MSCs and control UC-MSCs. n= 4. Numbers on the top row represent the mean ± SEM fold change of
metabolite peak intensity in LIN28A-overexpressing cells compared with control cells. Numbers on the bottom row are the p value as
determined by two-tailed Student’s t testing. F Extracellular lactate concentrations in undifferentiated UC-MSC and SkMuSC cultures. n= 3. G–H
OCR and ECAR in UC-MSC and SkMuSC cultures during differentiation, which was induced without exogenous LIN28A expression by
withdrawing the doxycycline. The Seahorse analyses were conducted 4 days after differentiation. n= 3. All experiments were done in SSC
cultures at P5–6. Data shown are the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 by two-tailed Student’s t testing.
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had lower mitochondrial ROS levels (MitoSOXTM, Fig. 4F) than the
controls. Next, we used Mitotimer, which encodes the COX8
mitochondrial protein tagged with a DsRed mutant (DsRed1-E5)
that emanates green fluorescence when newly synthesized and
shifts irreversibly to red when oxidized [49]. We found that
undifferentiated LIN28A-SSCs showed a higher intensity of green

fluorescent puncta than the controls (Fig. 4G). These findings
together suggest that mitochondria in the undifferentiated
LIN28A-SSCs are healthier and more intact than those in the
control SSCs.
In healthy mitochondria, the ROS produced from the OxPhos

reaction were rapidly neutralized through a combination of the

Fig. 3 Intracellular signaling pathways for LIN28A-mediated OxPhos-to-glycolysismetabolic reprogramming. A, B Immunoblotting for
intracellular AKT signaling activated in LIN28A-overexpressed UCMSC and SkMuSC cultures. The activated (phosphorylated) AKT (p-AKT) and
total AKT protein levels in (A) were determined in undifferentiated SSCs cultured in serum-containing medium in which the insulin
concentration is unidentified. To determine insulin sensitivity, the undifferentiated UC-MSC cultures were serum-starved for 24 h, and then the
levels of AKT activation were determined as the ratio of p-AKT/total AKT in cultures treated with the indicated doses of insulin for 5min (B).
n= 3. (C) Glucose uptake activity assessed in undifferentiated UC-MSCs. n= 3. (D) mRNA expression of the key glycolysis genes (HK1, HK2,
PFKM, PFKP, LDHA) (E) Venn diagram showing common gene identified from published LIN28A in stem cell transcriptome data. Numbers are
representing the number of genes that significantly downregulated in Lin28KO cells compared to WT control. F qRT-PCR of PDHK1 genes in
UC-MSCs and SkMuSCs. n= 3. G Immunoblotting and quantification of PDK1 protein expression in LIN28A-expressing SSCs. n= 3.
H Extracellular lactate concentration in control and LIN28A-overexpressed UC-MSCs after PDK1 inhibitor treatment (DCA) for 72 h. n= 3.
I Total cell number of control and LIN28A-overexpressing UC-MSCs after PDK1 inhibitor treatment for 1 passage. n= 3. J qRT-PCR of
proliferation markers (MKI67, MCM2, MCM7) in UC-MSCs after PDK1 inhibitor treatment. n= 3. K SA-β-galactosidase assay in UC-MSCs after
PDK1 inhibitor treatment. n= 3. Data shown are the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 by two-tailed Student’s
t testing. Scale bar, 100 µm.
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Fig. 4 LIN28A modulates mitochondrial reprogramming. AMitoTrackerTM red staining of control and LIN28A-overexpressing UC-MSCs (left).
Ratio of mitochondrial peri-nuclear and network localization calculated from MitotrackerTM staining using ImageJ (right). n= 13.a (B) Super-
resolution STORM imaging of mitochondria as labeled by outer membrane protein TOM20. (C) Mitochondria morphometry analysis of
reconstructed STORM images. Scale bar, 5 µm. n= 8.b (D) Immunoblotting of fusion proteins (MFN2 and OPA1) and fission proteins (p-DRP1
and DRP1) in mitochondrial extract of proliferating UC-MSCs and SkMuSCs. n= 3. E Immunoblotting of cytosolic cytochrome C release in UC-
MSCs and SkMuSCs. n= 3. F Mitochondrial ROS measurement one week after transient H2O2 treatment using MitoSOXTM in UC-MSCs and
SkMuSCs. n= 3.a(G) Mitochondrial oxidative stress shown by red/green signal intensity ratio in Mitotimer. Scale bar, 100 µm. n= 15.b (H) The
NADPH level and NADPH/total NADPH ratio in undifferentiated UC-MSC and SkMuSC cultures. n= 4. a(I) GSH/GSSG ratio in cultured UC-MSCs
and SkMuSCs. n= 3. a(J) Antioxidant capacity, as determined by superoxide radical scavenging capacity in cultured UC-MSCs. n= 4. a(K) ATP
synthase activity determined in mitochondria isolated from undifferentiated LIN28A- and control-UC-MSCs. The activities were calculated
from the time course curves for ATP production normalized with citrate synthase activity(right). aData are shown as the mean ± SEM. *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001 by two-tailed Student’s t testing. bData are shown as the median. *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001 by Mann–Whitney U testing.
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mitochondrial glutathione peroxidase, peroxiredoxin, and thior-
edoxin systems [50]. These ROS scavenging systems require
reduced glutathione (GSH) and NADPH, a crucial co-factor for
catalyzing the reduction of glutathione disulfide (GSSG) to its
sulfhydryl form (GSH) [51]. NADPH is principally produced in the
pentose-phosphate pathway, which branches from glucose-6-
phosphate, an intermediate glycolytic pathway, indicating that
NADPH production is increased in LIN28A-SSCs via increased
glycolysis (Fig. 2C). As expected, undifferentiated UC-MSC and
SkMuSC cultures transduced with LIN28A had increased NADPH
and NADPH/NADP ratios (Fig. 4H) and a significantly greater GSH/
GSSG ratio than the controls (Fig. 4I). Consequently, the capacity
to scavenge superoxide anions was significantly greater in LIN28A-
expressing UC-MSC and SkMuSC cultures than in the controls
(Fig. 4J). These findings collectively suggest a close link between
LIN28A-mediated metabolic and mitochondrial reprogramming, in
which the metabolic OxPhos-to-glycolysis switch in LIN28A-SSCs
contributes to remodeling of healthy and intact mitochondria, not
only through low mitochondrial occupancy in the ROS-producing
OxPhos process, but also by increasing the mitochondrial
antioxidant capacity.
Mitochondrial protein folding stress is induced during stem cell

transition from quiescence to proliferation [52]. Therefore, LIN28A
might reduce mitochondrial stress by controlling mitochondria
protein folding stress. However, no LIN28A-mediated changes
were detected in the expression of HSP60 protein and the genes
involved in the mitochondrial unfolded protein response (UPRmt)
(Fig. S8), suggesting that UPRmt is not involved in the LIN28A
effect relieving mitochondrial stress.
Mitochondria with fused morphology has been suggested to

execute OxPhos more efficiently than the fragmented mitochon-
dria [53, 54], indicating the mitochondria in LIN28A-cells acquire
the greater functional capacity to execute ATP production via
OxPhos. Therefore, our next question was whether the mitochon-
dria reprogrammed in LIN28A cells are more functional. To
address it, mitochondria were isolated from undifferentiated
LIN28A- and control-UC-MSC, and subjected to mitochondrial
functional analyses in the cell-free condition. Interestingly, the rate
cell-free ATP synthesis (final step of OxPhos) from LIN28A
mitochondria was much greater than those from the mitochondria
isolated from the control cells (Fig. 4K). Possibly indicating a more
robust mitochondrial integrity. Collectively, these findings strongly
suggest that mitochondria in undifferentiated LIN28A-SSCs were
reprogrammed into fused/healthy mitochondrial with greater
OxPhos functionality, but that the mitochondria in undifferen-
tiated LIN28A-SSCs are not engaged in OxPhos-ATP production
due to PDK1-mediated glycolysis-OxPhos uncoupling.

The observed LIN28A effects are partially recapitulated in late
passaged SSCs transplanted with the reprogrammed
mitochondria
As the final experiment in this study, we assessed the contribution
of the mitochondrial reprogramming to the observed LIN28A-
mediated increase of the SSC therapeutic capacities. To this end,
we isolated mitochondria from the LIN28A (or mock)-transduced
UC-MSC cultures, and long-term passaged UC-MSCs (or SkMuSCs)
were transplanted with the isolated mitochondria (Fig. 5A) [55].
MitotrackerTM-labeled mitochondria from the donor cells were
efficiently internalized and detected in the recipient late-passage
UC-MSCs (Fig. 5B). Of note, UC-MSCs transplanted with the mi-
tochondria isolated from LIN28A-cells showed higher
proliferation rates as indicated by increased PDL and % Ki67+
proliferating cells (Fig. 5C, D). Moreover, the LIN28A-mitochondrial
transplantation significantly reduced cellular senescence in the
late-passage UC-MSC (Fig. 5E). However, the Lin28-mitochondria
transplantation did not have a significant effect on UC-MSC
or SkMuSC differentiation (Fig. 5F, G). This suggests that
mitochondrial reprogramming alone is insufficient to recapitulate

LIN28A-mediated increase of SSC differentiation. Alternatively,
considering short-term maintenance of mitochondrial integrity
and functionality after isolation and transplantation [56], the
mitochondrial transplantation we applied may not provide the
recipient cells with mitochondria with sufficient levels of
functionality and integrity which could be sustained for the time
period required for the cell differentiation effect. Collectively, the
mitochondrial transplantation experiment confirms that the
mitochondrial reprogramming is at least in part responsible for
the LIN28A-mediated improvement of the therapeutic capacity of
cultured SSCs.

DISCUSSION
In this study, we have shown that LIN28A expression greatly
enhances the self-renewal and proliferation capacities of SSCs
cultured from human somatic tissues, which enabled the
production of larger numbers of SSCs by culturing. Notably, even
though the LIN28A-expressing SSCs underwent more extensive
cellular activities by performing more numerous rounds of cell
cycles, their levels of oxidative and mitochondrial stress and
senescence were substantially lower than those of control SSCs.
Thus, SSCs expanded in the presence of LIN28A exhibited
improved integration and differentiation in vitro and in vivo after
transplantation into two animal models. The effects of LIN28A
reported here were commonly manifested in cultures of BM-MSCs,
UC-MSCs, and SkMuSCs, all of which are currently used in clinics to
treat intractable degenerative disorders, though limited cell
supplies and repair capacities remain critical challenges to be
addressed [57]. With further clinical applications in mind, we have
here proposed RNA replicon-mediated transfection as a safe and
efficient LIN28A delivery method.
LIN28 is an RNA-binding protein whose functions were

identified in early embryogenesis and pluripotent stem cells
[58]. LIN28A expression ends after development in most of tissues,
and its re-expression in adult transgenic mice has been reported
to enhance the regeneration of various somatic tissues by acting
on SSCs harbored within those tissues [11]. Therefore, in addition
to ex vivo LIN28 expression in SSC cultures, directly inducing the
expression of LIN28 in damaged tissues is another therapeutic
candidate for treating degenerative disorders, though it is not
practically applicable in clinics due to the oncogenic property of
LIN28. Instead, mechanistic information about the downstream
signals involved in LIN28A-mediated repair functions will help to
develop regenerative strategies that circumvent the oncogenic
hazard. In this study, we have attempted to understand how
LIN28A expression can cause paradoxical phenomena, such as
enhanced SSC proliferation with low ROS levels and senescence,
and how LIN28A-mediated SSC proliferation is linked to the
efficient differentiation of SSCs. This study is of value to provide a
comprehensive understanding for the LIN28A actions in cultured
SSCs, with the mechanisms involving metabolic and mitochondrial
reprogramming, which are closely interconnected.
We identified reprogramming of the bioenergy-producing

metabolism from OxPhos to glycolysis as the central mechanism
underlying LIN28A-induced SSC proliferation with low oxidative
stress and senescence. Glycolytic reprogramming was attained
because LIN28A enhanced glucose uptake and the expression of
several glycolytic enzymes, probably through Akt signal activation
and LET7 mRNA regulation. Furthermore, the activation of PDK1,
an enzyme that uncouples glycolysis-TCA/OxPhos, was critical for
the LIN28A-mediated glycolysis increase at the expense of
OxPhos. Glycolysis and its side pathways produce metabolites
that are used as building blocks for cell growth and expansion. On
the other hand, OxPhos, albeit more efficient at producing energy
per glucose molecule, completely oxidizes glucose into CO2 and
water, which cannot be used for cell growth. In addition,
inefficiency and defects in the electron transport chain system
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inevitably result in the production of ROS. Therefore, glycolysis is a
desirable energy generating pathway for maintaining cell
proliferation with low cellular stress. This raises question of how
the high energy demand required for enhanced cell proliferation
could be attained with glycolysis, which is a less efficient pathway
to yield bioenergy than OxPhos. The contradiction could be
explained by the catalytic speed of glycolysis, which is tens of fold
faster than that of OxPhos [59]. In addition to the naïve, low ROS
generation in glycolysis, we found that the antioxidation capacity
of LIN28A-SSCs was enhanced by greater NADPH production via
the PPP, a pathway branched from glycolysis. Given the beneficial
aspects of glycolysis-dependent bioenergy production, high
metabolic flux through glycolysis is regarded as a metabolic
feature of pluripotent stem cells and SSCs in young adult tissues
exhibiting high repair capacity [60–68].

Given mitochondria-independent glycolysis is the main energy
metabolism in stem cells, mitochondria had been regarded until
recently as an organelle less important in stem cell activities.
However, recent studies have shown the importance of mitochon-
dria in stem cell fate decisions and defense against senescence,
with a decline in stem-cell mitochondrial activity contributing to
the age-related deterioration of stem cell capacity in multiple
different tissues [69–74]. However, the activity of mitochondria in
stem cell functions is ill-defined. In this study, we have shown that
mitochondria in LIN28A-SSCs were reprogrammed to have a fused
morphology and healthier phenotype than we found in the
control cells. Without being needed for TCA-OxPhos, the
mitochondria in the undifferentiated LIN28A-SSCs probably
carried out other mitochondria-specific functions, such as anti-
oxidation and Ca2+ buffering, more efficiently, which might be

Fig. 5 LIN28A Cell proliferation and anti-senescence effects attained by mitochondrial transplantation. A Schematic drawing of
mitochondria isolation and transplantation experiments. Mitochondria from the LIN28A (mock)-transduced UC-MSC cultures, and long-term
passaged UC-MSCs (or SkMuSCs) were transplanted with the isolated mitochondria. B MitoTrackerTM-labeled donor mitochondria in UC-MSC
24 h after transplantation. C Accumulated population doubling of UC-MSC for two passages after transplantation. n= 3. D KI67 staining of UC-
MSC and its quantification. n= 3. E Senescence-associated β-galactosidase staining of UC-MSC and its quantification. n= 3. F qRT-PCR of
osteocytes specific gene in UC-MSC 14 days after the induction of osteogenic differentiation. n= 3. G MF20 staining after skeletal muscle
differentiation and its quantification. n= 3. Data are shown as the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 by two-tailed
Student’s t testing. Scale bar, 100 µm.
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associated with the maintenance of stemness and self-renewal
capacity. Isolated mitochondria from LIN28A-SSCs could partially
reproduced LIN28A effects when transplanted to late-passage
recipient cells, further suggesting mitochondrial reprogramming
as one of the mechanisms for the LIN28A-mediated improvement
of therapeutic capacity in cultured SSCs. More importantly, the
healthy mitochondria were spared and preserved for efficient
OxPhos during differentiation. Indeed, upon the induction of
differentiation in LIN28A-SSCs, PDK1-mediated uncoupling of
glycolysis-TCA/OxPhos was relieved and followed by an increase
of OxPhos to a level greater than in the control SSCs, indicating
that LIN28A enhances metabolic plasticity in SSCs. Whereas
glycolysis is the major energy metabolism in undifferentiated
stem cells, OxPhos is the metabolic signature for differentiating
stem cells and is closely associated with stem cell differentiation
potential [34, 35].
In conclusion, our data demonstrate that LIN28A can reprogram

cellular metabolism by uncoupling glucose oxidation from TCA
cycle, which caused SSCs to be more glycolytic and acquire less
oxidative metabolism. This, in turn, improves self-renewal and
differentiation potentials of SSCs over long-term passaging due to
lesser oxidative damage to the mitochondria. The practical and
mechanistic information attained in this study will help build up
future strategies to improve SSC-based cell therapy, especially
through SSCs metabolic engineering.

EXPERIMENTAL PROCEDURES
Ethical statement for SSC isolation from human tissues
BM-MSCs. Human bone marrow was obtained from three
patients (age range: 54–72 years) undergoing total hip replace-
ment due to osteoarthritis, with prior consent obtained from all
donors. All experiments were carried out in accordance with the
guidelines and regulations of the Dongguk University Ilsan
Hospital Institutional Review Board (approved protocol DUIH
2012-34). The BM MSCs were isolated as previously described [75].

UC-MSCs. Human umbilical cords were provided by Samsung
Medical Center in South Korea with prior consent from all donors.
All experiments were carried out in accordance with the guide-
lines and regulations under the auspices of the Samsung Medical
Center Institutional Review Board approved protocol 2016-07-102.
Isolation of UC-MSCs was performed as previously described [76].

Cell culture
BM-MSCs were cultured in low glucose DMEM supplemented with
10% FBS and 1% penicillin/streptomycin. UC-MSCs were cultured
in alpha-MEM (Gibco) containing 10% FBS (Gibco), glutaMAXTM-I
(Gibco), and 1 µg/mL doxycycline (Sigma). SkMuSCs were cultured
in F-10 medium (Gibco) containing 20% FBS (Gibco), 20 ng/mL
bFGF (Peprotech), and 1 µg/mL doxycycline (Sigma). Osteogenic
differentiation of MSCs was induced by alpha-MEM (Gibco)
containing 10% FBS (Gibco) supplemented with 100 µM L-
ascorbate-2-phosphate (Sigma), 10 mM β-glycerophosphate
(Sigma), and 100 nM dexamethasone (Sigma) for 14 days.
Chondrogenic differentiation was performed as previously
described [75] using chondrogenic medium (100 µM L-
ascorbate-2-phosphate (Sigma) and 100 nM dexamethasone
(Sigma) were added to DMEM/F12 (Gibco) containing penicillin/
streptomycin, 1.25 mg/mL BSA (Sigma), ITS-G (Gibco), 1 mM
sodium pyruvate (Sigma), and 100 µM L-proline (Sigma)) for
21 days. SkMuSC differentiation was induced through growth
factor withdrawal by switching to DMEM/F12 containing
N2 supplements (Gibco) for 4 days.

Virus production and transduction
Lentiviruses expressing human LIN28A under the Dox-on system
were generated and used to transduce in vitro cultures, as

previously described [15]. Titers of the lentiviruses were deter-
mined using a QuickTiterTM HIV Lentivirus Quantitation Kit (Cell
Biolabs), and 10 µL of 106 transducing units/mL/well were used for
each transduction reaction.

Cell proliferation analysis
Cell expansion of each MSC or SkMuSC passage was estimated by
PDL, which was determined as log(N/No)/log2 where N is the
number of cells at the end of each passage, and No is the number
of cells plated initially.

Quantitative RT-PCR analysis
Total RNA was prepared using TRIzolTM reagent (Invitrogen) and
the RNA isolation protocol. For general mRNA and pre-LET7
miRNA, cDNA synthesis was carried out using a SuperScriptTM kit
(Invitrogen). Quantitative RT-PCR was performed on a CFX96TM

Real-Time System using iQTM SYBR® Green Supermix (Bio-Rad), and
gene expression levels were determined relative to beta-actin
levels. Primer information is shown in Table S1.

Immunostaining
Cultured cells and cryo-sectioned muscle slices were fixed with 4%
paraformaldehyde (PFA) in PBS and blocked in 0.3% Triton X-100
with 1% BSA for 1 h, then incubated with primary antibodies
overnight at 4 °C. The following primary antibodies were used:
KI67 (1:200, Abcam), MF20 (1:10, Developmental Studies Hybri-
doma Bank), STEM121 (1:200, Cellartis), and COLVI (1:2000,
Abcam). The secondary antibodies used for visualization were
Cy3 (1:500, Jackson Immunoresearch Laboratories) or Alexa Fluor
488 (1:500, Life Technologies). The stained cells were mounted
using VECTASHIELD with DAPI mounting solution (Vector Labora-
tories), and photographs were obtained using an epifluorescence
microscope (Leica).

Mitochondrial, cytosol, and nuclear fractionation
Cells were lysed by mechanical homogenization using a 26 G
syringe in mitochondrial extraction buffer (20 mM HEPES-KOH pH
7.5, 220 mM sorbitol, 10 mM potassium acetate, 70 mM sucrose)
containing proteinase inhibitor cocktail and phosphatase inhibitor.
Lysates were centrifuged at 600 g and 4 °C for 15 m. The
supernatant was retained, and the pellet was processed further
using an EpiQuikTM nuclear extraction kit I (Epigentek) to isolate
the nuclear fraction. The supernatant was centrifuged at 7000 g
and 4 °C for 15 m. The supernatant was retained as the cytosol
fraction, and the pellet was resuspended in mitochondrial
extraction buffer as the mitochondrial fraction.

Mitochondria functional analysis in cell-free condition
Mitochondria were isolated from cultured UC-MSCs by differ-
ential centrifugation as described previously [55]. In brief, cells
were harvested, homogenized in SHE buffer (0.25 M sucrose, 20
mM K-HEPES (pH 7.4), 2 mM K-EGTA) containing 0.1% defatted
bovine serum albumin (BSA), and centrifuged at 1100 x g for 3
min at 4 °C. The supernatant was collected and then centrifuged
at 12,000 x g for 10 min at 4 °C to pellet mitochondria. Next,
mitochondria pellet was resuspended in 1 mL SHE buffer
containing 0.1% defatted BSA and centrifuged at 20,000 x g for
5 min at 4 °C. Then pellet was resuspended in 1 mL SHE buffer
and recentrifuged at 20,000 x g for 5 min at 4 °C. Mitochondria
pellet was resuspended in 50 µL SHE buffer or PBS and
quantified by determining the protein concentration using a
bicinchoninic acid assay. Citrate synthase activity assay was
performed as described previously [77]. Briefly, 2 µg of isolated
Mitochondria sample was added into 96-wells plate and mixed
with 100 µL of Tris buffer containing Triton-X 100, 6 µL of 10 mM
Acetyl-CoA and 20 µL of 1 mM DTNB. The volume was adjusted
with distilled water up to 192 µL. To initiate the reaction, 10 µL
of 10 mM oxaloacetic acid was added for each sample. The
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absorbance (OD450nm) was measured for 20 min. The citrate
synthase activity of the isolated mitochondria can be calculated
based on GSH standard curve. A total of 50 mM GSH solution
and its serially diluted solutions were used as standard. ATP
synthase activity assay was conducted using CellTiter-Glo
Luminescence cell viability kit (Promega) based on the
manufacturer’s protocol with modification. Briefly, the ATP
standard solutions were prepared with serial dilution of 2 mM
ATP stock solution. For the sample measurement, 5 µg of
isolated mitochondria was added into the well contains 10 µL of
500 µM ADP, and the volume was adjusted up to 100 µL with
distilled water. Finally, 100 µL of CellTiter-Glo Reagent was
added to both standard curve and sample wells. The lumines-
cence was detected immediately for 18 min in kinetic mode.

Mitochondria transplantation
Mitochondria transplantation was conducted by adding 10 µg of
isolated mitochondria to the 1 × 105 UC-MSCs. For MitoTrackerTM-
labeled donor mitochondria, Mock or LIN28A-overexpressed cells
were treated with MitoTrackerTM before mitochondria isolation.
Cell proliferation analysis, KI67 staining, and SA-β-galactosidase
assay were performed two passages after transplantation.

Cell death assay
Cell death assay was performed using the Annexin-V-FLUOS
staining kit (Roche) according to the manufacturer’s protocol and
counted on a FACSCanto II Flow Cytometer (BD Bioscience)
according to the manufacturer’s instructions. Obtained data were
processed using FlowJo.

Western blotting
Cell lysates were prepared in RIPA buffer (50 mM Tris-HCl pH 7.4,
150mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1%
SDS, and 1mM EDTA) containing a proteinase inhibitor cocktail
and phosphatase inhibitor unless otherwise indicated, followed by
sonication. Lysates were cleared of insoluble material by
centrifugation at 15,000 g and 4 °C for 5 m. Protein concentration
was determined using the Pierce BCA assay (Thermo Fisher) or
protein assay dye (Bio-Rad). SDS-PAGE was conducted followed by
electrophoretic transfer to nitrocellulose or PVDF membranes.
Immunoblots were blocked with 5% BSA dissolved in TBST for 1 h,
then incubated with primary antibodies overnight at 4 °C. The
primary antibody information is shown in Table S1. For
immunodetection of the primary antibodies, a goat-anti-rabbit-
HRP conjugate or goat-anti-mouse-HRP conjugate (Cell Signaling
Technology) was used at 1:1,000 in 5% BSA dissolved in TBST. HRP
was detected using West-Pico chemiluminescence substrate
(Thermo Fisher). For the p-AKT and AKT immunoblots, cultured
cells were pretreated with 4 µg/mL insulin (Gibco) for 5 m unless
otherwise indicated.

SA-β-galactosidase assay
The senescence-associated-β-galactosidase assay was performed
using a Senescence β-galactosidase staining kit (Cell Signaling
Technology) on late-passage cultured cells according to the
manufacturer’s protocol and photographed using a camera
attached to a light microscope (Olympus).

Scavenging capacity assay
The scavenging capacity assay was performed using a CheKineTM

superoxide anion scavenging capacity assay kit (Abbkine).
Samples and reagents were prepared according to the manufac-
turer’s protocol. Absorbance measurement was conducted twice,
at time points 0 and 16 h after reagent addition.

Superoxide anion analysis
Cultured cells were treated with 100 µM menadione for 1 h at 37 °
C, then incubated with 5 µM CellROXTM green reagent (Invitrogen)

for 30 m. The stained cells were mounted using VECTASHIELD with
DAPI mounting solution (Vector Laboratories), and photographs
were obtained using an epifluorescence microscope (Leica).

Alizarin red and safranin O staining
vTerminally differentiated MSC-derived osteoblasts were fixed
with 4% PFA in PBS and stained with alizarin red, pH 4.1–4.3
(Sigma), for 30m at room temperature. MSC-derived chondro-
blasts were fixed with 4% PFA in PBS and embedded in Tissue-Tek
OCT compound (Sakura Finetek, Inc., Torrance, CA). The
embedded chondroblasts were cryo-sectioned into 10 µm-thick
slices and stained with safranin-o (Sigma) for 10 m at room
temperature.

Alkaline phosphatase staining
BM-MSCs were cultured in osteogenic medium for 7 days. The
differentiated cells were fixed with 4% PFA in PBS and
permeabilized with 0.1% Triton-X for 30 m, then stained with
nitro blue tetrazolium and 5-bromo-4-chroro-3-indolyl phosphate
(Sigma).

Transplantation and histological procedures
All procedures for animal experiments were approved by the
Hanyang College of Medicine Institutional Animal Care and Use
Committee (approval number, 2017-0182A and 2018-0217A). For
the calvarial defect model, the scalps of adult female Sprague-
Dawley rats (220–250 g) were exposed, and a single 8-mm
diameter critical-sized calvarial defect was created in each one
using a dental trephine in the left posterior quadrant of the
calvaria. Then, one million MSCs were suspended in a fibrin glue
scaffold and placed in the calvarial hole. The animals were
euthanized 8-weeks post-surgery, and new bone formation was
measured using μ-CT (Quantum FX micro CT, Perkin Elmer).
Muscle regeneration models were made using 12-week-old
female ICR mice. Muscle injury was induced using 10 μL of 1.2%
BaCl2 injected intramuscularly into the TA muscle. Twenty-four
hours after the injury, 1 × 104 human skeletal muscle stem cells
were injected in the injured muscle. The mice were euthanized
4-weeks post transplantation, and the TA muscles were subjected
to immunostaining.

In vitro transfection using synthetic self-replicating RNA
Human LIN28A or enhanced GFP was inserted into multiple
cloning sites of pVEE-IRES-Puro (a kind gift from Dr. Steven F.
Dowdy [24]). Plasmids were linearized by MluI, followed by RNA
synthesis using a MEGAscript T7 kit (Invitrogen). 5′ capping and
poly(A) tailing modification were done with a ScriptCapTM m7G
capping system (Cellscript), ScriptCapTM 2‘-O-methyltrasferase kit
(Cellscript), and A-PlusTM poly(A) polymerase tailing kit (Cellscript).
Cells were transfected with synthetic self-replicating RNA using a
RiboJuiceTM mRNA transfection kit (Merck).

Extracellular lactate measurement
Cells were cultured for 8 h in serum-free DMEM (without phenol
red or sodium pyruvate) containing 20 ng/mL bFGF (Peprotech),
20 ng/mL EGF (Peprotech), 20 ng/mL IGF-1 (Peprotech), 20 ng/mL
PDGF-BB (Peprotech), 20 nM insulin, and 1 µg/mL doxycycline.
Supernatant was collected and deproteinized using an Amicon
Ultra-0.5 mL centrifugal filter (Merck). Extracellular lactate was
measured using a Lactate assay kit II (Sigma) according to the
manufacturer’s protocol.

Metabolites profiling using UPLC-Orbitrap-MS
For sample preparation, 100 μL ice-cold 70% methanol contain-
ing an internal standard (2 μg/mL reserpine) was added to the
cell pellets (1.2 × 106) and vortexed for 30 s. Cells were lysed
with liquid nitrogen in 3 consecutive freeze/thaw cycles. The
lysate was centrifuged for 10 m at 14,000 rpm and the
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supernatant was used for analysis. Quality control (QC) samples
for instrument conditioning and evaluating the repeatability
prepared by pooling equal volumes of each sample. An Ultimate
3000 UHPLC system coupled to an LTQ Orbitrap Velos Pro™
system mass spectrometer (Thermo Fisher Scientific) equipped
with a heated electrospray ionization source (HESI) was used for
instrumental analysis. Chromatographic separation were per-
formed with an Acquity® UPLC HSS T3 column (1.8 μm particle
size, 2.1 mm × 100 mm, Waters), and the autosampler and
column oven temperature were maintained 5 °C at 40 °C during
analysis, respectively. The gradient elution was performed using
mobile phase A (0.1% formic acid in distilled water) and mobile
phase B (0.1% formic acid in methanol) at a flow rate of 0.4 mL/
min as follows: 99% A and 1% B (v/v), were maintained from 0 to
1 min, and a linear gradient increase to 20% B occurred over 2
min. An increase to 70% B for 4 min was then performed, and
mobile phase B was increased to 100% over 6 min. The status
was maintained for 2.5 min and re-equilibrated to the initial
conditions within for 3.5 min. The samples were injected 10 μL
and analyzed in positive and negative ionization mode. The
detailed mass spectrometry parameters were as follows: heater
temperature, 200 °C; sheath gas flowrate, 35 arb (arbitrary units);
auxiliary gas flow rate, 5 arb; sweep gas flowrate, 10 arb;
capillary temperature, 320 °C; and S-lens RF level, 67.5%.
Xcalibur 2.2 and Compound Discoverer 2.1 (Thermo Fisher
Scientific) were used for data acquisition and peak alignments in
the centroid mode at a resolution of 60,000 using a mass range
of m/z 50–1000. The metabolites related to the glycolysis and
TCA cycle were identified by using database, such as HMDB
(http://www.hmdb.ac), Metlin (http://metlin.scripps.edu) and
Lipidblast (Fiehn lab, UC Davis) based on the m/z of the
adducts, MS/MS fragmentation and retention time matching.
The identified metabolites were normalized by the areas of the
internal standard for statistical analysis.

Extracellular metabolic flux analysis
Cultured cells were seeded onto an XF96 Cell Culture Microplate
(Seahorse Bioscience) at a density of 3.5 × 104 cells/well and
incubated overnight. The oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) were measured using an
XF96 Extracellular Flux Analyzer (Seahorse Bioscience) according
to the manufacturer’s protocol with a Seahorse XF Cell Mito Stress
Test kit and Glycolysis Stress Test kit, respectively. The OCR and
ECAR were normalized to the protein concentration using a Pierce
BCA assay (Thermo Fisher). For the OCR, cells were sequentially
treated with 2 µM oligomycin, 2 µM FCCP, and 1.5 µM rotenone+
0.5 µM antimycin. For the ECAR, cells were sequentially treated
with 10mM glucose, 2 µM oligomycin, and 50mM 2-deoxy-D-
glucose (2-DG).

ATP measurement
Cells were lysed by mechanical homogenization using a syringe in
10mM Tris-Cl pH 7.5, followed by centrifugation at 15,000 g and 4
°C for 5 m. The supernatant was retained and diluted 10–100 times
for ATP measurement, which was carried out using an ATP
determination kit (Invitrogen) according to the manufacturer’s
protocol.

Insulin sensitivity assay
Cells were cultured in DMEM/F12 (Gibco) for 24 h to induce
starvation. Then, MSCs or SkMuSCs were treated with 0, 10, and
100 nM insulin or 0, 5, and 10 nM insulin (Gibco), respectively, for
5 m, followed by western blotting.

Transcriptome analysis
Normalized microarray data for Lin28aKO and Lin28a,bDKO mouse
embryonic fibroblast (MEF)-derived mIPSCs were obtained from
GSE67568 and RNA-seq count data of polysome-associated RNA of

Lin28a,bDKO mouse NPC were obtained from GSE131536. Micro-
array data was analyzed using R package “limma” with significance
criteria determined as FDR < 0.01 and at least 1.5-fold lower
expression than WT control [78]. Polysome RNA-seq data was
analyzed by using R package “edgeR” and significance criteria was
FDR < 0.01 [79].

Glucose uptake assay
Cultured cells were seeded onto a black 96-well plate at a density
of 1 × 104 cells/well and incubated overnight. The glucose uptake
assay was performed using a glucose uptake-Glo assay kit
(Promega) according to the manufacturer’s protocol.

NADPH and total NADP assay
The NADPH and total NADP assay were conducted using an
NADP/NADPH assay kit (Abcam) according to the manufacturer’s
protocol.

Glutathione measurement
Reduced GSH was measured using a CheKineTM reduced GSH
colorimetric assay kit (Abbkine) according to the manufacturer’s
protocol. Total glutathione was determined using a CheKineTM

GSSG colorimetric assay kit (Abbkine) based on the manufacturer’s
protocol but discarding the inhibitor treatment. Oxidized glu-
tathione was calculated as (total glutathione− reduced glu-
tathione) / 2.

MitoSOXTM-based flow cytometry analysis
Cultured cells were treated with 0, 100, 1,000, and 10,000 nM H2O2

for 1 h, followed by culturing for 1 week. Then the cells were
treated with 5 µM MitoSOXTM at 37 °C for 10 m, followed by 3
washes with PBS. The treated cells were counted on a FACSCanto
II Flow cytometer (BD Bioscience) according to the manufacturer’s
instructions. Obtained data were processed using FlowJo.

mtDNA copy number
The mtDNA copy number was measured using quantitative RT-
PCR. Cells were lysed in 100 µL of lysis buffer (25 mM NaOH and
0.2 mM EDTA) at 95 °C for 30m, followed by the addition of 100 µL
of neutralization buffer (40 mM Tris-Cl pH 5.5). Primers for NADH
dehydrogenase subunit 1 (ND1) and Beclin-1 (BECN1) were used to
determine the mtDNA copy number (Table S1). PCR conditions
were 10 min at 95 °C, followed by 40 cycles of 15 s at 95 °C and 15
s at 60 °C. Quantitative RT-PCR was conducted in triplicate and
performed on a CFX96TM real-time system using iQTM SYBR
green Supermix (Bio-Rad). The CT values of ND1 were normalized
to nuclear genomic DNA (BECN1).

MitoTrackerTM-based flow cytometry analysis
Cultured cells were treated with 250 nM MitoTrackerTM at room
temperature for 30 m, followed by 3 washes with PBS. The treated
cells were counted on a FACSCanto II Flow cytometer (BD
Bioscience) according to the manufacturer’s instructions. Obtained
data were processed using FlowJo.

MitoTrackerTM analysis
Cultured cells were seeded onto a 24-well plate containing a cover
slip at a density of 1 × 104 cells/well. Then, the cells were treated
with MitoTrackerTM according to the manufacturer’s protocol. The
cells were fixed with 4% PFA in PBS and mounted using
VECTASHIELD with DAPI mounting solution (Vector Laboratories).
Photographs were obtained using an epifluorescence microscope
(Leica), and the captured images were processed using ImageJ.

Mitotimer analysis
Lentiviruses expressing human COX8-Mitotimer were generated
and used to transduce in vitro cultures as previously described
[49]. Cultured cells were seeded onto a 24-well plate containing a
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cover slip at a density of 5 × 103 cells/well. The cells were
transduced with lentiviruses expressing human COX8-Mitotimer
and cultured for 1 week before being fixed with 4% PFA. The fixed
cells were mounted using VECTASHIELD with DAPI mounting
solution (Vector Laboratories), and photographs were obtained on
a confocal microscope (Leica). Captured images were processed
using ImageJ.

STORM imaging and morphometry analysis
Undifferentiated LIN28A-transduced UC-MSC cultures were
stained with anti-TOM20 (F-10) (Santa Cruz Biotechnology) anti-
body for mitochondria and anti-LIN28A (Proteintech) antibody for
LIN28A protein. STORM (Stochastic Optical Reconstruction Micro-
scopy) imaging was performed with an inverted microscope
(Nikon) equipped with a 100× and 1.49 NA oil immersion objective
lens (Nikon). Lasers with wavelengths at 488 nm (OBIS; Coherent,
110mW) and at 647 nm (OBIS; Coherent, 120 mW) were used as
excitation lasers. The excitation lasers were delivered to the
sample by the multi-band dichroic mirror (Semrock). The
illumination angle was adjusted for total internal reflection
fluorescence (TIRF). Fluorescence of the sample was filtered by
the multi-band emission filter (Semrock) and detected using an
Electron Multiplying CCD (EM-CCD) camera (Andor) at a frame rate
of 60 Hz. During image acquisition, the CRISP Autofocus system
(ASI) maintained the focal plane by the feedback of the IR LED
reflected signal at the interface between the cover glass and the
imaging buffer. In STORM image analysis, the pixelated point
spread function of single fluorophores in each frame was fitted to
a Gaussian function to determine the spatial position of
individual fluorophores, and the reconstructed STORM image
from the collection of fluorophore positions was rendered
after the drift-correction. As reconstructed STORM images are
collection of “dots” instead of continuous lines, high-resolution
STORM images were traced manually to specifically select for
mitochondria and exclude noise. For morphometry analysis,
ImageJ macro tool “MiNA” was used [80]. For calculating the
number of TOM20 puncta and fragments, native ImageJ function
“Analyze Particle” was used after applying background correction
and CLAHE.

Statistical analysis
Statistical analyses were performed with Prism software version 6
(GraphPad Software) or IBM SPSS Statistics 26 (IBM) using two-
tailed unpaired t testing or one-way analysis of variance (ANOVA)
for verifying differences between normally distributed samples, or
Mann–Whitney U testing for verifying differences between
samples without Gaussian distribution. In all cases, results were
considered statistically significant when p < 0.05. Error bars show
the mean ± standard error of the mean (SEM) or the median, and p
values are represented as: p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001.

DATA AVAILABILITY
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